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ABSTRACT: Catecholamines (CA) are known to play an important role in the physiology
of most invertebrates. Here we provide the results on catecholaminergic systems study of
two annelid species: Pygospio elegans (Spionidae) and Platynereis dumerilii (Nereididae).
The nervous system was studied with the histochemical method of monoamine condensa-
tion with glyoxylic acid in combination with confocal laser scanning microscopy. Both
animals possess developed catecholaminergic systems with similar general organization.
However, in P. dumerilii considerably fewer cells were detected. In both species, CA-
positive cells were found in the brain, ventral nerve cord as well as in the stomatogastric
system, body wall, palps, prostomium, and regions around the chaetae. According to the cell
morphology and their location in the most agile parts of the animal, we suggest CA-positive
cells to be mostly proprio- or mechanoreceptors.
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PE3IOME: Karexonamuusl (KA) — BakHbIe HEHpOMEANATOPHI, UTPAIOIINE KITIOUEBYIO
poJb B Gpu3HoNIorHK OECIIO3BOHOYHBIX. B HacTosmiel padoTe npeacTaBieHbl pe3yIbTaThl
HCCIIEIOBAHMS KATEXOJIaMUHEPTHUECKUX CHCTEM JIBYX BHJIOB KOJIBYATHIX UepBeit: Pygospio
elegans (Spionidae) u Platynereis dumerilii (Nereididae) ¢ ©CTIOTB30BaHHEM THCTOXUMH-
YEeCKOro METO/ja KOHJICHCAIIMH MOHOAMHHOB C TNIHOKCHJIOBOM KHCIIOTOH B KOMOMHAIINY C
KOH(OKaIBHOH JTa3epHOM cKaHUpyIoIei MUKpockonueil. Oba ncciesoBaHHBIX BUIa 00-
JIaJIAI0T Pa3BUTON KaTeX0JaMUHEPrHUeCKOi HEPBHOM CUCTEMOIt CO CXO/IHOIT 001Iel opra-
Huzanueit. Onuako, y P. dumerilii HepBHBIX KJIIETOK 0OHApYXEHO ropa3/io MEHBIIIE, YeM Y
P. elegans. Y obonx BunoB KA-monoxxnTenbHbIe KICTKH OB 00OHAPYKEHBI B TOJIOBHOM
Mo3re, OpIOITHOM HEPBHOW LENOYKE, a TAKKE B CTOMATOTaCTPUIECKON CHCTEME, CTCHKE
Tela ¥ B COCTaBE HEKOTOPBIX OpraHoB 4dyBcTB. Cyzst mo Mop(oJOruu KIETOK U hX
PacHoIoKEHHIO B HAOOJIee MTOIBMKHBIX YaCTSIX TeJla dKMBOTHOTO, MBI ITPE/IIIOJIaraeM, 4To
KA-1onoxuresbHble KICTKH SIBJISIIOTCS. B OCHOBHOM IPOIPHO- I MEXaHOPELENITOPAMH.
Kak nurtuposarts oty crathio: Barmasova G.A., Starunova Z.1., Novikova E.L., Starunov
V.V.2022. Organization of catecholaminergic system of Pygospio elegans and Platynereis
dumerilii (Annelida) // Invert. Zool. Vol.19. No.4. P.335-350. doi: 10.15298/
invertzool.19.4.02
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Introduction

Catecholamines (CA) are monoamine neu-
rotransmitters, derivatives of 1,2-dihydroxyben-
zene, including dopamine, adrenalin, and nora-
drenaline (Vulpian, 1856; Gnegy, 2012). They
are widely distributed in the animal kingdom
and play important roles in animal physiology
and behavior. Monoaminergic neurons in verte-
brates and inmostinvertebrates have been shown
to regulate reproduction, digestion, and feeding
behavior (Croll ef al., 1999). Nevertheless, the
data on the functions and distribution of CA in
some groups of invertebrates is still fragmen-
tary. This also applies for annelids. This lack of
data is partially caused by difficulties in CA
detection. Catecholamines can be revealed by
specific histochemical techniques such as gly-
oxylic acid-induced fluorescence of CA (de la
Torre, Surgeon, 1976) or with the formalde-
hyde—glutaraldehyde fluorescence (FaGlu) (Fur-
ness et al., 1977). Although both methods are
variable in terms of staining results, they result
in fluorescent staining of catecholamine-con-
taining cells, which could be studied using a
confocal laser scanning microscope. Among
lophotrochozoans molluscs are the best-studied

group (Zaitseva, Shumeev, 2017; Dickinson et
al., 2000; Voronezhskaya et al., 2008; Croll et
al., 1999; Zaitseva et al., 2019). Since CA-ergic
nerves innervate the musculature of the body
wall, foot, and pharynx, they were assumed to
participate in the regulation of sensory func-
tions of digestive system and in feeding behav-
ior. The regulation of the digestive tract activity
by CA system was also suggested for flatworms
(Welsh, Williams, 1970; Joffe, Kotikova, 1991),
and nemerteans (Zaitseva et al., 2019, 2020).

Information on catecholaminergic systems
of annelids is extremely scarce. Several studies
were carried out on such well-known objects as
Hirudo medicinalis (see Crisp et al., 2002),
Lumbricus terrestris (see Bieger, Hornykiewicz,
1972), and Nereis sp. (see Dhainaut-Courtois et
al., 1972). Several errant polychaetes such as
Nephtys sp. (see Clark, 1966), Ophryotrocha
puerilis (see Schlawny et al., 1991a, b) have
been studied as well as the sedentary polychacte
Sabellastarte magnifica (see Diaz-Miranda et
al., 1992).

In order to acquire more comparative data
on the CA-system in annelids and provide infor-
mation to further understanding of the cate-
cholamines’ role in annelids we studied in detail



Catecholaminergic system of Pygospio elegans and Platynereis dumerilii

the CA-system in two annelids, Platynereis
dumerilii and Pygospio elegans, belonging to
the two main annelid clades Errantia and Seden-
taria respectively. While the errant polychaete
species P. dumerilii is a well-known model
organism (Ozpolat et al., 2021), P. elegans is a
small tube-dwelling worm, living in the sandy
intertidal zone (Starunov et al., 2020). Using the
histochemical method of glyoxylic acid-induced
fluorescent labeling combined with laser scan-
ning confocal microscopy we described CA-
containing cells and their projections in both
central and peripheral parts of the nervous sys-
tem. The results of the present study were com-
pared with previous studies on other annelids to
provide comparative analysis for further under-
standing of CA function in annelids.

Materials and methods

Pygospio elegans Claparéde, 1863 was col-
lected in the intertidal zone of the Barents Sea
near the marine biological station Dalnie Zelen-
tsi (69°07' N, 36°05' E). Worms were transport-
ed to the laboratory and kept at 18 °C in plastic
containers filled with sand and artificial sea
water (Red Sea Coral Pro salt) with a salinity of
about 30-32%o. Under such conditions, animals
showed proper activity and built sand tubes.
They were fed with a mixture of powdered dried
algae, mostly Pylaiella littoralis (Linnaeus) Kjell-
man, 1872, harvested from the collection site.

Platynereis dumerilii (Audouin et Milne-
Edwards, 1834) worms were taken from labora-
tory culture of the embryological department of
St. Petersburg State University. The culture
have been contained under the following condi-
tions: polycarbonate containers with artificial
sea water (30%o, Red Sea Coral Pro salt); a
permanent temperature of 18 °C; alightcycle of
18 hours of light and 6 hours of darkness; fed
once aweek with fine-grounded pre-frozen spin-
ach leaves and Artemia sp. nauplii.

For visualization of CA-containing cells, a
glyoxylic acid fluorescent technique was used.
The method is based on the condensation of
glyoxylic acid with monoamines including cat-
echolamines resulting in the production of a
fluorescent chemical as described by Lindvall
& Bjorklund (1974). Animals were relaxed in
7.5% solution of MgCl,*6H,0 and immersed in
a freshly prepared buffered sodium glyoxylate-
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sucrose solution (500 mM sodium glyoxylate,
150 mM sucrose, 0.5 M Hepes buffer, pH 7.4)
in 2 ml plastic eppendorf tubes. After 30 min-
utes of incubation the solution was removed, the
specimens were placed on glass slides and air-
dried at room temperature for 30 minutes. The
slides were then heated to 60 °C for 30 minutes,
embedded in liquid paraffin, and examined us-
ing Leica TCS SP5 laser scanning microscope
(405 nm excitation laser, emission detection at
457-490 nm). In total more than 100 samples of
each species were examined. The resulting con-
focal stacks of images (1024x1024 pixels, 40—
120 slices per stack) were processed with Fiji
(Schindelin et al., 2012).

Results

PYGOSPIO ELEGANS. The catecholamin-
ergic part of the nervous system of P. elegans is
well-developed and consists of nervous ele-
ments belonging to the brain, circumoesoph-
ageal connectives, ventral nerve cord, segmen-
tal nerves, longitudinal nerves, stomatogastric
system, and nerve plexus of the body wall.
Hereafter in our descriptions we follow the
terminology suggested by Richter et al. (2010).
The brain of P. elegans possesses numerous
CA-positive cells and fibers (Fig. 1A, D-F).
CA-positive fibers are distinctive in the cerebral
commissures and in the circumoesophageal con-
nectives, mostly in their ventral roots (Fig. 1B).
At the level of the ventral cerebral commissure
CA-positive fluorescence of the neuropil is ex-
tremely high and to some extant interferes with
the signal from cell somata in this region (Fig.
1A). However, we were able to locate up to 6
pairs of symmetrically arranged CA-positive
cell somata in the brain (Fig. 1D-F). The first
pair of cell somata is situated in the anterior part
of the brain above the commissural fluorescent
spot (Fig. 1D). It is connected with the dorsal
commissure by a pair of thin nerves. The cell
somata 2—5 are located in close proximity to the
posterior pair of eyespots (Fig. 1D-F). The
sixth pair of CA-positive somata lies in the
posterior part of the prostomium between the
posterior eyespots and nuchal organs (Fig. 1E,
F). The cells of this latter pair send their pro-
cesses to the dorsal commissure of the brain.

Numerous CA-positive nerve fibers run from
the cerebral ganglion to receptors placed in
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body wall of the prostomium (Fig. 1A, B). The
largest of them are frontal prostomium nerves
that connect the supraoesophageal ganglion with
6 pairs of large fusiform receptor cells situated
in the terminal part of prostomium (Fig. 1A).
Other CA-positive cells scattered through the
prostomium wall, mostly on its lateral sides,
send their projections to the circumoesophageal
commissure. They may be either separate neu-
rites or take part in two pairs of lateral neurite
bundles (Fig. 1A-C).

Numerous CA-positive receptor cells were
also found along the palps of P. elegans (Fig.
1H-M). The most abundantly CA-innervated
partis the food groove, a shallow trench running
ventrally from the tip of the palp to its base,
slightly biased to the medial side. On the bottom
of the food groove there is the main palp nerve
which comprises approximately 3—6 CA-posi-
tive fibers. In some parts of the palp the division
of this nerve into two parts of nerve bundles can
be seen (Fig. 1J). The larger one lies on the
bottom of the food groove and a smaller one
closer to the surface of the palp. There are also
thin additional palp nerves that run along its
ventrolateral and ventromedial sides (Fig. 11,
K-M). They are connected with the main palp
nerve via numerous anastomoses. CA-positive
receptor cells are situated mostly on the lateral
and abfrontal parts of the palp surface and in the
food groove (Fig. IH-M). Receptor cells of the
food grove form a regular pattern along its
length, with a distance between CA-positive
receptor cells of 2040 micrometers (Fig. 11J).
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CA-positive cells were also found in the
stomatogastric nervous system of P. elegans.
Here they form a loose plexus supplying the
pharynx and intestine (Fig. 1A, G).

P. elegans has a heteronomous segmenta-
tion. Body segments can be divided into three
groups: 12 first “thoracic” chaetigers without
branchiae, then some branchiate “abdominal”
chaetigers, and several “tail” segments devoid
ofbranchiae (Starunov et al., 2020). Despite the
differences in general morphology, the innerva-
tion of the segments in different regions follows
the same pattern with only minor deviations.
The CA-positive structures are observed in the
ventral nerve cord, segmental nerves, parapodi-
al nerves and body wall.

The segmental ganglion includes up to 5
pairs of CA-positive cell somata situated in the
center of each segment with a slight bias to its
posterior part (Fig. 2A, B). In each thoracic
ganglion there is a commissure connecting right
and left parts of the nerve cord (Fig. 2A). In the
abdominal and tail segments the corresponding
CA-positive commissure is not detected. With-
in the ventral connectives CA-positive elements
are present in all four main nerves, with two
being the most distinct: the largest nerves are
situated laterally and the thin are placed medial-
ly (Fig. 2G, H).

The commissures of thoracic segments are
represented by one thick nerve with four cell
bodies lying anterior to it (Fig. 2A). In the
segmental nerves CA-positive fibers were found
in four pairs in each segment. The nerves of the

Fig. 1. Catecholamine-positive elements in prostomium and palps of Pygospio elegans. A, B— innervation
of dorsal (A) and ventral (B) sides of prostomium; C — receptor cells in the wall of prostomium; D-F —
partial Z-projections of cerebral ganglion in different specimens, arrowheads label catecholamine-positive
cells; G — catecholamine-positive elements of the intestine; H-M — catecholamine-positive elements of
the palps; K-M — sequential optical sections of one area of a palp.

Abbreviations: apn — additional palp nerve, cc — circumoesophageal connective, ch — chaetae, com — cerebral
commissure, fpn — frontal prostomial nerves, hn — head nerves, mpn — main palp nerve, rc — receptor cells, sg —
supraesophagial ganglion, sgn — stomatogastric nerve plexus, vrcc — ventral root of the circumesophageal connectives.
Scale bars: A, B, H— 100 pm; C-G, J-M — 30 um; [ — 20 pm.

Puc. 1. KaTexo1aMuH-TIOI0OKHUTENBHBIE SIEMEHTHI B IPOCTOMHUYME U Manbnax Pygospio elegans. A, B —
HWHHEepBalus aop3anbHoil (A) n BeHTpansHO# (B) wacteit npoctomnyma; C — penentopHble KIETKH B
cTeHKe mpocToMuyMa; D—F — gacTu4HbIe Z-TIpOEKIINHU ONTHYECKIX CPE30B Yepe3 nepeOpabHbIil TaHT I
Y Pa3IUyYHBIX 00pAa3IoB; CTPETOYHBIMHI FOJIOBKAMHU OTMEUEHBI KaTEXO0JIaMHH-TIOJI0KUTEIbHbIE KIeTKH; G —
KaTeX0JIaMUH-TI0JIOKUTEIbHbIEC 3JIeMEHThI B Kullike; H-M — KaTeX0J1aMUH-110JI0KUTENIbHbIE JJIEMEHTHI B
cocraBe naibir; K—-M — mocienoBaTebHbIE ONTHYECKAE CPE3bl Yepe3 MabITy.

O003HaUYeHUS: apn — HO6aBO‘IHLII‘;I HCPB MajbIibl, CC — OKOJIOIJIOTOYHAasA KOHHCKTHBA, ch — IMETUHKH, COmMm —
nepebpaibHas komuccypa, fpn — ¢poHTasbHbIe HEPBBI IPOCTOMHYMaA, hn — HEpBBI FOJIOBBI, MpPN — IJIABHBIH HEPB
TIaJIbIIbI, IC — PEUCTITOPHBIC KJICTKH, Sg — HAATITIOTOYHBIM TAHTJIAA, SgN — CTOMATOTaCTPUICCKUU HEPBHBIN IICKCYC,
VICC — BEHTPAIBHBIH KOPELIOK OKOJIOITIOTOYHON KOHHEKTHBEL. Macmrad: A, B, H — 100 mxm; C-G, J-M — 30 MkMm;
I — 20 mkm.
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Fig. 2. Catecholamine-positive elements in body segments and pygidium of Pygospio elegans. A —
innervation of thoracic segments; B — innervation of abdominal segments; C—E — innervation of parapodia
of thoracic segments (C — lateral view, D — ventral view, E — dorsal view), arrows label cell somata of
CA-positive cells in ventral ganglia; F — innervation of parapodia of abdominal segments, dorsal view; G —
innervation of pygidium; H — innervation of a regenerated pygidium, 7 days post amputation.
Abbreviations: pgn — pygidial nerve, sc — sensory cell (receptor cell), scm — segmental comissure, sn1-4 — segmental
nerves 14, tc — terminal commissure, vnc — ventral nerve cord. Scale bars: A, B, E-H — 100 pm; C — 30 pm; D —
50 pm.
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first pair are thin and run from the ventral cord
to the receptor cells in the body wall ahead the
parapodium. The nerves of the second and third
pairs run to the base of the parapodium. They
exit the ganglion as a single nerve and split on
the way to the parapodium. The nerves of the
fourth pair extend to the CA-positive plexus
placed in the body wall behind the parapodium.
The second and the third segmental nerves branch
off thin fibers running to the receptor cells of the
ventral and lateral surfaces of the body wall
(Fig. 2C, D).

Both abdominal and tail segments show no
visible CA-positive commissures (Fig. 2B, G,
H). The first and fourth segmental nerves do not
differ from those of the thoracic segments while
the second and the third exit the ganglion sepa-
rately. Another difference of the abdominal
region is that the fourth pair of segmental nerves
innervate small highly CA-positive areas on the
back of the parapodia that have a gland-likely
appearance (Fig. 2B).

CA-positive elements are widely presented
in the body wall mostly as receptor cells and
peripheral nerves. The highest concentration of
CA-positive cells is in the areas of the parapodia
and on the boundaries between segments. CA-
ergic innervation of the parapodia in all seg-
ments of P. elegans body is similar and well
expressed (Fig. 2C-F). Each of the parapodial
nerves gives off branches surrounding the cha-
etal sacs. Ventral branches are thinner than
dorsal, usually possess fewer receptor cells, and
may interconnect at the ventral sides of the
parapodia (Fig. 2D). Dorsal branches are thick-
er and include numerous axons of receptor cells
whose somata lie on the anterior and posterior
surfaces of the parapodium (Fig. 2C, E, F). Cap-
illary chaetae are innervated more densely than
the hooded hooks (compare Fig. 2D and Fig. 2F).

CA-positive elements of the pygidium most-
ly belong to the paired pygidial nerves which are
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terminal parts of the ventral nerve cords (Fig.
2G, H). Newly regenerated pygidia show much
more CA-positive elements compared to the
pygidia of intact worms (Fig. 2H). The pygidial
nerves pass around the anterior border of the
pygidium and fuse on the dorsal side. They
branch numerous thin fibers that enter the py-
gidial lobes. A terminal commissure is situated
on the ventral side of the pygidium. A number of
receptor cells are placed around the anal open-
ing and at the bases of the pygidial lobes.

PLATYNEREIS DUMERILII. We observed
numerous CA-positive elements in P. dumerilii
in both the central and peripheral nervous sys-
tems. In the prostomium CA-positive fluores-
cent signal is found in the brain (Fig. 3B-D),
though details of its structure are not visible.
The only distinct elements are several large CA-
positive cells encircling each of the four eyes
(Fig. 3F). We did not find any CA-positive
elements belonging to the head nerves and an-
tennae. In only one specimen CA-positive bipo-
lar cells were found in the palp bases (Fig. 3E).
Besides, solitary thin CA-ergic fibers are ob-
served in the peristomial cirri.

We found highly developed CA-innervation
of the pharynx consisting of thin circular and
thick longitudinal nerves forming a massive
plexus (Fig. 3G). Two small clusters of CA-
positive neurons are located at the posterior part
of the plexus.

CA-positive elements of the body segments
in P. dumerilii are mostly concentrated in the
segmental ganglia (Fig. 3A). Each segmental
ganglion consists of five pairs of CA-positive
neurons thatlie in the anterior part of the gangli-
on. The pairs 1-4 are situated medially, pair 5 —
laterally behind the parapodia. The ventral nerve
cord possesses two pairs of CA-positive nerves,
the medial and lateral. In each body segment CA
are observed within two pairs of segmental
nerves (Fig. 3A, H). As the ventral nerve cord

Puc. 2. KarexonaMHH-TI0JI0KHUTEIBHBIE YJIEMEHTHI B TYJIOBUIIHBIX CETMEHTAX U IUTUANH Pygospio elegans.
A — WHHepBalus TOPAaKalbHBIX CErMEHTOB; B — mHHepBanus abaoMuHambHBIX cermeHToB; C-E —
HWHHEPBAIXs MTaparnoni TopakaabHbIX cermMmenToB (C — Bux cOoKy, D — Bux ¢ OpromHoii croponsl, E —
BHJI CO CITMHHOM CTOPOHBI), CTPEITKaMU OTMEUCHBI TIEPUKAPHOHBI KaTeX0JIaMUH-MOIOKHTEIILHBIX KJIETOK B
raHrusaxX OprONIHOI HepBHOMW 1enoyky; F — uHHepBaius napanoanii abloMUHAIBHBIX CETMEHTOB, BU] CO
CHUHHOM cTOpoHbl; G — nHHepBauus nuruaus; H — nHHepBauus pereHepupoBaBllero MUruaus, 7 JHei

TIOCJIC aMITyTalluu.

O0o3HayeHus: pgn — NUTHAMANBHBIN HEPB, SC — CEHCOpHAasi KIeTKa (peLenTopHas KieTKa), scm — KOMHUccypa
CerMEHTapHOro raHrius, snl-4 — cerMeHTapHble HEpBBI 1-4, t¢ — TepMHUHAIbHAS KOMHUCCYpa, VNC — OpIOIIHAsS
HepBHas nenovka. Macmra6: A, B, E-H — 100 mxm; C — 30 mxm; D — 50 Mkwm.
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Fig. 3. Catecholamin-positive elements of Platynereis dumerilii. A — anterior part of the ventral nerve cord,
yellow arrows label cell somata of the segmental ganglion; B — innervation of the anterior end, dorsal side;
C, D — partial Z-projections of the brain region, yellow arrows label cell somata; E — receptor cells of the
palp (arrowheads); F — CA-positive cells surrounding the eyespots; G — innervation of the pharynx,
arrowheads label clusters of CA-positive cells; H— CA-positive elements in the ventral nerve cord and body
wall; I — receptor cells (arrowheads) between segments; J — neurons in the area of the parapodial ganglion
(arrowheads); K — innervation of the posterior end.

Abbreviations: br — brain, drcc — dorsal roots of the circumoesophgeal connectives, ec — CA-positive cells of the eyes,
ey — eyespot, j — jaws, Iph — longitudinal pharyngeal nerve, pcn — peristomial cirri nerve, pg — parapodial ganglion,
pgn — nerve of the pygidial cirrus, sog — suboesophageal ganglion, sn1-3 — first and third pairs of segmental nerves,
tph — transversal pharyngeal nerve, vnc — ventral nerve cord, vrcc — ventral roots of the circumoesophgeal
connectives. Scale bars: A, G, K— 50 um; B, H— 100 yum; C, D — 25 um; E, F, J,  — 10 pm.

Puc. 3. KarexonaMuH-TIOJI0KUTEIbHBIC dJIeMEeHTBI Platynereis dumerilii. A — WHHepBaIys MEPEIHETO
oTaena OpIOIIHOW HEPBHOW IICTIOYKH, JKEITHIMU CTPEIKAMU YKa3aHbl Tella HEHPOHOB CETMEHTapHOTO
ranrms; B — WHHepBanys mepeqHero KOHIA Teia, BUI ¢ CIMHHOW cTopoHsl; C, D — wactuunbie Z-
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ganglia are slightly shifted anteriorly and pro-
trude to the previous body segment, the first pair
of segmental nerves is situated at the posterior
margin of the previous segment and runs to
small clusters of 3—4 CA-positive cells located
ventrolaterally at the segment boundary. The
sensory projections of these neurons run back-
ward to the intersegmental groove (Fig. 31). The
second pair of CA-positive nerves corresponds
to the third pair of segmental nerves (the parapo-
dial nerves) in P. dumerilii. At the bases of
parapodia they run through the parapodial gan-
glion seen as a slight thickening with an in-
creased number of varicosities, and in the parapo-
dia wall they come in contact with multiple CA-
ergic sensory bipolar cells belonging to the
parapodium (Fig. 3A, H). Several neuronal so-
mata were found in association with the parapo-
dial ganglion in some specimens (Fig. 3J). Be-
hind the parapodial ganglion the parapodial
nerve bifurcates and its branches embrace the
chaetal sacs. Some receptor cells are situated at
the bases of the parapodia, near the chaetal sacs
and parapodial cirri (Fig. 3H). There is no
distinctive CA-ergic innervation in the pygid-
ium of P. dumerilii apart from solitary thin
fibers belonging to the pygidial cirri (Fig. 3K).

Discussion

Both studied annelids possess highly devel-
oped systems of CA-ergic neurons and show a
general similarity in their organization. The
generalized schemes of CA-ergic systems in
both species are shown in Figure 4 (A—G). The
shapes and sizes of CA-positive neurons and
sensory cells in both species are quite similar.
Most unipolar cells belong to the central ner-
vous system and show the typical morphology
of brain cells and segmental ganglia (Heuer,
Loesel, 2008; Miron, Anctil, 1988; Schlawny et
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al., 1991b). Bipolar cells are specific for the
peripheral nervous system. Most of found cells
have the following features: location in the body
wall, solitary placement, bipolar shape (pres-
ence of one long and one short appendage, the
latter getting in contact with the surface of the
body). Such features of CA-positive cells have
been shown to be characteristic for receptor
cells in different groups of animals (Richter ez
al., 2010; Zaitseva et al., 2019).

We detected a greater number of CA-posi-
tive cells in P. elegans than in P. dumerilii.
Currently we have no precise explanation of this
striking difference. However, two explanations
may be suggested. The first one is the difference
in some biochemical pathways that may inter-
fere the reaction in Platynereis. The studied
species belong to the two main clades of anne-
lids, Errantiaand Sedentaria, which have evolved
independently for a long time (Struck et al.,
2011) leading them to the difference in nume-
rous metabolic pathways. The second one is that
P. dumerilii possesses less CA-positive cells in
the body wall than P. elegans caused by the
differences in the lifestyle conditions of these
two annelids: the errant P. dumerilii is much
more agile than the sedentary P. elegans.

In the brain of P. elegans we observed six
pairs of CA-positive cells: one pair lies frontal-
ly, four pairs between the eyespots, and one pair
is situated posteriorly. P. dumerilii also pos-
sesses CA-positive cells in the brain, however,
on our preparations it was impossible to clearly
define their exact number. A one-to-one com-
parison is complicated because of significant
difference in brain morphology in nereidids and
spionids (Orrhage, 1993; Orrhage, Muller,
2005). Another reason complicating the direct
comparison is an inability to combine glyoxy-
late-induced fluorescence with antibody stain-
ing (e.g. against acetylated a-tubulin, revealing

MIPOEKIMH B 00JacTH IepeOpaIbHOTO TaHIINS, JKEITBIMH CTPENKAaMH yKa3aHbl Tela HelpoHoB; E —
peLenTopHbIe KIETKH MaNbIIbl (CTPETOYHBIE TOIOBKH); F — KaTexomaMUH-TI0I0KHUTENbHbIE KIETKH BOKPYT
[1a3HbIX [TeH; G — MHHEpBaLUs ITI0TKH, CTPEJIOYHBIMH [OJIOBKAMH OTMEUEHBI KIaCcTephl KaTeXOJIaMUH-
TIOJIO’KUTENIBHBIX KIeTOK; H — KaTexonaMHUH-TI0I0KUTEIbHbBIE SJIEMEHTHI B OPIOIITHOM HEPBHOH IETIOUKe 1
CTeHKe Tena; | — penentopHble KIETKH (CTPETOUHbIE TOJOBKH) MEXIy TyJIOBUIIHBIMU CErMEHTaMHu; J —
HEeHPOHBI B 00JIACTH MaparoJHalbHOTro FaHMINs (CTPEIOYHbIe ToJI0BKH); K — MHHepBarys 3ajHero KoHa

TCIa.

O6o3HaueHus: br — Mo3r, drcc — CIUHHOM KOPEIIOK OKOJIOTIOTOUYHBIX KOHHEKTOB, €Y — IJIa3HOE MATHO, j — YeIIIOCTH,
Iph — poJ0JIBHEI HEPB TIIOTKH, PCN — HEPB EPHCTOMHUAIBEHOTO YCHKA, Pg — Mapalo{albHbIH TFaHIIHH, pgn — HepB
MUTHIHATBHOTO YCUKA, Sg — CETMEHTAPHBII TaHruHid, snl, 3 — mepBas U TPEThs Mapbl CErMEHTAPHBIX HEPBOB, tph —
MONEPEYHBI HEPB TIOTKH, VNC — OpIOIIHAS HEpBHAs IIEMOYKA, VICC — BEHTPAJBbHBIA KOPEIIOK OKOJIOIIOTOYHBIX
KoHHEKTOB. Macmrab: A, G, K — 50 mxm; B, H — 100 mxm; C, D — 25 mxm; E, F, J, I — 10 Mxm.
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most nerve fibers). Nevertheless, in juvenile
worms 7 pairs of cells were reported ecarlier
(Starunov et al., 2017). Their position is compa-
rable with P. elegans: four pairs surrounding the
eyespots, two pairs on both sides of the brain
neuropil, and one pair in front of it. We did not
find CA-positive cells so closely related with
the eyespots in P. elegans. The cells of 2—5 pairs
in P. elegans brain are closely related with the
eyespots and may be related with photoreceptor
functions, however this suggestion needs fur-
ther verification.

The posterior pair of brain cell somata de-
scribed in P. elegans may be related to nuchal
organs by their position behind the brain
(Schlotzer-Schrehardt, 1987). However, they
do not receive any other CA-positive fibers
from body wall receptors or other organs. In P.
dumerilii we did not find any cell related with
nuchal organs. This finding suggests that CA-
positive cells in studied annelids do not partici-
pate in chemoreception function (do not act as
primary chemoreceptors) in nuchal organs. The
posterior cells of P. elegans may be a secondary
gain and perform some integrative functions
due to highly developed nuchal organs in Spio-
nidae (Jelsing, 2003). The most comprehensive
study of the catecholaminergic system in anne-
lids was performed by Schlawny with cowork-
ers (Schlawny et al., 1991b) on eunicid annelid
Ophryotrocha puerilis. The authors detected 53
fluorescent cells in the brain region, which by
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our rough estimations, is far more than in P.
elegans or P. dumerilii. According to the pro-
vided schemes and images of whole-mount prep-
arations, the cell somata also show some ten-
dency to clustering. Though direct comparison
with our results seems premature, two important
points can be distinguished. First, the authors
did not mention any cells or processes connect-
ed with the nuchal organs, that corroborates our
hypothesis that CA donot participate inchemore-
ception. Second, in O. puerilis paired cell clus-
ters that send projections to the eyespots were
found. The eyes of P. dumerilii are also highly
innervated with CA: each of the four photore-
ceptor organs is surrounded by cells that are
presumably involved in signal transmission from
the eyes to the brain. According to the ultra-
structural data we suggest these cells to be either
photoreceptor or supportive cells (Fischer,
Brokelmann, 1966). Nevertheless, it is impossi-
ble to undoubtedly define these cells with the
use of glyoxylic acid fluorescent technique only.
We did not find such CA-positive cells around
the eyespots of P. elegans, however, some cells
in the brain are in direct contact with the posterior
pair of the eyes. It is difficult to ascertain that
these cells are related with photoreception, fur-
ther studies would shed light on this question.
High level of CA-innervation of P. elegans
palps and concentration of the neurons around
the food groove reflects the role of these struc-
tures in the feeding process. The long mobile

Fig. 4. Generalized scheme of catecholaminergic system organization of Pygospio elegans (A-D) and
Platynereis dumerilii (E-G). Main nerve tracts of the central nervous system are outlined in grey. A —
innervation of the dorsal side of the prostomium of P. elegans; B — innervation of the ventral side of the
prostomium and thoracic segments of P. elegans; C — innervation of abdominal segment of P. elegans; D —
innervation of the posterior end of P. elegans; E — innervation of the dorsal side of the prostomium of P.
dumerilii; F — innervation of the ventral side of the peristomium and body segments of P. dumerilii; G —
innervation of the posterior end of P. dumerilii.

Abbreviations: br — brain, cc — circumoesophageal connectives, cpn — circular pygidial nerves, ey — eyespots, fpn —
frontal prostomial nerves, Iph — longitudinal pharyngeal nerve, no— nuchal organs, pcn — nerves of the preistomial cirri,
pg — parapodial ganglion, pgn — nerves of pygidial cirri, pn — palp nerves, snl-4 — segmentary nerves, tph —
transversal pharyngeal nerve.

Puc. 4. O600meHHas cxemMa OpraHu3alny KaTeXoJaMHHEpruieckoil cuctemsl Pygospio elegans (A-D) n
Platynereis dumerilii (E-G). CepbslM 0003Ha4eHBI OOIIME KOHTYpPHl HEPBHBIX BOJIOKOH LEHTPATBLHOMN
HEPBHOI CHCTEMBI. A — MHHEPBALUs JOPCAIbHON CTOPOHBI pocToMuyMa P. elegans; B — uHHepBanus
BEHTPAJIbHOW CTOPOHBI IMPOCTOMHYMa U TOpAKalbHBIX cerMeHToB P. elegans; C — uHHepBanus
abmomuHaNIBEHOTO cerMenTa P. elegans; D — nHHepBarus 3a1Hero KoHIa Tena P. elegans; E — nHHepBanus
JOPCaJIbHOM CTOPOHBI MpocToMuyMa P. dumerilii; F — uHHEpBaIys BeHTPAIbHOM CTOPOHBI IEPUCTOMIYMA
Y TYJIOBHUIIHBIX CEIrMeHTOB P. dumerilii; G — WHHepBaLys 3aJJHero KoHua tena P. dumerilii.
O6o3nauenus: br — MO3rI', CC — OKOJIOTJIOTOYHAsi KOHHEKTHBA, Cpn — KOHLHCBOﬁ HEPB IUTruius, €y — IJIa3HbBIC II5ITHA,
fpn — ¢poHTanbHBIE HEPBBI IPOCTOMUYMA, Iph — TPOIONBHBII TIIOTOUHBII HEPB, NO — HyXaJbHbIE OPTaHbl, pcn —
HEPBLI IIEPUCTOMUAIIBHBIX YCUKOB, pg — napanoz{nanbﬁmifl I‘aHI‘HHﬁ, pgn — HEPBBI NUTI'HAUAIIBHBIX YCHUKOB, pn —
HEpBBI Mabl, snl-4 — cerMeHTapHbIe HEPBBI, tph — HONepeyHbIi TI0TOYHBIH HEPB.
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palps of Spionidae are used both for suspension
and deposit-feeding which involves reactions of
chemoreception and, especially, mechanorecep-
tion (Lindsay et al., 2008). The additional palp
nerve also supplies the receptors of the abfron-
tal surface. Similar cells at the abfrontal palp
surface were shown by FMRFamide antibody
labeling in different spionids by Forest & Lind-
say (2008). These authors suggest chemosenso-
ry functions for such cells. The CA-positive
cells of the palps and prostomium body wall are
similar in morphology and orientation to CA-
containing cells, found in nemerteans and mol-
lusks (Zaitseva et al., 2019, 2020) which were
identified as mechanoreceptive. Thus, we can
suggesta model where in the palps of P. elegans
FMRFamide-positive cells are chemosensory
and CA-positive cells are mechanosensory (or
mixed mechano- and chemosensory).

P. dumerilii possesses palps that are shorter
and less mobile in comparison with P. elegans.
They are not used for suspension-feeding but
play an important role in deposit-feeding as an
organ of both chemoreception and mechanore-
ception. Surprisingly, no CA-positive nerve fi-
bers or receptor cells have been detected in
palps of P. dumerilii. Only one specimen showed
some cells at the palp base arranged similarly to
those found in palps of Ophryotrocha puerilis
(Schlawny et al., 1991b). At the same time, the
peristomial cirri possess distinct CA-positive
nerve fibers in all specimens studied. Such dra-
matic difference in palp and cirri innervation
may suggest that CA in P. dumerilii do not
perform such important function in reception in
comparison to P. elegans.

CA-innervation of the pharynx in P. dumer-
ilii is far more complicated than in P. elegans,
which correlates well with the overall differenc-
es in pharynx organization (Tzetlin, Purschke,
2005). Nevertheless, in O. puerilis, which also
has a complicated pharynx with jaw apparatus,
the stomatogastric system shows general simi-
larity with P. dumerilii (Schlawny et al., 1991Db).
The stomatogastric nerves give rise to pharyn-
geal and oesophageal longitudinal nerves. The
oesophageal nerves are connected by a commis-
sure as well as several separated neurites. There
are also CA-positive cells in the oesophageal
ganglia on either side of the commissure. Thus,
the stomatogastric system complication follows
the overall foregut complication. Spionids pos-
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sesses foregut with dorsolateral ciliary folds
and relatively simply organized pharyngeal or-
gan (Purschke, Tzetlin, 1996) that corroborates
with our data. P. elegans stomatogastric ner-
vous system is organized in a plexus. O. puerilis
has a complicated jaw apparatus that is supplied
by longitudinal nerves with commissures and
paired oesophageal ganglia (Schlawny et al.,
1991b). The most complicated is P. dumerilii
axial pharynx innervation forming a complicat-
ed system oflongitudinal and transversal nerves.
CA-positive elements may be involved in mech-
anoreception or motor innervation of the pha-
ryngeal region.

Despite the great difference in gross-mor-
phology, the CA-positive components of the
ventral nerve cord show a high degree of simi-
larities between the two studied species. Seg-
mental ganglia of P. elegans include up to 5
pairs of CA-positive somata, placed in the first
third of the segment. In P. dumerilii the segmen-
tal ganglia also comprise five pairs of CA-ergic
somata, located mostly anteriorly. The arrange-
ment of CA-positive fibers in the ventral con-
nectives is also similar in both species. No
distinctive CA-positive commissures can be seen
neither in P. elegans abdominal segments nor in
P. dumerilii (all segments). This is partially
explained by the common ground plan of the
annelid nervous system (Orrhage, Miiller, 2005;
Miiller, 2006). A similar pattern was described
in Ophryotrocha puerilis (Schlawny et al.,
1991a, b) with four main CA-positive longitudi-
nal nerves and few pairs of neurons (two pairs of
unipolar cells per ganglion in untreated animals
and up to 9 pairs after dopamine or noradrena-
line treatment). The CA-positive commissure of
O. puerilis is similar to those found in P. elegans
thoracic segments. The small number of CA-
positive cells in ventral nerve cord ganglia was
also described in other annelid species (Clark,
1966; Dhainaut-Courtois, 1972; Myhrberg, 1967;
Lent, 1982). Further comparative physiological
studies are needed to answer this question.

The general body wall organization is com-
parable in both species. Within the segments of
P. elegans CA are found in four pairs of seg-
mental nerves. The first pair innervates the area
ahead of the parapodium, the second and the
third innervate the parapodium, while the re-
gion where the fourth pair runs has an appear-
ance of a small cluster of cells and may corre-



Catecholaminergic system of Pygospio elegans and Platynereis dumerilii

347

Table. The main characteristics of the catecholaminergic system in annelids
Tabnuna. OCHOBHbIC XapaKTEPUCTUKH KAaTEXOJIAMUHEPIHUECKON CHCTEMBbI Pa3HBIX aHHEIH]L

Character Pygospio Platynereis Nephtys Ophryotrocha
elegans dumerilii (after Clarck, puerilis (after
1966) Schlawny et al.,
1991b)
Brain CA-positive CA-positive fibers in | CA-positive fibers | Strong CA-positive
fibers in both | both commissures, in neuropile, signal in neuropil.
commissures, | paired neurons paired neurons Numerous CA-
6 pairs of scattered in the brain | scattered in the positive cells in the
neurons brain brain.
Segmental 5 pairs of 5 pairs of neurons, 2 | 3 pairs of neurons, | 2 pairs of neurons (9
ganglia neurons, 2 pairs of longitudinal | 2 pairs of after DA treatment),
pairs of nerves longitudinal nerves | 2 pairs of
longitudinal longitudinal nerves
nerves
Stomatogastric | Nerve plexus | Complicated No data Two pairs of
nervous meshwork of longitudinal nerves
system longitudinal and with anterior
transversal nerves commissure and
with paired ganglia paired ganglia
Palp and CA-positive Bipolar cells in the Few CA-positive Groups of bipolar
antennae fibers in main | palpophors fibers in the cells in the
innervation and additional antennal nerves, no | palpophors and bases
palp nerves. CA-positive cell of antennae
Numerous somata in the
bipolar cells antennae
along the
palps
Prostomium Prominent No discernible signal | Faint prostomial Bipolar cells sending
innervation prostomial detected nerves with a few their axons directly to
nerves. cells associated the brain neuropil
Numerous with them
bipolar cells
scattered
through the
prostomium
and mouth
region
Segmental 4 pairs of CA- | 2 pairs of CA- 3 pairs of CA- 3 pairs of CA-
nerves positive positive nerves positive nerves positive nerves
nerves
Body wall and | Numerous Single bipolar cells CA-positive fibers | CA-positive
parapodia bipolar cells in | in the body wall and | and bipolar cells in | subepidermal plexus.
innervation the body wall | parapodia. the epidermis. Parapodial ganglia
with Prominent Single neurons in present. Bipolar cells
concentrations | parapodial ganglia parapodial ganglia | in the parapodial
around chaetal | with several neurons | and in parapodia wall. CA-positive
sacs wall innervation of the
aciculae
Pygidium Paired nerves | Paired longitudinal No data Paired longitudinal

encircling the
pygidium and
branching
fibers towards
the pygidial
lobes.
Terminal
commissure
present

nerves running to the
tip of the pygidial
cirri

nerves with a
terminal commissure.
Bipolar cells in the
pygidial cirri
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spond to the cells of parapodial glands that were
described for Spionidae (MeiBiner et al., 2012).
The second and third pairs of segmental nerves
demonstrate different levels of fusion in thorac-
ic and abdominal regions of the body of P.
elegans, which may be interpreted as two sepa-
rate pairs of nerves that tend to merge, or, in the
contrary, originally a solitary pair of nerves that
splits in two to different degree. In P. dumerilii
CA-positive elements are found only in two of
the four main segmental nerves (Hamaker, 1898).
According to their position, these two nerves
are the first and the third pairs respectively. The
CA-positive fibers innervate the parapodia and
the segmental borders suggesting their mecha-
nosensory functions. Similarly, in O. puerilis
and Nephtys (Clark, 1966; Schlawny et al.,
1991b) most CA-positive fibers contribute the
parapodial nerves, and only few neurites were
found in some other segmental nerves.

Parapodia of both species possess a number
of CA-positive sensory cells, however, they
differ significantly in number. In P. elegans
numerous receptor cells encircle the base of the
parapodium. In P. dumerilii only solitary cell
somata that were interpreted as receptors are
seen. Nevertheless, in other errant annelids, O.
puerilis and Nephtys, more CA-positive cells
were found (Clark, 1966; Schlawny etal., 1991b).

CA-innervation of the pygidia in the two
species studied is also very different. While in
P. dumerilii only some fibers were detected
inside the pygidial cirri, in P. elegans there are
numerous receptor cells around the anus and in
the base of a pygidium. During regeneration of
P. elegans the first CA-positive cells appear on
the third day post amputation in parts of the
peripheral nervous system (Starunov et al.,
2020). After a week post amputation, newly
formed segments possess fully developed CA-
ergic systems, and the number of CA-positive
cells is higher in comparison with intact parts
(Fig. 2G—H). This fact needs further investiga-
tion and may be a result of a changing cell
chemism during regeneration, or due to the fact
that in intact animals the level of CA could be
below the detection limit.

Thus, our data support the general idea that
peripheral CA-positive cells perform mainly
sensory functions. We suggest for them prop-
rio- or mechanoreceptor function due to their
presence in the highly agile parts of the body and
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on the areas of folds. Nevertheless, it is still not
clear whether the CA perform motor function.
Some evidence for the motor functions are avail-
able from Sabellastarte magnifica and Lumbri-
cus terrestris (Myhrberg, 1967; Diaz-Miranda
et al., 1992). Clark also suggested that CA
perform both receptor and motor functions in
Nephtys (Clark, 1966). With modern neuro-
physiology data, we may prove that the presence
of several neurotransmitters performing quite
similar functions in one organism is a common
situation (Cifuentes, Morales, 2021).

In conclusion, we suggest that although all
of'the studied species share common features in
the organization of their CA-systems, the differ-
ences between errant and sedentary species are
even more striking than between different spe-
cies of Errantia (Table). They include presence
or absence of receptor cells in the prostomium
and pygidium, number and shapes of cells in the
parapodia and the level of involvement of CA in
the innervation of sensory organs. Neverthe-
less, no clear picture is still forming since only
a limited number of species has been studied so
far. It is likely that such variability of nervous
systems in Annelida is a result of long-term
adaptation to different life conditions. Recent
studies have shown an impressive level of the
annelid nervous system plasticity and a high
level of convergence in annelid nervous system
evolution (Helm et al., 2018). Further broad
taxon studying is urgently needed for the com-
prehensive comparisons of CA functions among
different annelid species.
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