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Paradoxical effect of serotonin on ciliary locomotion
of the adult archiannelid worms Dinophilus gyrociliatus

and D. taeniatus (Annelida: Polychaeta)
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ABSTRACT: Immunochemical detection of serotonin (5-HT) and tubulin in D. gyrocilia-
tus and D. taeniatus revealed similar anatomical structures of ventral locomotory ciliary
field and underlying 5-HT-immunoreactive nerve network in both young juvenile and adult
worms. External application of 5-HT and serotonin biochemical precursor (5-HTP)
resulted in increased level of 5-HT within nervous structures in both juveniles and adults.
However, while 5-HT and 5-HTP increased speed of gliding locomotion in juvenile worms,
the same concentration of drugs decreased significantly or did not affect locomotion of
adults. Thus, 5-HT activates the gliding locomotion in juvenile Archiannelid worms similar
to larvae of annelids, molluscs and flatworms which use cilia for locomotion. Altered mode
of 5-HT action on the locomotion of adult Archiannelid worms indicates reorganization of
the 5-HT cilia controlling system during Dinophilid maturation.
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РЕЗЮМЕ: Иммунохимическое маркирование серотонина (5-НТ) и тубулина у D.
gyrociliatus и D. taeniatus выявило сходные анатомические структуры у ювенильных
и взрослых особей: вентральную локомоторную ресничную полоску и подлежащую
5-НТ-иммунореактивную нервную сеть. Аппликация 5-НТ и его биохимического
предшественника (5-HTP) приводила к повышению уровня 5-НТ в нервных структу-
рах ювенильных и взрослых особей. Однако, в то время как скорость ресничной
локомоции в ответ на аппликацию 5-НТ и 5-НТР у ювенильных червей увеличива-
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cultured dish and freshly hatched juveniles were
collected upon appearance.

We used whole-mount immunocytochemis-
try with anti-5-HT- and acetylated α-tubulin
antibodies to visualize 5-HT-containing ner-
vous and ciliary structures, respectively. We
used staining protocol described earlier (Kerbl
et al., 2016). Briefly, worms were fixed in 4%
paraformaldehyde in phosphate buffer saline
(PBS, pH 7.4) overnight at 10°C. After washing
in PBS worms were incubated in a mixture of
primary antibodies: a-5-HT (Immunostar)
1:2000, α-tubulin (Sigma) 1:10000, for 72 h at
10°C. After washing the preparations were in-
cubated in a mixture of Goat anti rabbit Alexa
488 and Goat anti mouse Alexa 633 secondary
antibodies (Molecular Probes, both 1:1000)
overnight at 10°C. After final washing the prep-
aration were immersed in 70% glycerol and
examined under LCSM Nikon A1 (Nikon, Ja-
pan). All specimens were examined as whole-
mounts using appropriate wavelength-filters
configuration settings, 0.5 µm thick optical sec-
tions were taken and processed with Nikon
software to obtain the whole image. Optimal
gain/offset settings were adjusted for non-incu-
bated control animals, and then the same param-
eters were used to examine 5-HTP treated spec-
imens.

To examine the speed of locomotion we
used the video recording utilizing ocular DCM-
150 camera (SkopeTek, China). Five worms

Introduction

Dinophilid worms belong to the Archianne-
lida group and are represented by two species:
Dinophilus gyrociliatus (Schmidt, 1857) and
Dinophilus taeniatus (Harmer, 1889). Normal-
ly, dinophilid worms exhibit two modes of loco-
motion: gliding using the ventral field cilia and
swimming using circulary ciliary bands. As in
many other annelid and molluscs, serotonin
containing nerve elements accompany the loco-
motory ciliary elements (Christopher et al., 1996;
Pavlova, 2001). Thus we suggested that seroto-
nin (5-HT) should regulate speed of locomotion
in dinophilids as well. In the present work we
examined the effect of external 5-HT and 5-HT
biochemical precursor (5-hydroxytryptophan,
5-HTP) applications on 5-HT content within 5-
HT-immunoreactive nerve elements and respec-
tive changes in gliding locomotion of juvenile
and adult worms of two Dinophilid species.
While morphology of the 5-HT-containing ele-
ments was similar in juveniles and adults of one
species, 5-HT and 5-HTP application revealed
different effects.

Materials and methods

Adult worms were cultured in the sea water
with 33‰ salinity at 22°C and fed with nettles
once a week after changing the water. Once a
week adult worms were washed out from the

лась, те же концентрации веществ значимо снижали или не оказывали эффекта на
взрослых особей. Таким образом, 5-НТ активирует локомоцию ювенильных архиан-
нелид, таким же образом, как и локомоцию личинок аннелид,  моллюсков, и взрослых
плоских червей, которые используют реснички для локомоции. Противоположный
(замедляющий) эффект действия 5-НТ на локомоцию взрослых архианнелид может
указывать на реогранизацию сигнальной 5-НТ системы, задействованной в контроле
биения ресничек при продвижении динофилид по жизненному циклу.
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were used for each experimental trial. For track
video recordings the worms were transferred
into drop of seawater (150 µl) in a watch glass,
and covered with a cover slip. After 1 min of
recording the 5-HT or 5-HTP (15 µl 10–5 M)
were added. After 10 min the other 1 min re-
cording was performed. The tracks of individu-
al animals were constructed and track length
was analyzed using ImageJ software upgraded
with Worm Tracker plugin. We used Graph Pad
Prizm for statistical analysis and graphs.

Results and discussion

Ciliary structures
D. gyrociliatus and D. taeniatus juveniles

demonstrate similar organization of ciliary struc-
tures. It includes circular ciliary bands on head
and trunk region and ventral ciliary field on the
ventral side of the body. Two ciliary bands
located on head region, both join the ventral
ciliary field on ventral side and are unclosed on
dorsal side. Six ciliary bands are located in a
trunk region (Fig. 1A, C). They also join the
ventral ciliary field on ventral side. Both species
demonstrate dense ciliation on the ventral side,
represented by ventral ciliary field (Fig. 1A, C).
Organization of the ciliary structures in adults
of both species remains the same pattern as in
juveniles though the number of trunk ciliary
bands increases twice in D. taeniatus. It in-
cludes seven ciliary bands in trunk region in D.
gyrocliatus adults and eleven ciliary bands in D.
taeniatus adults. Both species demonstrate dense
ciliation on the ventral side, represented by
ventral ciliary field (Fig. 1E, G). Thus, both
species have similar pattern of ciliary locomo-
tory structures in juveniles and in adults.

5-HT- immunopositive components of the
nervous system

In both species the nervous system includes
the head neuropile, ventral cords and commis-
sures, and peripheral nerve elements. Ventral
nerve cords are located underneath the ventral
ciliary field in both species. In D. gyrociliatus 5-
HT-immunopositive (5-HT-ir) cells are con-
centrated in the anterior part of the body closely
to the anterior group of commissures, as de-

scribed previously (Kerbl et. al., 2016). In D.
taeniatus  5-HT-ir cells located as regular sym-
metric groups near each commissure. 5-HT-ir
fibers underneath the ventral ciliary field orga-
nized more loosely in D. gyrociliatus juveniles
compared with D. taeniatus (Fig. 1B, D). In
adults of both species the head neuropil became
more compact and all parts of the nervous sys-
tem contain more 5-HT-immunopositive fibers.
In D. gyrociliatus ventral network underneath
the ventral ciliary field remained diffuse organi-
zation as in juveniles. In D. taeniatus ventral
network becomes more regular and prominent,
5- HT-ir cells are located as regular symmetric
groups near regular commissures (Fig. 1H).
Thus, the general pattern of 5-HT-ir network
underneath the ventral ciliary field remains sim-
ilar in juvenile and adults of one species.

Incubation in 5-HT and 5-HTP
After incubation in 5-HT the 5-HT-ir rev-

eled the same general organization of the ner-
vous elements of D. taeniatus juvenile. Howev-
er, both cell bodies and processes become bright-
er and more prominent compared with a control,
preparations demonstrate high background (Fig.
2A, B). Incubation in 5-HTP leads to appear-
ance of additional cell bodies in all parts of the
5-HT-ir nervous system. Note that most of the
additional cells demonstrate character of recep-
tor neurons: flask-shaped form and long sensory
dendrite bearing cilia (Fig. 2C). Preparations
demonstrate high background; all structures
become brighter and more prominent compared
with both 5-HT-treated and control (Fig. 2A–
C). Similar changes in 5-HT-immunoreactivity
occurred in D. gyrociliatus juveniles and adults
(data not shown). These results indicate that
exogenous application of 5-HT and 5-HTP re-
sulted in unambiguous increase of endogenous
5-HT level in the nervous system of the treated
worms.

Gliding locomotion after 5-HT and 5-HTP
application

Both species use ventral ciliary field for
gliding locomotion and circular ciliary bands
for swimming. The lengths of tracks represent
the relative speed of the individual worms, each
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Fig. 1. Ventral locomotory ciliary field (α-tubulin immunoreactive, red) and underlying serotonin-
immunoreactive nerve elements (a5-HT, green) in D. gyrociliatus and D. taeniatus. A, C, E, G — external
ciliary structures; B, D, F, H — the 5-HT-ir nervous system.
Abbreviations: vcf — ventral ciliary field; hcb 1–2 — head ciliary bands; numbers 1–11 — trunk ciliary bands. Scale
bar 60 µm (A–D), 100 µm (E, F), 200 µm (G, H).
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Рис. 1. Вентральная локомоторная ресничная полоска (тубулин, красный) и подлежащие серотонин-
иммунореактивные нервные элементы (5-НТ, зеленый) у D. gyrociliatus и D. taeniatus. A, C, E, G —
внешние ресничные структуры; B, D, F, H — общий план строения 5-НТ иммунореактивной нервной
системы.
Обозначения: vcf — вентральная ресничная полоска; hcb 1–2 — головные ресничные шнуры; 1–11 — ресничные
шнуры туловищного отдела. Масштабный отрезок 60 мкм (A–D), 100 мкм (E, F), 200 мкм (G, H).

Fig. 2. Serotonin immunoreactivity (5-HT-ir, green) within nervous elements of juvenile D. taeniatus after
application of 5-HT and 5-HTP (both 10 µM, 10 min). A — control; B — 5-HT incubated juvenile; C —
5-HTP incubated juvenile.
Note appearance of additional 5-HT-ir cells after 5-HTP application (arrows). Scale bar 50 µm.
Рис. 2. Серотонин-иммунореактивные структуры (5-НТ, зеленый) в нервных элементах ювенильных
особей D. taeniatus после аппликации 5-НТ и 5-НТР (оба 10 µM, 10 мин). А — контроль; В — ювениль
после инкубации в 5-НТ; С — ювениль после инкубации в 5-НТР.
Обозначения: стрелки указывают на дополнительные 5-НТ-иммунореактивные клетки после аппликации 5-
НТР. Масштабный отрезок 50 мкм.

group demonstrates the high variety of this
parameter (Fig. 3). Nevertheless, the mean speed
of control D. gyrociliatus and D. taeniatus
juveniles is similar. Application of 5-HT and 5-
HTP resulted in slight but statistically signifi-
cant increase in speed of gliding locomotion
(Fig. 3A, B). Adult D. gyrociliatus demonstrate
approximately two times shorter tracks than
adult D. taeniatus probably due to the compar-

ative smaller size of the worms. Contrary to
juveniles, adult worms of D. gyrociliatus dem-
onstrate decrease the gliding locomotion after
5-HT application. 5-HTP have smaller effect
but less pronounced (Fig. 3C). Neither 5-HT
nor 5-HTP application produce any effect on D.
taeniatus gliding locomotion (Fig. 3D).

Thus, pharmacological experiments dem-
onstrated opposite reaction of juveniles and
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Fig. 3. Changes in gliding locomotion of D.gyrociliatus and D.taeniatus juveniles and adults after 5-HT and
5-HTP applications (10 µM, 10 min). Each point represents length of the individual locomotory tracks. A–
B — juveniles, C–D — adults. * p<0.05, ** p<0.001 according to Mann-Whitney U-test.
Рис. 3. Изменения в ресничной локомоции у ювенильных и взрослых особей D. gyrociliatus и D.
taeniatus после апплицации 5-НТ и 5-НТР (оба 10 µM, 10 мин). Каждая точка представляет длину
индивидуального локомоторного трека. A–B — ювенильные особи; C–D — взрослые. * p<0,05,
** p<0,001 согласно U-критерию Манна-Уитни.

adults dinophilid worms to 5-HT and 5-HTP
application. While 5-HT increased speed of
juveniles gliding locomotion, the same concen-
trations of 5-HT decreased significantly or did
not affect the locomotion of adults.

To summarize, our results demonstrate that
juvenile and adult Dinophilid worms possess
well developed 5-HT-containing nervous sys-
tem underlying locomotory ciliary structures.
Similar organization of locomotory system is
characteristic for many Lophotrochozoa larvae
and adult flatworms (Stevenson et al., 2010).
Serotonin neurons appear as first nervous ele-
ments in larval development (Schmidt-Rhaesa
et al., 2016) and serotonin system is known to be

involved in regulation of locomotion in land and
aquatic molluscs (Gosselin et al., 1962, Pavlo-
va, 2001, Longley, 2008). In all species investi-
gated so far 5-HT application or stimulation of
5-HT synthesis by application of biochemical
precursor, 5-HTP, enhanced ciliary beating and
resulted in respective increase of speed in cili-
ary driven locomotion in both larval and adult
stage of life (Gosselin et al., 1962; Christopher
et al., 1999; Goldberg et al., 1994, 2011). In our
experiments, 5-HT and 5-HTP application also
resulted in increase in 5-HT content within
nervous structures and respective increase in
speed of the gliding locomotion in juvenile
worms. To the contrary, the same treatment had
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no effect on adult species of D. taeniatus or even
decreased the gliding speed in adult D. gyrocil-
iatus. Paradoxically opposite effects of 5-HT
on the locomotion of juveniles and adults may
indicate that different receptors are involved in
5-HT pathways in young juvenile and mature
individuals. The investigation of 5-HT signal-
ling pathways in different stages of Dinophilid
development is necessary to confirm this hy-
pothesis.
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