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ABSTRACT: The literature data on the presence of serotoninergic neurons in the nervous 
system within the developing adult rudiment in the larvae of sea urchins are controversial. 
Studies of the sea urchins with planktotrophic larvae showed that the adult rudiment in 
competent larvae lacks any serotoninergic neurons. However, it is unclear whether any 
serotoninergic neurons are present within the developing adult rudiment at early stages of 
the rudiment development. Besides, in a sea urchin species with lecithotrophic larvae, sero-
toninergic neurons were observed in the adult rudiment at early stages of its development, 
but these neurons disappeared later. The present work aims to verify whether serotoninergic 
neurons are absent from the adult rudiment over the full course of its development. The study 
was conducted on planktotrophic larvae of three sea urchin species, Mesocentrotus nudus 
(A. Agassiz, 1864), Strongylocentrotus intermedius (A. Agassiz, 1864) (regular sea urchins 
from the order Camarodonta), and Scaphechinus mirabilis A. Agassiz, 1864 (an irregular 
sea urchin from the order Echinolampadacea). The results have shown that the developing 
nervous system in the adult rudiment lacks any serotonin-positive elements throughout its 
development. Furthermore, no serotonin-positive processes projecting from the larval nervous 
system into the adult rudiment have been found from the very first stages of the rudiment 
development. Our results contribute to the existing data on regular sea urchins. In addition, 
we, for the first time, provide evidence of the absence of serotonin-positive elements in the 
developing adult rudiment of an irregular sea urchin species, S. mirabilis. However, a study 
of 4-day-old juveniles of M. nudus showed that serotonin-positive processes are present in 
radial nerves and circumoral nerve ring, in the center of the adhesive disk of primary and 
secondary podia as well as the base of adult spines. The distribution of serotonin-positive 
elements in 4-day-old juveniles of S. mirabilis followed that of M. nudus, except for the 
circumoral nerve ring, where no serotonin-positive elements were observed. We suggest 
that because serotonin-positive elements are absent from the developing adult rudiment in 
the larvae, it is possible that the development of these elements in the nervous system of 
sea urchins begins after larval settlement and metamorphosis.
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Серотонин-положительные элементы отсутствуют 
в нервной системе зачатка дефинитивного тела 

морских ежей, но присутствуют у ювенильных особей
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РЕЗЮМЕ: Литературные данные о наличии серотонинергических нейронов в раз-
вивающемся зачатке дефинитивного тела у личинок морских ежей противоречивы. 
Исследования морских ежей с планктотрофными личинками не обнаружили серо-
тонинергических нейронов в зачатке дефинитивного тела у компетентных личинок. 
Однако неясно, присутствуют ли серотонинергические нейроны в развивающемся 
зачатке дефинитивного тела на ранних стадиях его развития. Кроме того, у морских 
ежей с лецитотрофными личинками серотонинергические нейроны были отмечены 
в зачатке дефинитивного тела на ранних этапах его развития, но на поздних этапах 
развития зачатка эти нейроны не отмечены. Цель настоящей работы — уточнить, 
отсутствуют ли серотонинергические нейроны в зачатке дефинитивного тела в ходе 
всего периода его развития. Исследование, выполненное на личинках морских ежей 
из отрядов Camarodonta — Mesocentrotus nudus (A. Agassiz, 1864) и Strongylocentrotus 
intermedius (A. Agassiz, 1864), и Echinolampadacea — Scaphechinus mirabilis (A. Agassiz, 
1864), показало, что в развивающейся в зачатке дефинитивного тела нервной систе-
ме отсутствуют серотонин-позитивные элементы. Кроме того, нами не обнаружено 
никаких серотонин-позитивных отростков, связывающих личиночную нервную си-
стему и зачаток дефинитивного тела с начальных этапов развития последнего. Наши 
результаты расширили имеющиеся данные об отсутствии серотонин-положительных 
элементов в развивающемся зачатке дефинитивного тела морских ежей, впервые 
предоставив данные об отсутствии таких элементов в зачатке дефинитивного тела 
плоских морских ежей S. mirabilis. Однако исследование 4-дневных ювенильных особей 
M. nudus показало наличие серотонин-позитивных отростков в радиальных нервах и 
окологлоточном нервном кольце, в центре прикрепительного диска амбулакральных 
ножек и в основании дефинитивных игл. Распределение серотонин-положительных 
элементов у 4-дневных ювенильных особей S. mirabilis соответствовало таковому у 
ювенильных особей M. nudus, исключая околоротовое нервное кольцо, где серото-
нин-положительные элементы не обнаружены. Поскольку серотонин-позитивные 
элементы отсутствуют в развивающемся зачатке дефинитивного тела у личинок, 
возможно, что развитие этих элементов нервной системы морских ежей начинается 
после оседания личинок и их метаморфоза.
Как цитировать эту статью: Tankovich A.E., Kalachev A.V. 2026. Serotonin-positive 
elements are absent from nervous system in adult rudiment of sea urchins // Invert. Zool. 
Vol.23. No.2. P.325–337. doi: 10.15298/invertzool.23.2.08 
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Introduction

A unique feature of sea urchin larvae devel-
opment is the spatial and temporal separation of 
larval and adult nervous systems (see for review 
Burke, 2011; Díaz-Balzac, García-Arrarás, 2018; 
Hinman, Burke, 2018; Formery et al., 2019). 
The larval nervous system originates early in 
ontogeny from the neurogenic ectoderm (David-
son et al., 1998; Yaguchi et al., 2006; Hinman, 
Burke, 2018) and completely disappears during 
metamorphosis without any contribution to the 
adult nervous system (Mashanov et al., 2016; 
Hinman, Burke, 2018), while the latter devel-
ops de novo within the adult rudiment on the 
left side of the larva (MacBride, 1903; Hyman, 
1955; Burke, 1978, 2011; Formery et al., 2022). 
The development and organization of the larval 
nervous system has been considered in detail for 
a vast number of sea urchin species (for review, 
see Díaz-Balzac, García-Arrarás, 2018; Hinman, 
Burke, 2018; Slota et al., 2019; Paganos et al., 
2021). According to these studies, the larval ner-
vous system consists of a bilaterally symmetric 
apical organ, neurons associated with ciliary 
bands, post-oral arms, and the digestive system, 
and axons that connect these neurons and extend 
to the posterior region of the larva (Bisgrove, 
Burke, 1987; Nakajima et al., 2004; Byrne et 
al., 2007; Hinman, Burke, 2018). Numerous 
immunocytochemical studies have shown a 
variety of different neuronal types within the sea 
urchin larval nervous system. These include, e.g., 
serotoninergic (Bisgrove, Burke, 1987; Nakajima 
et al., 2004; Byrne et al., 2007; Dautov, 2021), 
dopaminergic (Bisgrove, Burke, 1987; Katow et 
al., 2010; Obukhova et al., 2017), GABAergic 
(Bisgrove, Burke, 1987; Katow et al., 2013), 
and cholinergic (Paganos et al., 2021) neurons, 
as well as a variety of neuropeptidergic neurons 
(Beer et al., 2001; Wood et al., 2018; Cocurullo 
et al., 2024). Moreover, experimental studies of 
sea urchin embryos and larvae have highlighted 
the role of larval serotoninergic, GABAergic, and 
dopaminergic neurons in larval physiology and 
development (Katow et al., 2010, 2013, 2020; 
Yaguchi, Yaguchi, 2021; Kalachev, Tankovich, 
2023; Obukhova et al., 2024). These findings 
concerning the sea urchin larval nervous system 
are inconsistent with the data on the nervous 
system development in the adult rudiment. Ac-
cording to the existing data, the adult nervous 

system appears within the adult rudiment in 
advanced plutei (MacBride, 1903; Beer et al., 
2001; Formery et al., 2022; Tankovich et al., 
2026). By the end of larval development, the 
adult rudiment has a well-developed nervous 
system, consisting of a circumoral nerve ring and 
radial nerve cords (Beer et al., 2001; Katow et 
al., 2009; Formery et al., 2019; Tankovich et al., 
2026). To the best of our knowledge, the existing 
data of the neuron types and their localization 
within the developing adult rudiment is limited 
only to SALFMamide-like immunoreactivity 
which was observed along the radial canals of 
the water-vascular system and in the nerve ring 
of the podia (Beer et al., 2001; Elphick, 2014).

Although it is generally accepted that the 
nervous system within the fully developed adult 
rudiment and the nervous system of adult sea 
urchins lacks serotoninergic neurons (Bisgrove, 
Raff, 1989; Beer et al., 2001; Katow et al., 2009; 
Díaz-Balzac, García-Arrarás, 2018; Formery 
et al., 2021), the data on the presence of sero-
toninergic neurons at the early stages of adult 
rudiment development are controversial. Katow 
et al. (2009) reported that in lecitotrophic larvae 
of the camarodont Holopneustes purpurascens 
(A. Agassiz, 1872), serotoninergic neurons in-
dependently develop in the aboral ganglion (of 
the larval nervous system) and in the primary 
podia (of the adult nervous system). Besides, 
the axons from the aboral ganglion extend to the 
base of the primary podia and innervate them. 
Later in the development of H. purpurascens, 
the serotoninergic neurons disappear from the 
adult rudiment (Katow et al., 2009). These find-
ings disagree with the data of Bisgrove and Raff 
(1989), who did not observe any serotoninergic 
neurons within the developing adult rudiment 
in larvae of another lecitotrophic camarodont, 
Heliocidaris erythrogramma (Valenciennes, 
1846). Although studies of the sea urchin spe-
cies with planktotrophic larvae also showed that 
there are no serotoninergic neurons within the 
adult rudiment in competent larvae (Bisgrove, 
Burke, 1987; Katow et al., 2009; Formery et 
al., 2022), it is still unclear whether any sero-
toninergic neurons are present at early stages of 
rudiment development in the sea urchins with 
planktotrophic larvae. The aim of the present 
study was to elucidate whether any serotonin-
positive elements are present in the developing 
adult rudiment in planktotrophic larvae of two 
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regular sea urchins from the order Camarodonta, 
Mesocentrotus nudus (A. Agassiz, 1864) and 
Strongylocentrotus intermedius (A. Agassiz, 
1864), and an irregular sea urchin, Scaphechi-
nus mirabilis A. Agassiz, 1864, from the order 
Echinolampadacea. The positions of these orders 
in the sea urchin phylogenetic tree are explained 
in detail in the comprehensive descriptions of 
the sea urchin phylogeny by Mongiardino Koch 
et al. (2018) and Kroh (2020).

Material and methods

Sea urchin collection
Adult male and female animals of Mesocentrotus 

nudus and Strongylocentrotus intermedius were col-
lected by SCUBA divers near the city of Vladivostok 
(Patrokl Bay, Sea of Japan, Russia). Male and female 
animals of Scaphechinus mirabilis were collected at 
the Vostok marine biological station, NSCMB FEB 
RAS (Vostok Bay, Sea of Japan, Russia). Animal 
collection and spawning were carried out during the 
natural breeding seasons for each species: June 2024 
for S. intermedius, July 2024 for M. nudus, and August 
2024 for S. mirabilis.

Larvae rearing
Spawning of mature animals of M. nudus, S. 

intermedius, and S. mirabilis was induced by inject-
ing 0.5 mL of 0.5M KCl solution into the coelomic 
cavity. For each species, gametes of three males and 
three females were used for crossing. Embryos were 
cultured in 5L glass beakers filled with filtered and 
UV-sterilized natural seawater at 19°C and a light/dark 
cycle of 12/12 h. From the 4th day post-fertilization on, 
the larvae were fed a mixture of the microalgae Chae-
toceros muelleri Lemmermann, 1898 and Dunaliella 
salina (Dunal) Teodoresco, 1905. The approximate 

final concentration of the algae in the larvae culture 
was 2000 cells/mL. The water was changed twice a 
week by reverse filtration.

Light microscopy
The larvae were carefully collected in a Petri dish 

and immobilized by the addition of a few drops of 
4% (w/v) paraformaldehyde solution to the seawater. 
Next, the larvae were mounted on microscope slides 
and covered with cover slips. To avoid damage by 
cover slips, the latter were placed on spacers made 
of double-sided tape (ca. 300 μm thick). The slides 
were photographed under a Zeiss AxioImager Z.2 
light microscope.

Laser scanning microscopy (LSM)
For an LSM study, the larvae were fixed in a 4% 

(w/v) paraformaldehyde solution in TRIS-buffered 
natural seawater for 15 min at room temperature 
(Krupke et al., 2014). Next, the specimens were rinsed 
in phosphate buffered saline (PBS, 3 × 20 min) at room 
temperature, briefly incubated in the sodium dodecyl 
sulfate solution (0.5% in PBS) for 5 min, carefully 
washed in PBS (PBS, 3 × 20 min), and finally incu-
bated in the blocking solution (2.5% [w/v] normal 
goat serum and 0.1% Tween 20 in PBS) for 2 h at 
room temperature. After the incubation in the blocking 
solution, the specimens were incubated in the anti-
serotonin primary antibodies (Immunostar, 20080; 
working dilution 1:1500) overnight at 4 °C, rinsed 
in PBS for 15 min, and incubated in the secondary 
anti-rabbit antibodies, conjugated with CF-633 (Merck 
SAB4600140; working dilution 1:1500) with the ad-
dition of DAPI (1 μg/μL) and Atto 488-conjugated 
phalloidin (Merck, 49409; working dilution 1:500) 
for 2 h at room temperature. Finally, the specimens 
were rinsed in PBS for 15 min, mounted in glycerol, 
and examined under a Zeiss Celldiscoverer 7 laser 
scanning microscope. From 10 to 15 larvae of each 
species at each developmental stage were examined. 

Fig. 1. Light microscopic images of eight-armed plutei of sea urchin species under study. A — eight-armed 
armed pluteus of Mesocentrotus nudus; B — eight-armed pluteus of Strongylocentrotus intermedius; C — 
eight-armed pluteus of Scaphechinus mirabilis. 
Abbreviations: es — larval esophagus; st — larval stomach. White dashed line encircles developing adult rudiment and 
black arrows indicate calcite skeleton of arms. Scale bars —100 μm.
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Because we were unable to get juveniles of S. inter-
medius in sufficient quantities, only juveniles of M. 
nudus and S. mirabilis (10 to 15 juveniles for each 
species) were studied.

Results

The three sea urchin species under study 
developed through a typical eight-armed plankto-

trophic larva (Fig. 1). These are small, bilaterally 
symmetric creatures with prismatic bodies that 
bear at its apical part up to four pairs of arms — 
long slender appendages that directed upward 
and reinforced by calcite skeletal rods. The larvae 
use their arms for swimming and for collecting 
food particles from the surrounding water. As 
the larvae develop, a pentameral rudiment of an 
adult body appears on their left side (Fig. 1A, 

Fig. 2. Light microscopic images of adult rudiment at different development stages in larvae of Mesocentrotus 
nudus. A — invagination of ectoderm toward left hydrocoel; B — lobes of left hydrocoel protruding into 
vestibular floor; C — developing radial canal and primary podia from lobes of left hydrocoel; D — advanced 
rudiment in eight-armed pluteus. 
Abbreviations: es — larval esophagus; inv — invagination of ectoderm; lb — lobes of left hydrocoel; lh — left hydrocoel; 
pp — primary podium; ppr — primordia of primary podia; sp — spine; st — larval stomach; vf — vestibular floor. Scale 
bars —100 μm.
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C). The process of rudiment formation in each 
species was similar to that of other sea urchins 
(Fig. 2). The first sign of developing rudiment 
was observed in eight-armed larvae as a small 
invagination of the ectoderm that was grow-
ing toward the left hydrocoel (Fig. 2A). This 
invagination increased in size and transformed 
into a vestibular cavity. When the cavity came 
into contact with the left hydrocoel, its wall, 
juxtaposed with the hydrocoel, the so-called 
vestibular floor, thickened. At the same time, 
the left hydrocoel acquired a ring-like shape and 
originated five lobes into the vestibular floor (Fig. 
2B). These lobes extended further and pushed 
the vestibular floor into the vestibular cavity. A 
combination of the elongated lobes of the left 
hydrocoel and the overlying vestibular floor ap-
peared as five primordia of developing primary 
podia (Fig. 2C). As the rudiment developed, 
the primordia elongated and differentiated into 

primary podia that consisted of a stem and a disk 
at its tip. The advanced rudiment in competent 
larvae had significantly elongated primary podia 
and several spines oriented into the vestibular 
cavity (Fig. 2D).

An LSM study showed the first serotonin-
positive cells in the larval nervous system ap-
peared at the apical pole at the late gastrula or 
early prism stage. In early four-armed plutei, 
serotonin-positive cells, interconnected by pro-
cesses, were observed within the apical ganglion. 
Well-developed bundles of serotonin-positive 
processes were found in four-armed larvae 
underneath the ciliary bands running along the 
anterolateral and post-oral arms. Additionally, 
serotonin-positive cells were observed in the 
oral ganglion surrounding the larval mouth 
(data not shown). A fully developed eight-armed 
pluteus had numerous serotonin-positive cells 
within the apical ganglion. Thick bundles of 

Fig. 3. Serotonin-positive elements in larval nervous system in advanced eight-armed plutei of sea urchins. 
A — eight-armed pluteus of Mesocentrotus nudus; B — eight-armed pluteus of Strongylocentrotus interme-
dius; C — eight-armed pluteus of Scaphechinus mirabilis; D — apical ganglion in eight-armed pluteus of 
Mesocentrotus nudus; E — apical ganglion in eight-armed pluteus of Strongylocentrotus intermedius; F — 
apical ganglion in eight-armed pluteus of Scaphechinus mirabilis. Serotonin-positive cells and processes are 
colored in cyan; nuclei in gray; and phalloidin-positive structures in magenta. 
Scale bars — 100 μm.
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Fig. 4. Bundles of serotonin-positive processes in the vicinity of adult rudiment at different stages of rudi-
ment development in eight-armed plutei of Strongylocentrotus intermedius. A — invagination of ectoderm 
toward left hydrocoel; B — contact of vestibular floor with left hydrocoel; C — primordia of radial canals 
of water-vascular system within adult rudiment; D — formation of primordia of primary podia; E — mature 
rudiment in competent larva. 
Abbreviations: inv — invagination of ectoderm; lh — left hydrocoel; ls — larval stomach; pp — primary podium; ppr — 
primordia of primary podia; prc — primordia of radial canals; rc — radial canal; rng — ring canal; vc — vestibular cavity; 
vf — vestibular floor. White dashed lines encircle larval stomach. Serotonin-positive cells and processes are colored in 
cyan, nuclei in gray, and phalloidin-positive structures in magenta. Scale bars — 50 μm.

extending all over the larva’s body (Fig. 3A–C). 
Additional serotonin-positive processes running 
underneath the ciliary bands along each larval 
arm were observed in larvae of M. nudus (Fig. 

serotonin-positive processes extended from both 
the left and right sides of the apical ganglion and 
branched into thinner bundles that made a com-
plex meshwork of serotonin-positive processes 
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Fig. 5. Serotonin-positive elements in the larval tissues surrounding advanced rudiment in larva of sea ur-
chins. A — advanced rudiment in eight-armed pluteus of Mesocentrotus nudus; B — advanced rudiment in 
eight-armed pluteus of Strongylocentrotus intermedius; C — advanced rudiment in eight-armed pluteus of 
Scaphechinus mirabilis; A1–A4 — individual optical sections of advanced rudiment in larva of Mesocentrotus 
nudus; B1–B4 — individual optical sections of advanced rudiment in larva of Strongylocentrotus intermedius; 
C1–C4 — individual optical sections of advanced rudiment of Scaphechinus mirabilis. Note that figures 
A–C contain maximum intensity projections of serotonin channel only, while figures with individual optical 
sections (A1–A4, B1–B4 and C1–C4) contain both serotonin and DAPI channels. 
Abbreviations: pc — peripharyngeal coelom, ph — pharynx, pp — primary podia, rc — radial canals, rn — radial nerves, 
sc — stone canal. Serotonin-positive cells and processes are colored in cyan, nuclei in gray. Scale bars — 100 μm.
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Fig. 6. Serotonin-positive elements in the nervous system of 4-d-old juveniles of sea urchins. A — oral view on 
early juvenile of Mesocentrotus nudus; B — oral view on early juvenile of Scaphechinus mirabilis; A1–A2 — 
individual optical section of early juvenile of Mesocentrotus nudus; B1–B2 — individual optical section of 
early juvenile of Scaphechinus mirabilis. Note that figures A and B contain maximum intensity projections 
of serotonin channel only, while figures with individual optical sections (A1–A2 and B1–B2) contain both 
serotonin and DAPI channels Serotonin-positive cells and processes are colored in cyan, nuclei in gray. 
Scale bars — 100 μm.
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3D), S. intermedius (Fig. 3E), and S. mirabilis 
(Fig. 3F).

A detailed examination of the adult rudiment 
development in eight-armed plutei of each spe-
cies did not show any serotonin-positive cells or 
processes within the developing adult rudiment 
or any contacts between serotonin-positive struc-
tures of the larval nervous system and the adult 
rudiment throughout the rudiment development 
(Fig. 4). At initial stages of the adult rudiment 
development, bundles of processes projecting 
from serotonin-positive cells were found in the 
vicinity of the ectoderm invagination directed 
toward the left hydrocoel. However, no serotonin-
positive cells or processes were observed within 
the ectoderm invagination (Fig. 4A) or in the 
vestibular floor (Fig. 4B) in larvae of all three 
species. The transformation of the left hydrocoel 
into a ring structure and the development of 
primordia of five radial canals from it coincided 
with the development of the vestibular cavity 
from the ectoderm invagination and with the 
formation of epineural folds by the vestibular 
floor. At this stage of adult rudiment develop-
ment, no serotonin-positive cells or processes 
were observed within the vestibular floor or its 
walls or in other ectoderm derivatives (Fig. 4C). 
Similarly, no serotonin-positive cells or processes 
were observed within the advanced (Fig. 4D) or 
mature (Fig. 4E) rudiment in larvae of all three 
species. Bundles of serotonin-positive processes 
were observed overlaying the developing adult 
rudiment, but no connections between these 
processes and the rudiment were found (Fig. 
4C, D). Careful examination of competent larvae 
with mature rudiment showed that the rudiment 
in all species lacked any serotonin-positive signal 
(Fig. 5). This contrasts with the data on early 
juveniles of sea urchins. Because we were unable 
to obtain juveniles of S. intermedius in sufficient 
quantities, our description of serotonin-positive 
elements in the nervous system of sea urchin 
juveniles will be restricted to M. nudus and S. 
mirabilis. In 4-day-old juveniles of M. nudus 
serotonin-positive processes were found in the 
radial nerves and circumoral nerve ring (Fig. 
6A). Besides, serotonin-positive processes were 
found encircling the center of the adhesive disk 
of primary and secondary podia as well as the 
base of adult spines (Fig. 6A). Localization of 
serotonin-positive elements in 4-d-old juveniles 
of S. mirabilis, with a few exceptions, followed 

that of M. nudus: serotonin-positive elements 
were observed in radial nerves, adhesive disks 
of podia and bases of adult spines (Fig. 6B). 
In addition, each radial nerve at its distant 
position (relative to the mouth) had paired 
serotonin-positive sites. Buccal podia were also 
serotonin-positive (Fig. 6B). On the other hand, 
no serotonin-positive processes were observed in 
the circumoral nerve ring in 4-day-old juveniles 
of S. mirabilis (Fig. 6B).

Discussion

The development and localization of sero-
tonin-positive elements in the nervous system 
of plutei of M. nudus, S. intermedius, and S. 
mirabilis followed the pattern typical of other 
sea urchin species with the planktotrophic larvae 
(Bisgrove, Burke, 1987; Beer et al., 2001; Katow 
et al., 2009; Obukhova et al., 2017; Formery 
et al., 2021). These were numerous cells in the 
apical and oral ganglia and numerous bundles 
of serotonin-positive processes running beneath 
ciliary bands and creating a meshwork in the epi-
dermis over the rest of the larval body. It should 
be noted that Katow et al. (2009) found a thick 
bundle of axons that extended from the apical 
ganglion toward the adult rudiment in plankto-
trophic larvae of Hemicentrotus pulcherrimus 
(A. Agassiz, 1864) by using antibodies against 
synaptotagmin B, a pan-neuronal marker for the 
echinoderm nervous system (Burke et al., 2006). 
This bundle terminated at a node in the vicinity 
of the developing rudiment that was connected 
to the base of the primary podium via short 
axons. There were serotonin-positive axons in 
this bundle, which, however, ended at the node 
and did not enter the developing adult rudiment 
(Katow et al., 2009). We did not observe such 
a bundle at any stage of larval development in 
the three species under study. Besides, Bisgrove 
and Burke (1987) reported that in larvae of 
S. droebachiensis (O.F. Müller, 1776), some 
serotonin-positive axons that overlay the blas-
tocoel appeared to contact the developing adult 
rudiment. This data disagrees with our results, 
as we did not find any serotonin-positive pro-
cesses that could be interpreted as contacting the 
developing adult rudiment. It should be stressed 
here that, although serotonin-positive processes 
of various thicknesses were observed in the larval 
epidermis in the vicinity of the developing adult 
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rudiment, such processes did not appear within 
the rudiment. This was especially evident at the 
initial stages of rudiment development when a 
small invagination of the ectoderm toward the 
left hydrocoel appeared on the left side of the 
larva. During the rudiment development, this 
invagination gives rise to ectodermal deriva-
tives of the adult sea urchin, including the adult 
nervous system (MacBride, 1903; von Ubisch, 
1913; Smith et al., 2008; Formery et al., 2022; 
Adameyko, 2023). However, we observed no 
serotonin-positive cells or process to enter this 
invagination. Furthermore, no serotonin-positive 
cells or processes were found in the walls or floor 
of the vestibular cavity that originated from the 
ectodermal invagination on the left side of the 
larva’s body. Hence, we suggest that there is no 
connection of serotonin-positive cells between 
the larval nervous system and the adult rudiment 
at the initial stages of rudiment development in 
M. nudus, S. intermedius, and S. mirabilis.

In the histological studies, the first traces 
of the nervous system were observed within 
the developing rudiment after the formation of 
epineural folds from the vestibular floor and 
the development of radial canals and primordia 
of five primary podia from the left hydrocoel 
(MacBride, 1903; von Ubisch, 1913; Byrne et al., 
2001; Smith et al., 2008, Tankovich et al., 2026). 
Studies using antibodies against specific neuronal 
markers such as neuropeptides SALMFamide 
S1 (Thorndyke et al., 1992; Beer et al., 2001; 
Elphick, 2014), thyrotropin-releasing hormone 
(Cocurullo et al., 2024), or pan-neuronal marker 
synaptotagmin B (Katow et al., 2009) confirmed 
the histological observations concerning the 
nervous system organization in the developing 
adult rudiment. However, only a few studies 
considered the developing nervous system in 
the adult rudiment with other neural markers, 
except for serotonin. The rare studies over the past 
three decades have not found any serotoninergic 
neurons or processes in the developing nervous 
system of the adult rudiment in planktotrophic 
larvae of sea urchins, which led researchers to the 
conclusion about the absence of serotoninergic 
neurons in the developing rudiment (Bisgrove, 
Burke, 1987; Bisgrove, Raff, 1989; Beer et al., 
2001; Katow et al., 2009; Formery et al., 2021). 
However, these studies involved only regular sea 
urchins from the order Camarodonta and species 
with both planktotrophic and lecitotrophic modes 

of larval development. In the present study, we, 
for the first time, examined an irregular sea urchin 
species, S. mirabilis, from the order Echinol-
ampadacea. We did not find serotonin-positive 
cells or processes in both the developing adult 
rudiment of this species as well. Hence, we here 
suggest that our results are consistent with the 
above observations and provide evidence that 
there are no serotonin-positive cells or processes 
within the adult rudiment at any stage of the rudi-
ment development of M. nudus, S. intermedius, 
and S. mirabilis.

The data on localization of serotonin-positive 
elements in the nervous system of 4-day-old 
juveniles of M. nudus and S. mirabilis provide 
evidence that these elements are present in the 
nervous system of juvenile sea urchins. The 
disagreement in the serotonin staining patterns 
between juveniles of M. nudus and S. mirabilis 
could reflect the possible difference in adult 
rudiment development as well as in post-meta-
morphic juvenile growth in these species. A few 
recent studies indirectly support our observations 
on the presence of the serotoninergic nervous 
system in juvenile sea urchins. The study of 
Thompson et al. (2021) found a small population 
of serotoninergic neurons in the interambula-
cral spines in early juveniles of Paracentrotus 
lividus (Lamarck, 1816). A more recent study 
of 2-week-old juveniles of P. lividus by means 
of single nucleus RNA sequencing (Paganos et 
al., 2025) found a neuronal cluster expressing 
tryptophan hydroxylase, an enzyme involved 
in the biosynthesis of serotonin. Hence, both 
our results and recent literature data indicate 
that serotoninergic neurons are present in the 
nervous system of juvenile sea urchins. Because 
we studied only a single juvenile stage of M. 
nudus and S. mirabilis, we cannot say when 
first serotonin-positive elements appear in the 
nervous system of juveniles. However, since 
both literature data and our results, presented 
here, indicate that serotonin-positive elements 
are absent from developing adult rudiment in 
the larvae, it is possible that the development 
of serotonin-positive elements in sea urchins 
begins after larval settlement and metamorphosis. 
This can explain why no serotonin-positive ele-
ments were found in developing adult rudiment 
(Mashanov et al., 2016; Díaz-Balzac, García-
Arrarás, 2018). Nevertheless, further studies 
are required to show the pattern of distribution 
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of serotoninergic neurons in the central nervous 
system, i.e., the circumoral nerve ring and radial 
nerve cords, and peripheral nerves, including 
those connecting the radial nerves with podia, 
internal organs, and connective tissue, in adult 
male and female sea urchins. To the best of our 
knowledge, no such studies have been carried 
out to date.
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