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Cassiopeia xamachana scyphopolyp and at the early
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ABSTRACT: Studies on the cnidarian nervous system are usually dedicated to model
objects such as Hydra and Nematostella vectensis polyps or jellyfish of a few other species,
whereas data about other groups and life cycle stages are fragmentary. This study is focused
on the nervous system morphology of the mature Cassiopeia xamachana scyphopolyps and
during the planuloid formation. We revealed two main groups of the FMRFamide-
immunoreactive nerve elements in scyphopolyps. The neurites of the first group accompany
musculature in the body column, tentacles and hypostome. Neurites of the second group
form a weakly concentrated nerve ring at the margin of the oral disk, which may represent
integrative center of the animal. During the planuloid formation no FMRFamide-immu-
noreactive nerve elements from the mother polyp contribute to the growing bud. This
suggests that the FMRFamide-like component of the nervous system in the planuloid
develops independently after separation.
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PE3IOME: VccnenoBanus HEpBHOW CHCTEMBI KHUIAPUNA OOBIYHO ITOCBSIIECHBI MEIy3aM
YJTA TAKUM MOJICTBHBIM 00BEKTaM Kak MoNuIbl Hydra u Nematostella vectensis, B TO BpeMs
KaK JaHHbIC 00 MHBIX TPYIIax MU CTaAUIX KIU3HCHHOTO ITUKIA (hparMeHTapHBL. JlaHHAas
paboTa Qokycupyercs Ha MOP(OIOTHHA HEPBHOH CHCTEMBI B3POCIBIX CIH(OIOIUIIOB
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Cassiopeia xamachana v ee 0COOCHHOCTSIX IIPH PA3BUTHH IIJIaHYJION10B. MBI BBISIBUIIN JIBE
0CHOBHBIX rpymnbsl FMRFamua-nMMyHOpeakTHBHBIX HEPBHBIX JJIEMEHTOB Y cirdormnosu-
noB. He#puTel mepBoil rpymnibl COMPOBOXKIAIOT MYCKYJIATypy B Tejle, Liynajiblax H
rurnoctome. HelpuTbl BTOpO# Tpynmbl (GOPMHUPYIOT HA Kparo OpajbHOTO JIUCKa ciabo
KOHIIEHTPHPOBAHHOE HEPBHOE KOJIBL[0, KOTOPOE MOXKET MPEICTABIISATH COOOW MHTErpaTHB-
HBIN LIEHTp kMBOTHOTO. BO Bpemst popmupoBanus rianynonga FMRFamua-ummyHope-
AKTHBHBIC HEPBHBIC 3JIEMEHTBI, YYaCTBYIOIIIUE B POCTE MOYKH, HE OOHAPYKUBAIOTCS. ITO
MOJKET yKa3bIBaTh Ha TO, 4T0 FMRFamua-nonoOHbIii KOMIIOHEHT HEpBHOI CHCTEMBI B
TUTaHYJIOM/IE Pa3BUBACTCS HE3aBUCUMO I10CIIE OT/ICJICHNUSI.

Kak mmtupoBath o1y crartbio: Khabibulina V.R., Starunov V.V. 2020. FMRFamide
immunoreactive nervous system in the adult Cassiopeia xamachana scyphopolyp and at the
early stages of planuloid formation // Invert. Zool. Vol.17. No.4. P.371-384. doi: 10.15298/
invertzool.17.4.03

KJIFOUEBBIE CJIOBA: xuunapun, HepBHas cucrtema, Scyphozoa, Cassiopeidae, Mycky-

JlaTypa, O4YKOBaHHUE.
Introduction

Cnidarian nervous systems are the object of
the intent attention of the scientific research
from the morphology, neurochemistry and neu-
rogenesis studies (Kass-Simon, Pierobon, 2007
Satterlie, 2011; Rentzsch et al., 2017) to more
extensive questions of the nervous systems evo-
lution and its origin in Metazoa (Watanabe et
al., 2009; Arendt et al., 2016).

Nervous system in Cnidaria is considered to
be primitive and includes three elements: the
intraepithelially located cnidocytes, sensory
cells, and a net of neurons. The neurons can
concentrate in plexus-like structures, but never
form true ganglia (Satterlie, 2015).Organiza-
tion of the nervous system differs in two typical
cnidarian life forms — the polyp and the medusa
(or jellyfish). Jellyfish have multiple conduc-
tion systems controlling different types of their
behavior, such as swimming, feeding or defense
(Mackie, 2004; Satterlie, 2014). These systems
integrate in the so-called nerve rings, primitive
in Scyphozoa (Satterlie, Eichinger, 2014) and
well-developed in Hydrozoa (Koizumi et al.,
2015) and Cubozoa (Garm et al., 2007). The
nerve rings are formed by the dense circular
concentration of neurites at the bell margin.

The nervous system of a polyp, being rela-
tively simple, is studied in more detail, particu-
larly in the model species: the hydrozoan Hydra

and the anthozoan Nematostella vectensis. In
general polyps possess only one conducting
system: the sparse nerve net in the body column
and two well-distinguishable concentrations of
the nerve elements at the peduncle and at the
polyp head (Burnett, Diehl, 1964; Marlow et
al., 2009; Griinder, Assman, 2015). The basal
concentration is faint, whereas the head concen-
tration is more complex. It includes nerve ele-
ments concentration in the mouthparts, at the
oral disk, and near the tentacle bases. The latter
has the highest concentration and is sometimes
treated as anervering. Howeveritis still unclear
whether it functions as the integration center
and is homologous to the medusa nerve ring
(Matsuno, Kageyama, 1984; Koizumi, 2007).

Data on the polyps in other cnidarian taxa
are relatively poor, and only several studies are
focused on the nervous system. Among Cubo-
zoa only polyps of Tripedalia cystophora were
studied in detail using transmission electron
microscopy (TEM) (Chapman, 1978). They have
a dispersed nerve net in the body and two nerve
rings at the oral pole. One of these rings is
ectodermal, wherein another one is endoder-
mal, which is unique for cubopolyps.

In Scyphozoa the most studied species is
Aurelia aurita (Discomedusae: Semaeostome-
ae). In scyphopolyps of A. aurita the nervous
system was described using TEM (Chia et al.,
1984) and FMRFamide labeling (Sakaguchi et
al., 1999). The concentration of nerve elements
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Fig. 1. Polyp and planuloid of Cassiopeia xamachana, alive specimens. A — polyp of C. xamachana with
developing planuloid. B — newly separated planuloid of C. xamachana. The anterior end of the planuloid
is marked with asterisk, black arrowheads label the photosymbyonts.

Scale bar: A — 1 mm; B — 0.5 mm.

Puc. 1. IMomun u manynoun Cassiopeia xamachana, npwxusHeHHble (ororpadun. A — momun C.
xamachana ¢ pa3BUBAIOIIUMCS TUTaHyJI0UI0M, B — HemaBHo ornenusumiics mianynoun C. xamachana.
Tlepemauii KOHeI[ TUTaHyJOHWAa ODO3HAYEH 3BE30YKOM, YEpHBIC HAKOHCUHHKH CTPEJIOK YKa3bIBAIOT HA

(OTOCHMOMOHTOB.
Macmra6: A — 1 mm; B — 0,5 Mm.

is lower than in other cnidarian groups. Neurites
are most numerous at the oral disk, however
they never form a dense nerve ring. There are
also four groups of FMRFamide-immunoreac-
tive neurons, accompanying four longitudinal
septal muscle bands (Sakaguchi et al., 1999).
Data on the scyphopolyps morphology in
the order Rhizostomeae is limited to the de-
scription of the external anatomy of the polyps
and special features of their asexual propaga-

tion (Schiariti ef al., 2008; Kienberger et al.,
2018). Recently we have studied the muscula-
ture of the Cassiopeia polyps (Khabibulina,
Starunov, 2019). Further study on the nervous
system organization in this species is important
not only for the comparative analysis, but also
because polyps of Cassiopeidae family have the
special type of budding (Arai, 1997). Instead of
the lateral budding, typical for other scyphozo-
ans, in which new polyps develop directly on the
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mother organism (Adler, Jarms, 2009), they
produce ciliary stages — planuloids, which look
similar to the typical planula larva (Fig. 1A, B).
After a short period of swimming they settle
down and transform into the new polyps. The
development and metamorphosis of the Cassio-
peidae planuloids were studied previously his-
tologically (Bigelow, 1900) and with scanning
electron microscopy (Van Lieshout, Martin,
1992). Presence of the solitary neurons in plan-
uloids was also shown at the ultrastructural level
(Hofmann, Honegger, 1990), but their origin
and topology remain unknown.

This study is aimed to describe the nervous
system features of the C. xamachana Bigelow,
1982 scyphopolyps and at the early stages of the
planuloid development using immunolabeling
against FMRFamide neuropeptide. Werevealed
two morphologically distinct groups in FMRFa-
mide immunoreactive nervous system of the
scyphopolyp. We also found, that these nerve
elements were not involved in the planuloid
formation.

Material and methods

The culture of the Cassiopeia xamachana
Bigelow, 1982 was kept in artificial sea water
with a salinity of about 32—-35%o at room tem-
perature. Scyphopolyps were maintained in plas-
tic tanks (25x15x8 c¢m) and were fed with the
Artemia nauplii every two-three days, depend-
ing on the digestion time.

Specimens were anesthetized in 7.5%
MgClL,*6H,0 and then fixed in 4% paraformal-
dehydein 0,1 M phosphate-buffered saline (PBS)
at room temperature for 1-2 hours. After fixa-

V.R. Khabibulina, V.V. Starunov

tion, the specimens were washed in Phosphate-
buffered saline + 1.5% Triton-X100 (PBT) for
30 minutes and then 3 times for 15 minutes.
After washing the specimens were incubated in
4M glycine in PBS for 1 hour and then washed
again in PBT 2 times for 15 minutes. Next, the
specimens were preincubated in 1.5% bovine
serum albumin (BSA) in PBS for 1-1.5 hours
and washed again in PBS 2 times for 15 minutes.
All incubations and washing steps were made at
the room temperature.

The preincubated specimens were incubat-
ed with the primary antibodiy to FMRFamide
(20091, Immunostar, diluted 1:1000 in PBS)
for 2 days at 4 °C. After the incubation polyps
were washed in PBS 3 times for 30 minutes and
then incubated with the secondary antibodies
Alexa Fluor 488 goat anti rabbit (A-11034,
Invitrogen) or CF633 donkey anti rabbit
(SAB4600132, Sigma) diluted 1:800 — 1:1000,
and with TRITC-conjugated phalloidin (Sigma,
P1951; dilution 1:100) in PBT for 2 days at
4 °C. After the last incubation specimens were
carefully washed in PBS at room temperature
and mounted in Mowiol 4-88 (Wurm et al,
2010). The confocal stacks were acquired using
Leica TCS SP5 Laser Scanning Confocal Mi-
croscope, and analyzed using Fiji (Schindelin ez
al, 2012) and Adobe Photoshop. The schemes
were done with Inkscape 0.92 software.

Results

In the scyphopolyps of Cassiopeia xama-
chana elements labeled by FMRFamide anti-
body were situated irregularly and formed spe-
cificlocation patterns. The specific immunoreac-

Fig. 2. Polyps of Cassiopeia xamachana labeled with FMRFamide antibody (cyan) and TRITC-conjugated
phalloidin (red). A — the stalk of polyp, B-C — the sectors of polyp calyx with septal muscles, D — the
stalk to calyx transition of polyp, dotted line demarcates the place of septal muscle, E-F — the sectors of
the polyp calyx with solitary neurites. FMRFamide-like immunoreactive elements are pointed with

arrowheads.

Abbreviations: sm — septal muscle bands, sn — septal neurites, sb — photosymbyonts cells. Scale bar: 100 um.

Puc. 2. omunstr Cassiopeia xamachana medennsle antutenamu Kk FMRFamuny (romy6oit) m TRITC-
KOHBIOTHPOBaHHOMY (hamonanny (KpacHblil). A — ctebenek nonumna, B—C — y4acTok 4amieyku moiumna
C cenTalbHBIMU MbIIINaMu, D — nepexoll Mexay cTeOenbKOM U YallleuKol MoJnna, MyHKTUPHAs JIMHUS
0003HaYaeT MECTO TMOJIOKEHUSI CENTATbHON MBI, E-F — y9JacTKy Jamedkn rmojmma ¢ OJUHOYHBEIMU
Heiiputamu. FMRF-amun-nono0Hple MMMYHOPEAKTHBHBIE 3JIEMEHTHI YKa3aHbl HAKOHEYHUKAMH CTPEJIOK.
OO0o03HaYeHHs: SM — JICHTBI CENTAJbHBIX MBIIIL, SN — CEeNTaJbHbIe HEHPUTHI, Sb — KIETKH (OTOCHMOUOHTOB.

Macmtad 100 MxMm.
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perisarc

polyp stalk

Fig. 3. Perisarc and the base of stalk of the Cassiopeia xamachana polyp. Visible structures are visualized
due to autofluorescence under 633 nm laser of chlorophyll in fouling algae and chitin component in perisarc.
Puc. 3. Ilepucapk 1 ocHoBaHue crebernbka nonuna Cassiopeia xamachana. BuauMbie CTPYKTYpPbI BU3yaJIH-
3UpOBaHbI O1aroaps aBTo(IyopeceHINnH XJI0poduilIa BOAopocieii-odpactareneil 1 XHTHHOBOT'O KOMITO-

HEHTa Iepucapka B cBeTe 633-HM sazepa.

tive reaction was detected only in cell processes,
and not in perikarya. We also noticed a high level
of background labeling. This is possibly caused
by non-specific binding of antibodies with the
numerous secretory cells and surface mucus.

In the polyp stalk FMRFamide-like immu-
noreactive elements are found predominantly
alongside the four septal muscular bands. Every
muscle band in the stalk is accompanied by 5—
6 fibers with large vesicles. They run in close
proximity with muscle fibers throughout the
stalk length (Fig. 2A) and then in the calyx (Fig.
2B-D). Atthe place of stalk-calyx transition the
septal neurites become thinner and their amount
decreases, the vesicles inside them become

smaller (Fig. 2D). Apart from the septal FMR-
Famide-like immunoreactive elements, thin lon-
gitudinal neurites are also observed in the polyp
body. These neurites run from the stalk (Fig.
2A), then disperse in the calyx to the oral disk
(Fig. 2E-F) without branching or rapproche-
ment. In the polyp peduncle the immunoreac-
tive elements are impossible to trace because of
the dense perisarc covering and autofluores-
cence of the microalgae fouling (Fig. 3).

At the oral disk near the basements of the
tentacles FMRFamide-like immunoreactive ele-
ments forma circumhypostomal ring-shaped clus-
ter — a nerve ring (Fig. 4A—C). The concentra-
tion of fibers in this circular cluster is the highest
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oral disk

Fig. 4. The parts of oral disk and hypostome of the Cassiopeia xamachana polyp labeled with FMRFamide
antibody (cyan) and TRITC-conjugated phalloidin (red). A — musculature of the oral disk and the tentacle
bases, view from above, B — FMRFamide-like immunoreactive elements of the oral disk and the tentacle
bases, view from above, C — combined image of the musculature and FMRFamide-like immunoreactive
elements of the oral disk, D — the calyx sector near the oral disk, F— hypostome, the place of mouth opening
is marked with asterisk. The border of the nerve ring is demarcated by dotted line.

Abbreviations: hm — hypostomal muscles, hn — hypostomal neurites, odm — oral disk muscles, odn — oral disk
neurites, rm — ring muscle, sb — photosymbyonts cells, sm — septal muscle, tent — tentacles, tm — tentacle muscles.
Scale bar: 100 pm.

Puc. 4. YuacTku opanbHOTO J¥cKa U runoctoma nonmnos Cassiopeia xamachana Me4eHHbIE aHTHTEIAMU
k FMRFamuny (romy6oit) 1 TRITC-koHBIOTHpOBaHHOMY (halUTONINHY (KpacHBI). A — MyCKynaTypa
OpaJIbHOTO JIMCKA W OCHOBAaHWi miymnanen, Buja cBepxy, B — FMRFamua-nono6Hsie MIMMYHOPEaKTHBHBIC
9JIEMEHTHI OpaJIbHOTO JMCKa M OCHOBaHWiI miymaiern, Buja cBepxy, C — coBMemeHHOe H300pakeHHne
FMRFamun-mogo0HBIX HNMMYHOPEaKTHBHBIX JIEMEHTOB U MYCKYJIAaTyphl OPajlbHOTO A¥cKa, D — ydacTok
Yameykd BOJIM3UM OT OpalibHOTO JHcKa, F — IMIIOCTOM, MECTO pacloioKEHHsS POTOBOIO OTBEPCTHUS
0003Ha4YeHO 3BE304KOH. ['paHNIa HEPBHOTO KOJIbIIa 0003HAYEHA YHKTUPHOMN JIMHACH.

O6o3HayeHus:: hm — MBIIIBI THIIOCTOMA, hn — HeWpUTHl TMHOCTOMa, 0dm — MBIIIIBl OPAILHOTO Jucka, odn —
HeﬁpHTLI OpaJIbHOTO AUCKa, rm — KOJbLOEBasA MYCKYyJIaTypa, sb — kieTku (I)OTOCI/[MGPIOHTOB, Sm — cenrajlbHas
MYyCKyJaTypa, tent — niynaabua, tm — MbIIIs! mynaigen. Macmrad 100 M.
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Fig. 5. The middle part of the Cassiopeia xamachana polyp tentacle. A — muscle processes of tentacle
labeled with TRITC-conjugated phalloidin, B — neurites in tentacle labeled with FMRFamide antibody.
Single FMRFamide-like immunoreactive elements are pointed with arrowheads.

Abbreviations: ed — the layer of tentacle epidermal cells, gdc — columnar gastrodermal cell of the tentacle, dotted line
demarcates the cell border, mp — muscle processes. Scale bar: 50 um.

Puc. 5. Cpenusist wacts mynansua nonuna Cassiopeia xamachana. A — MpIlIeYHbIE OTPOCTKH IIyTanbla
medeHHble TRITC-KoHBIOrMPOBaHHBIM (DaJUTOUANHOM, B — HEHpHTHI B IIyIaiblie MEYEHHbIC aHTUTEIaAMH
k FMRFamuny. Otnensasie FMRFamun-mogo0HpIe IMMYHOpPEaKTHBHBIC JIEMEHTHI YKa3aHbI HAKOHEYHH-
KaMH CTPEJIOK.

O603HaueHus: ed — cI10if 3nMAepMaIbHBIX KIETOK Iynaibla, gdc — cronbuaras ractpojiepMaibHas KIETKa Iyaib-

[a, IyHKTUPHAS JIMHUS 0003HAYaeT TPAaHUIly KISTKH, Mp — MBIIICYHbIe OTPOCTKU. MacmTad 50 MKM.

in the body. The net over the ring muscle (Fig.
4B) is so dense that individual cells are not distin-
guishable (Fig. 4A). On the side view of the polyp
calyx, the border of the nerve ring coincides with
the septal muscle endings (Fig. 4D). From the
nerve ring separate fibers branch out and enter the
tentacles. At the oral disk inward from the nerve
ring FMRFamide-like immunoreactive elements
with large vesicles form the loose net. The similar
FMRFamide-like elements are observed in the
hypostome (Fig. 4F) however the amount of the
fibers here is lower than in the oral disk. In both
oral disk and hypostome, there is no correspon-
dence between the direction of the FMRFamide-
like immunoreactive and muscular fibers.

In tentacles FMRFamide-like immunoreac-
tive elements form the diffuse meshwork (Fig.
5). They do not strictly follow the direction of
the muscle processes.

During the planuloid development no FMR-
Famide-like immunoreactivity was found in the
growing bud evagination. The septal and soli-
tary longitudinal immunoreactive elements are
well-observed close to the site of the planuloid
growthinthe calyx (Fig. 6A). They never change
their typical direction and do not form processes
to the growing planuloid, accompanying the
branching septal muscle fibers.

In the newly separated planuloid the FMR-
Famide-like immunoreactivity is very weak. No
immunoreactive elements were observed at the
posterior end that previously was connected to
the mother polyp. In the middle part only a few
thin longitudinal fibers are distinguishable (Fig.
6B), and their location does not strictly corre-
spond with the muscle fibers topology. At the
distal end of the planuloid there is a disperse
group of the FMRFamide-immunoreactive elon-
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Fig. 6. Forming and separated planuloids of Cassiopeia xamachana labeled with FMRFamide antibody
(cyan) and TRITC-conjugated phalloidin (red). A — the base of growing planuloid protrusion near the septal
muscle band of polyp, the approximate border between calyx and protrusion is marked with the intermittent
line, B — separated planuloid, C — the anterior end of the planuloid, green arrowheads point the possible
sensory cells. The anterior end of the planuloid marked with asterisk, the direction of planuloid growth is
shown with arrow, single FMRFamide-like immunoreactive elements are pointed with white arrow heads.
Abbreviations: bmf — branched off septal muscle fibers entering the growing planuloid, pm — planuloid muscles, sb —

photosymbyonts cells, sm — septal muscle band, sn — septal neurites. Scale bar: A — 100 um; B, C — 50 pm.
Puc. 6. ®opmupyrommuiica u oTaenuBmniics mianynouasl Cassiopeia xamachana Me4eHHbIE aHTUTEIAMU
k FMRFamunny (romy6oit) u TRITC-konbrornpoBanHOMY (amionauHy (KpacHBIH). A — OCHOBaHHE

BBIMITYMBAHUS PACTYILIETO IUIAHYJIOM1a BOIN3H CeNTaTbHON MBIIIEYHOH JICHTHI NOJINIIA, TPUOIU3UTETbHAS
rpaHULAa MEX]Ty YaIeYKON 1 OCHOBAHMEM BBIMSIYMBAHUS MTOKa3aHa MPEPBIBUCTON JUHHUEH, B — oTnenus-
mmics rianynous, C — nepeHuid KOHell IUIaHyJIOUAa, 3eJeHble HAKOHEYHUKH CTPEJIOK YKa3bIBAIOT Ha
BEPOSITHBIE CEHCOPHBIE KIeTKH. [lepenHuil KoHel I1anynonaa 0003HaueH 3BE3109KO0I, HAIlpaBJICHHE POCTa
IJIAHYJIOW/a TIOKa3aHO CTpenkoid, oTnenbHble FMRF-amui-momo0Hble MMMYHOPEAKTHBHBIC SJIEMCHTBI
yKa3aHbl HAKOHEYHUKAMH CTPEJIOK.

O06o03HaueHns: bmf — OTBETBUBILKECS OT CENTATBHON MBIIIIBI BOJIOKHA, IPOHUKAIOIINE B PACTYIIMI TUIAHYJIOH], pm —
MBIIIIBI TUIaHYJIOMa, sb — KiIeTku (GOTOCHMOMOHTOB, Sm — CeNTajbHAs MbIIIEYHAs JIEHTa, SN — CENTalbHbIE
Heitputel. Macmtab: A — 100 mxm; B, C — 50 mkm.
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Fig. 7. Scheme of the muscular and nervous system of the Cassiopeia xamachana polyp with growing
planuloid. Muscle elements are shown in grey lines, nervous system elements are shown in red intermittent
lines.

Abbreviations: bmf — branched off septal muscle fibers entering the growing planuloid, bn — body solitary neurites,
hm — hypostomal muscles, hn — hypostomal neurites, odm — oral disk muscles, odn — oral disk neurites, sm — septal
muscle band, sn — septal nerites.

Puc.7. Cxema MblIeqHON 1 HepBHOM cuctemsl monuna Cassiopeia xamachana ¢ pacTyIAM TUIAHYJIOUIOM.
MpImeyHbIe YIeMEHTHI TOKa3aHbl CEePBIMU JIMHUASMH, JIEMEHTHI HEPBHOI CHCTEMBI ITOKA3aHbI TPEPBIBUCTHI-
MH KPaCHBIMH JTMHHUSMH.

O06o03Hauenus: bmf — oTBETBUBIIMECS OT CENTAILHON MBbIIIIBI BOJIOKHA, IIPOHUKAOIINE B pac*rymm‘z’l TUIaHYyJIOU 1, bn —
OJUHOYHBIC HeﬁpHTH Tena, hm — MBIIIIIBI THIIOCTOMA, hn — HeﬁpHTH THIIOCTOMA, odm — MBIIIIIBI OPAJIBHOTO JUCKA,
odn — HeﬁpHTBI OpPAJIBHOT'O IUCKa, SM — CEeITaJIbHasl MbIIICYHAs JICHTA, SN — CCIITAJIbHBIC HeﬁpI/ITBI.

gated cells, located in the knot-like area (Fig. Discussion
6C). Despite the strong fluorescent signal, we
never observed any processes of these cells. The scyphopolyps of Cassiopeia xamachana

In all specimens the photosymbyonts Symbio-  have two groups of FMRFamide-immunoreac-
dinium sp. typical for Cassiopeidae, were found. tive nerve elements (Fig. 7). The first group is the
The cells were detected due to autofluorescence neurites accompanying muscle elements in the
of algal chlorophyll in the same wavelength different body parts. The second group includes
band as the dye of the secondary antibodies. circular neurites, concentrated in the nerve ring.
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The first and most conspicuous part of the
body FMRFamide-like nerve elements are neu-
rites accompanying the four septal muscle bands.
Their location apparently suggests the involve-
ment of the FMRFamide-like nerve elements in
muscle activity control. This assumption may
be supported by the data on another cnidarian
species Hydractinia echinata, in which FMR-
Famide-immunoreactive neurons provide neu-
romodulation of the motor signal in smooth
muscles (Plickert, Schneider, 2004). The in-
volvement of the FMRFamide-immunoreactive
neuronal elements in the control of the swim-
ming muscle activity was also shown for scy-
phozoan jellyfish (Satterlie, Eichinger, 2014).

The second part of the body FMRFamide-
like nerve elements was found in the tentacles.
These neurites form diffuse net of short branched
processes without any sign of concentration.
Probably in this case FMRFamide-immunore-
active elements are also involved in neuromus-
cular interactions, transmitting the signal direct-
ly from the sensory cells in epidermis to the
shorttentacle muscle fibers (Walker et al.,2009).

The third part of the body FMRFamide-like
nerve elements is located in the hypostome and
the surrounding region of the oral disk. In this
group the neurons also form a diffuse network,
but they have thicker processes than in the
tentacles, and are more numerous. These neu-
rons possibly regulate the complex movements
of the hypostome.

The second group of the FMRFamide-im-
munoreactive nerve elements is located at the
margin of the oral disk, near the tentacles bases,
where circumhypostomal nerve elements form
the nerve ring. Circular nerve structures at the
oral pole are found in polyp stages of the other
cnidarian groups (Watanabe ef al., 2009). Sim-
ilar nerve concentrations are considered as the
nerve ring in Hydra (Koizumi, 2007; Hufnagel,
Kass-Simon, 2016), in Nematostella vectensis
(Marlow et al., 2009), and in Tripedalia cysto-
phora (Chapman, 1978). In all these cases neu-
rites in the nerve ring are located densely and
almost form nerve cords. On the contrary, in the
scyphopolyps — as it was shown for Aurelia
aurita (Sakaguchi et al., 1999) and in this study
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for Cassiopeia xamachana — the density of
neuron processes is relatively low and they
never form a concentrated cord. However, this
cluster is the most condensed part of the nervous
system in the whole polyp body. In addition, the
neurites of septal, tentacle and hypostomal mus-
culature are probably interconnected with the
nerve ring. Thus, we can suppose that in scy-
phopolyps the nerve ring cluster may function
as an integrative center of the polyp the same
way as in other cnidarians.

In general, the FMRFamide-positive system
organization in the scyphopolyps is similar to
that in the Anthozoa. Part of the FMRFamide-
like neurites forms well-distinguishable longi-
tudinal patterns in the body column and co-
localizes with musculature. The anthozoans
and scyphozoans share some similar morpho-
logical features of muscle system. Muscle ele-
ments are organized in functional groups: septal
muscle bands in the scyphopolyps (Chia et al.,
1984; Khabibulina, Starunov, 2019) or mesen-
terial columnar muscles in the anthopolyps (Jah-
neletal.,2014). In both cases FMRFamide-like
neurons accompany these muscle groups (Mar-
low et al., 2009; this study). At the same time
similar neuronal structures were not found in the
Hydrozoa and the Cubozoa. Muscle fibers in
these polyps are more evenly dispersed in the
body column (Mueller, 1950; Chapman, 1978;
Leclére, Rottinger, 2017). Similarly, body
FMRFamide-like neurites in Hydrozoa or Cubo-
zoaare never organized in dense groups, but form
adiffuse net with the prevalence of the longitudi-
nally oriented nerve processes (Kass-Simon, Pier-
obon, 2007, Mayorova, Kosevich, 2013).

FMRFamide labeling was also shown in the
sensory cells of the jellyfish rhopalia (Scogh et
al.,2006; Nakanishi et al.,2009). Sensory func-
tion was also suggested for FMRFamide neu-
rons found in the ectodermal layer of the mature
planula larva (Martin, 1992; Nakanishi et al,
2008). Interestingly, the sensory cells are re-
placed by motor neurons during planula to pol-
yp metamorphosis and no FMRFamide-posi-
tive cells of sensory type were described in the
polyps to date (Martin, 2000; Mayorova, Ko-
sevich, 2013; Pennati ef al., 2013). We also did
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not find sensory FMRFamide-like cells in C.
xamachana polyps. Nevertheless, we found the
region of the FMRF-positive cells at the anterior
end of the planuloid. The shape of these cells
and their location remind of the FMRFamide-
like sensory cells in the planulae. However, it is
difficult to determine the exact cell specifica-
tion because of the strong non-specific labeling
in this region.

Except for the FMRFamide-immunoreac-
tive cells at the anterior end the number of
FMRFamide-positive nerve elements in the plan-
uloid is extremely low. During its formation, the
nearest septal muscle noticeably reorganizes:
several muscle fibers branch off the muscle
band and enter the tissue protrusion of the de-
veloping planuloid. Nevertheless, we did not
observe any change in the number or location of
the FMRFamide-positive neurites near the site
of the planuloid growth. After the separation,
only a few very faint longitudinal nerve fibers
were revealed in the middle part of planuloid,
which is consistent with the ultrastructural data
(Hofmann, Honegger, 1990). Although the di-
rection of these solitary neurites coincides with
that of developing muscle fibers, the neurites do
not localize in the close proximity to the form-
ing muscle bands and may not provide a neuro-
motor function.

We can suggest that FMRFamide-positive
neurons of the mother polyp are not involved in
the planuloid growth. During the free-swim-
ming period FMRFamidergic nervous system
barely starts to form. The putative sensory cells
at the anterior end of the planuloid are probably
persisting until the moment of attachment, sim-
ilarly to the planula larvae (Martina, 2000). The
locomotion of the planuloid is ciliary, growing
muscles only provide slight body shape chang-
es. However, by the moment of settlement the
musculature of planuloid resembles that of the
polyp. Probably at this moment the active dif-
ferentiation of the neurons controlling the mus-
cular system takes place. In this way anew polyp
may relatively quickly proceed to the complex
feeding and stress behavior.

Thereby the FMRFamide-positive nervous
system in scyphopolyps of Cassiopeia xam-

V.R. Khabibulina, V.V. Starunov

achana is made up of two parts. The first part is
directly connected with the active muscular
elements such as septal, tentacle and hypostom-
al muscles, providing motor function, and also
includes solitary longitudinal elements in the
stalk and calyx. The second one is a relatively
loose nerve ring - the integration center of the
polyp, located at the oral disk.
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