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Local serotonin-immunoreactive plexus in the female
reproductive system of hermaphroditic gastropod
mollusc Lymnaea stagnalis
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ABSTRACT: Serotonin is known as general regulator of reproductive activity in molluscs.
Here we presented a detailed description of morphological backgroung of 5-HT synthesis
and reliase by local serotonin-immunoreactive (5-HT-IR) plexus in the female reproductive
system of hermaphroditic gastropod Lymnaea stagnalis. Three distinct parts of 5-HT-IR
local network can be distinguished: weak innervations of the oviduct by solitary fibers, rich
innervations of oothecal gland muscular layer by varicose fibers, and dense plexus of 5-HT-
IR cells and their processes along the epithelium and in the muscular layer of uterus (pars
contorta). Fusiform and multipolar 5-HT-IR cells located intraepitheliarly and have big
nuclei. The thick apical process entered the epithelium and contacted the inner lumen of the
duct. Basal processes of numerous cells compacted into bundles which organized the
basket-like 5-HT-IR plexus surrounding the epithelial lumen of the canal.
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PE3IOME U3BecTHO, YTO CEPOTOHHUH PETYIUPYET PENPOLYKTUBHYIO aKTUBHOCTD Y Psizia
MOJUTIOCKOB. B aHHO# paboTe mpeacTaBiIeHo JeTanbHOe MOP(HOIOTHIECKOe OMMCAHHE
JIOKaJTBHOTO CepoTOHUH-UMMyHOpeakTuBHOTO (5-HT-IR) 1uiekcyca, KOTOPHBIH, MO BCEH
BUANMOCTH, 00ECIIEYNBAET CHHTE3 U BEIOPOC CEPOTOHMHA B OKPYIKAIOIINE TKAHU JKECHCKO-
ro OTJeNa PENPOAYKTHBHOW CHCTEMBI y TepMa(pOIMTHOTO OPIOXOHOTOr0 MOJIIIOCKA
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0O0JBIIOrO MPYIOBHKA. MOXXHO BBIICIUTH TpU dyacTh JiokanbHOUW 5-HT-IR cuctemsr:
HWHHEPBAIs OBUIYKTa OJJHHOYHBIMH BOJIOKHAMH, OOraTasi HHHEPBAIUs OOTCKH BOJIOKHA-
MH C BapUKO3aMH, MOIIHBIN IIeKcyc, cocTosnmil u3 5S-HT-IR kineTok u ux oTpoCcTKOB B
yTepyce (M3BHTas 4acTh). BepereHooOpa3Hbie 1 MynpTHnospHbie 5S-HT-IR kiietku pac-
MTOJIOKEHBI MHTPASUTEIUAILHO U UMCEOT 0O0JTBIIIOE sIpO. TOJICTHIN anMKaIbHBIN ICHIPUT
MPOXOUT CKBO3b SMUTEIINI U KOHTAKTUPYET C BHYTPEHHUM IIPOCBETOM PEIPOIYKTUBHOTO
KaHasa. bazajabpHble OTPOCTKH MHOXKECTBA KIIETOK OOBETUHSIOTCS B TSKH, (POPMHUPYIOLIHE
TUIEKCYC KOP3UHYATON CTPYKTYPBI BOKPYT SMUTEIHAIBLHOTO CJIOs KaHaa.
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PETOPHLIC KIICTKU.

Introduction

Reproduction is one of the most complex
event in the molluscan life. Significant part of
this process is driven by the neural cells, neu-
rotransmitters and hormons released by neu-
rons. Among other neurotransmitters, serotonin
(5-hydroxytryptamine, 5-HT) play important
role as an regulator of reproduction activity.
Distribution of 5-HT-containing neurons within
central ganglia as well as peripheral innervation
was described for variety of molluscan species
(Schmidt-Rhaesa et al., 2016). To the contrary,
the data about local peripheral serotoninergic
networks or plexuses containing both neuronal
fibers and cell bodies are scarse.

Presence of 5S-HT-immunoreactive structures
has been shown in gonads and reproductive
tract of several molluscan species (Matsutani,
Nomura, 1986; Boyle, Yoshino, 2002; Delgado
et al., 2012; Moroz et al., 1997). Expression of
5-HT receptors was found in the reproductive
system of L. stagnalis (Gerhardt et al., 1996)
and nudibranch Aplysia californica (Li et al.,
1995). In many bivalves, application of 5-HT
induces spawning (Fong et al., 1994) or stimu-
lates parturition (Fong et al., 1998). In bivalve
species 5-HT stimulates maturation of oocytes
(Ram et al., 1996). 5-HT is involved into the
afterspawning gonadal recovery of scallop Ar-
gopecten purpuratus (Martinez, Rivera, 1994).
In freshwater snail Biomphalaria glabrata se-

rotonin receptors antagonist methiothepin su-
press reproductive behavior and reduce egg
laying (Muschamp, Fong, 2001) In Lymnaea
stagnalis season-dependent or pharmacologi-
cally induced increase of serotonin level in
female part of the reproductive system leads to
significant activation of egg masses production
(Ivashkin et al., 2015). While many facts indi-
cate that 5-HT is involved in regulation of egg
laying, only innervation of this part of the repro-
ductive system was descibed.

The goal of the current study was to investi-
gate in details disctribution of 5-HT-immunore-
active (5-HT-IR)elements in the female part of
the reproductive system of the gastropod her-
maphroditic mollusc Lymnaea stagnalis. The
fact that 5-HT-IR organize network along the
reproductive duct of Lymnaea has been found
previously (Ivashkin etal., 2015). However, the
morphological description was out of the main
topic of that paper. Here we describe in detail
the morphology of 5-HT-immunoreactive cells
and their processes as well as relation of 5-HT-
IR elements with epithelial layer and muscular
fibers of oviduct, convoluted part of uterus and
oothecal gland of Lymnaea.

Materials and Methods

Laboratory population of Lymnaea stagna-
lis L. was maintained at stable conditions (22—
23°C, 16-8 h light-dark cycle) and fed by let-
tuce. Mature animals 15 mm length were anaes-
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Fig. 1. Scheme of Lymnaea stagnalis reproductive system. The examined parts are marked gray.
Puc. 1. Cxema penpoayKTHBHOI cucTeMbl Lymnaea stagnalis. PaccMaTpruBaeMble B CTaThe YaCTH TOMEYCHBI

CEPBIM LIBETOM.

thetized on ice and reproductive system was
dissected. After fixation in 4% paraformalde-
hyde in phosphate buffer saline (PBS, pH 7.4)
overnight at 10°C samples were washed in PBS
and proceed for immunochemical detection of
5-HT as described earlier (Ivashkinetal., 2015).
Briefly, whole-mount preparations as well as 25
pm cryostat sections were incubated in a-5-HT
antibody (Immunostar) 1:2000 in PBS contain-
ing 5% Triton-X100 (PBS-TX) for 12 hat 10°C.
After washing the preparations were incubated
in a mixture of Goat anti rabbit Alexa 633
secondary antibodies and phalloidin-Alexa 488
(both Molecular Probes, 1:1000) overnight at
10°C. After washings nuclei were stained with
DAPI, washed again and immersed in 70%
glycerol. Preparations were examined under
LCSM Leica SP5 (Leica, Germany) using ap-
propriate wavelength-filters configuration set-
tings, 0.5 um thick optical sections were taken
and processed with Leica software to obtain the
whole image. HPLC High pressure liquid chro-
matography with electrochemical detector
(HPLC-ED) was used for quantification of 5-
HT as described earlier (Ivashkin et al., 2015).
Tissues from three mature animals were used
for one sample preparation, three samples were
analyzed.

Results and Discussion

The female part of Lymnaea stagnalis re-
productive system includes the oviduct proper,

the uterus with its convoluted part (uterus),
albumen gland and oothecal gland (oothec)(Fig.
1). We analyzed in detail the presence of 5-HT-
IR elements in oviduct, uterus and oothec. Ex-
tensive network of fibers covers the external
surface of the convoluted part of uterus (Fig.
2A). Sections through the folders demonstrate
the basket-form 5-HT-IR fiber surrounding the
epithelial layer of the duct (Fig. 2B). The posi-
tive cell bodies located intraepitheliarly (Fig.
2F, F-inset). Fusiform 5-HT-IR cells have one
short basal process which is divided into two in
aclose proximity to the cell body (Fig. 2C-inset,
E). Apical part of the cells contacted with inner
lumen of the duct (Fig. 2C, H). The multipolar
5-HT-IR cell have thick apical process which
located between epithelial cells and in some
cases reaches the inner lumen of the duct (Fig.
2D-inset, F-inset). Cell bodies located close to
the folder surface, the big nuclei of multipolar 5-
HT-IR cell is clearly distinct from the surround-
ing nuclei of epithelial cells (Fig. 2D-inset, F-
inset). Basal processes of both fusiform and
multipolar 5-HT-IR cells were compacted into
bundles which organized the dense 5-HT-IR
plexus between the muscular fibers surrounding
the epithelial lumen of the canal (Fig. 2E, F-
inset). The solitary 5-HT-ir fibers leave the
network and run into a deeper muscle layer.
Solitary 5-HT-IR varicose fibers were observed
among the muscular layer of the oothecal gland.
Note that nerve bundles were preferentially
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Fig. 2. Serotonin-immunoreactive (5-HT-IR, red) local network in Lymnaea stagnalis female part of the
reproductive system. Muscles stained with phalloidin (green), cell nuclei marked with DAPI (blue). A —
Whole mount preparation of uterus. Folders of the convoluted part are surrounded by basket-like 5-HT-IR
fibers. B-E — Sections throught the lumen of the duct. Fusiform 5-HT-IR cell bodies located intraepitheliarly.
Basal processes located around the muscle bundles. Insets demonstrate high magnification of immunopositive
cells. While color on D and D-inset marks the colocalization channel of 5-HT-IR and DAPI. F — Hight
magnification of uterus epitheliar layer. Asteriscs mark the big nuclea of 5-HT-IR cells. F-inset — Thick
apical dendrite and two basal axons of multipolar 5S-HT-IR intraepithelial cell. Arrow mark fusiform cells
and double arrows mark multipolar cells. G — 5-HT-IR varicose fibers surrounding the muscle bundles in
oothecal gland. H — Schematic representation of the 5-HT-IR network in the convoluted part (uterus) of the
reproductive duct. Part of the folder are cut to demonstrate fusiform (fc) and multipolar (mc) cells position in
the epithelial layer of the canal. Cell processes orginize basket-like net at the outer surface of the folder. I —
HPLC measurements of 5-HT content in uterus and oothecal gland (Oothec). ** Statistical difference according
to Mann-Whitney U-test. Scale bars: A, B, C, E, G— 50 um; D, H— 30 um; F — 20 um; insets — 15 pm.
Puc. 2. Ceporonun-ummyHopeaktuBHas (5-HT-IR) nokanbHast HepBHas ceTh B AKEHCKOM 4acTH PenpoayK-
TUBHOU cucTeMbl Lymnaea stagnalis. MpIIbl OKpaneHs! (GaUIONANHOM (3€JIeHBII), KIETOYHbIE sapa
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located in close association with muscle fibers,
running along solitary muscle or braided the
muscle bundles (Fig. 2G). Solitary 5-HT-IR
fibers also occurred along the oviduct (data not
shown). HPLC measurements of 5-HT content
within different parts of the Lymnaea female
reproductive system demonstrate the high level
of 5-HT within pars contorta compared with
oothecal gland (Fig. 21).

Thus three distinct parts of 5-HT-IR net-
work can be distinguished in the female repro-
ductive system of Lymnaea stagnalis: weak
innervations of the oviduct by solitary fibers,
rich innervations of oothecal gland muscular
layer by varicose fibers, and dense plexus of 5-
HT-IR cells and their processes along the epi-
thelium and in the muscular fibers of uterus (Fig.
2H).

The most of features defined above are con-
sistent with descriptions of 5-HT-IR structures
availible from the literature for other species of
molluscs. In the of gonad of the bivalvia Pati-
nopecten serotonin immunoreactive fibers are
distributed around the gonoduct and along the
germinal epithelium (Matsutani, Nomura, 1986).
In nudibranchs Pleurobranchaea and Tritonia
all parts of the reproductive system are richly
innervated by 5-HT-IR terminals (Moroz et al.,
1997). In Asperspina (Opisthobranchia) sero-
tonergic fibers were found in the proximal parts
of female reproductive tract, including the sper-
mathecum and the uterus. The fiber network has
the highest density in uterus and is diminished
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abruptly near it’s juncture with the nidamental
gland while oviduct is not innervated at all
(Delgado et al., 2012). In the albumen gland of
Biomphalaria glabrata 5-HT was not found
(Boyle, Yoshino, 2002).

In all mentioned above works authors de-
scribed more or less extensive innervation of the
female parts of the reproductive system and
emphasize the central origin of this innervation.
We also demonstrate numerous fibers along the
female part of the reproductive duct. Rare 5-
HT-IR fibers located in the wall of oviduct and
oothecal part probably represents projections
from the neurons located in the central ganglia.
To the contrary, numerous local cell bodies
were located in uterus and their fibers orginize
the extensive dense network surrounding the
epithelial layer and along the muscle fibers.
Fusiform 5-HT-IR cell bodies which penetrate
epithelium and contacted with inner lumen of
the duct may suggest the primary receptor func-
tion for these cells. However, absence of senso-
ry cilia at the end of the dendrite makes this
suggestion doubtful. The multipolar 5-HT-IR
cell resenble in the form, position and character-
istic big nuclei size the exocrine cells in the
reproductive tract of the Lymnaea which ex-
press egg-laying hormone (Van Minnen et al.,
1989). The bulb-shape of apical dendrite of
multipolar 5-HT-IR cells supports hypothesis
about their possible exocrine function. Earlier
we demonstrated that 5-HT level in uterus cor-
relates with number of released eggs masses

npoMapkupoBanbl DAPI (cunmit). A — TortansHblii npenapat yrepyca. CKIa ki U3BUTOH 4acTH yTepyca
OKpPY’KEHBI KOp3UHYaTO-1107100H0# ceThio S-HT-IR BomokoH. B-E — Cpesbl dyepe3 BHYTPEHHIOK 4YacTb
kanana. BeperenooOpasusie Tena 5-HT-IR kieTok pacnosiokeHbl MHTpaduTeNnanbHo. basanbHbie oTpo-
CTKH KJIETOK OKPY’KarOT MbIIIEYHbIE TsHKHM. Ha Bpeskax mpeacTaBieHbl OT/ACNbHbIC KICTKH Ha OOJIBIIEM
yBenuueHuH. benbiM nBetoM Ha D u D-Bpeske nokazana konoxanusauus 5-HT-IR u DAPI. F — bosnbioe
YBEIMYEHHE SIHUTEIHATIBHOTO CIIOS yTepyca. 3Be30UKU MapKupyloT Gonbmue sapa S-HT-IR kierok. F-
Bpe3ka — TOoJNCThIN anMKaIBHBIH TSHAPUT U JBa 6a3aibHbIX akcoHa MynbTHHONIpHOU 5-HT-IR nuTpasnu-
TenuanbHOU KiteTKH. CTPENIKH yKa3bIBAIOT Ha Tella BEPETEeHOO0OPA3HBIX KIIETOK, JIBOMHbIE CTPEIIKH yKa3bIBa-
0T Ha TeJla MyJIbTUIIONSAPHBIX KIeToK. G — 5-HT-IR BonokHa ¢ Bapuko3aMu, OKPYIKAIOIIHE MbIIICUHbIE
TsKH B ooteke. H — Cxemartuueckoe mnpencrasienue opranuzauuu 5S-HT-IR cetu B u3BHTON uyacTu
yTepyca. YacTb CKIIaKH cpe3aHa, 4ToObI T0Ka3aTh PacloIoKeHUE BepeTeHo00pa3HbIX (f¢) n My mbTHIONSP-
HBIX (INC) KJIETOK B SIIUTEIHAIBEHOM cJioe KaHasa. OTPOCTKH KJIeTOK (POPMHUPYIOT KOP3UHYATYIO CTPYKTYPY,
OTUIETAONIYI0 MOBEepXHOCTh ckiaaku. | — HPLC usmepenust yposust 5-HT B ytepyce u ooreke. **
CraTHCTHYECKH JOCTOBEPHAs pasHHIla 1o TecTy ManHa-YutHu. Macmirabusie quneiiku: A, B, C, E, G —
50 mxm; D, H — 30 mMxm; F — 20 mkM; Bpesku — 15 MKM.
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and serotonin-dependent behavior of embryos
(Ivashkinetal.,2015). Thus, the intence local 5-
HT-containing network of 5-HT-IR cells and
fibers found in the uterus of Lymnaea stagnalis
can serve as source of serotonin release into the
lumen of reproductive truct.
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