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Probable mechanoreceptor structures of osphradia

in marine Caenogastropoda
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ABSTRACT. TEM and SEM electron microscopy have been used to study osphradia in 6 species of marine
Caenogastropoda. The ultrastructural features of mechanoreceptor cells that perform the Litforina osmore-
ception function in osphradium organs are presented. Mechanoreception is based on a possible change in
the volume of cisterns of microvilli of supporting cells, which can be transmitted by the cilia of nearby
mechanoreceptor cells. These cells obviously, have mechanosensory channels on the apical surface. It has
been first discovered in predatory molluscs actively searching for food, that single receptor cells with a
mobile sensilla consisting of several cilium were joined together. They are located along the groove zone and
follow the direction and force of the movement of water along the osphradium lamellae.
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PE3IOME. Metopamu TEM u CEM a51eKTpOHHOM MHK-

POCKOIIMH HCCIIeIOBaHbI 0chpaany 6 BUIOB MOPCKUX

Caenogastropoda. [IpuBeneHBl yIbTPacTPYKTypHBIC

0COOEHHOCTH MEXaHOPEUENTOPHBIX KIIETOK, BBITTOJTHSI-

IOLIMX B OCpaUaNbHBIX OpraHaxX JUTOPUH QYHKLHUIO

ocMoperenuuy. OHa OCHOBBIBAIOTCS Ha BO3MOXKHOM

W3MEHEHNU 00bheMa ITUCTEPH MUKPOBOPCHHOK OTIOP-

HBIX KJIETOK, KOTOPBIE MOTYT IIEPENABATHCS LIWIIUSAM pac-

TMOJIO’KEHHBIX PSAZI0M MEXaHOPELIENTOPHBIX KieTok. [Toc-

JIE[IHNE, OYEBUTHO, UMEIOT HA alTMKaJIbHOM MMOBEPXHOC-

TH MEXaHOCEHCOPHBIE KaHANBI. Y XHIIHBIX MOJITIOCKOB,

AKTUBHO Pa3bICKUBAIOIIMX MUILY BIIEpBbIe OOHAPYKe-

Hbl OJIMHOYHBIE PELENTOPHbIE KJIETKH C MOJBHKHOU

CEHCHJIJION, COCTOSIILEN U3 HECKOJIBKMX COEMHEHHBIX

BMecTe nunuil. OHK pacroararoIiyecs: BAOJIb 30HbI

IIENU U TOBTOPSIOT HAIIPABJICHUE U CUILY JBHKCHHUS

BOJIbI BIIOJIb JIETIECTKOB OCpasvs.

Introduction

In the process of evolution of aquatic mollusks,
a specialized sensory organ — osphradium was for-
med, and is most developed in Gastropoda. In the
majority of members of this class, osphradium is
localized in the mantle cavity in direct contact with

water (Fig.1). Possessing multisensory function,
osphradia of mollusks react to various external
stimuli (changes in salinity, osmotic pressure, hy-
poxia, hypercapnia, amino acids, various odor sub-
stances) and thereby contribute to the regulation of
a wide range of physiological and behavioral reac-
tions, including respiration, nutrition, avoidance of
a predator reactions, homing [ Stinnakre, Tauc, 1969,
Kamardin, 1988, Wedemeyer, Schild, 1995, Kamar-
din, 1996, Nezlin, 1997, Kamardin, Nozdrachev,
2004]. One of the necessary evidence of the recep-
tor nature of an organ is the presence of receptor
cells (Sc) and neuronal structures. The use of
morphological methods, especially electron micros-
copy, makes it possible to investigate in detail the
ultrastructure of the sensory elements of osphradia,
the primary component of the chemoreceptive sys-
tem in mollusks. A large number of works devoted
to this exist [Benjamin, 1971, Crisp, 1973, Kamar-
din, Tsirulis, 1980, Kamardin, Tsirulis, 1985, Hasz-
prunar, 1985, 1988, Kamardin, 1985, Nezlin et al,
1994, Kamardin, Nozdrachev, 2004]. In terrestrial
pulmonary mollusks, these cells perform the func-
tion of olfaction and sense of taste [Chase, Croll,
1981, Croll, 1983, Nikitin, 2003]. For aquatic Gas-
tropoda, osmoreception has been demonstrated many
times [Stinnakre, Tauc, 1969, Jahan-Parwar, 1972,
Sokolov, Kamardin, 1977, Kamardin, 1996, Kamar-
din et al., 1999], however, the morphological type
of osmoreceptors is still not identified. It is known
that osmoreception can be mediated by mecha-
nosensory cells that have mechanosensitive mem-
brane channels studied in specialized mechanore-
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FIG. 1. The structure of Gastropoda, Caenogastropoda in a
view from the dorsal side. Shell and part of the mantle
removed (after Haszprunar, 1985) Abbreviations: ct —
ctenidium; f— foot; h —head; os — osphradium. Scale: 500
um.

PUC.1. Cxema crpoenus Moiutiocka Gastropoda, Caenogastro-
poda BuJ co CIMHHOM cTOpOHBI. PakoBUHA 1 4acTh MaH-
Tuu ynaneHsl (u3 Haszprunar G. 1985). O6o3nauenusi: ct
— xrenuauii; f—Hora; h —rososa; os — ocdpanuii. Maci-
Tab: 500 MKkM

ceptors of gravity and hearing, as well as of volu-
metric detection and osmoreception [Hamill, Marti-
nac, 2001].

Our study describes a possible osphradium os-
moreceptor, which is found in almost all Caenogas-
tropoda mollusks, and also ciliated receptor known
only in predatory mollusks, which reacts to the
direction of water movement along the osphradium
lamellae.

Material and methods

6 species of mollusks were collected in tidal
zone: Littoraria angulifera (Lamarck, 1822) (Guin-
ea); Nucella lapillus (Linnaeus, 1758) (England);
Conus leopardus (Roding, 1798) (Madagascar);
Nassarius globosus (Quoy et Gaimard, 1833) (Hong
Kong); Reticunassa festiva (Powys, 1835) (Hong
Kong); Lambis lambis (Linnaeus, 1758) (Madagas-
car).

These specimens were studied by traditional
methods of scanning (SEM) and transmission
(TEM) electron microscopy. In some cases, using
the methods of conventional transmission and scan-
ning microscopy does not allow to get a complete
picture of the three-dimensional organization of in-

tracellular structures. The using the method of freez-
ing-etching when the samples frozen in liquid nitro-
gen with subsequent etching of the cleaved surface
of OsO4 makes it possible to obtain a three-dimen-
sional pattern of intracellular organization. Osphra-
dium samples were fixed in a 1% solution of OsOs4
in phosphate buffer, 0.15 mol/l, pH 7.4, for 16
hours at a temperature of 40C°. After washing in the
buffer, the samples of osphradium were transferred
to dimethyl sulfoxide (DMSO), successively in-
creasing its concentration from 15 to 50%. Then
the samples were frozen in liquid nitrogen and
splitted into small pieces with a razor blade. The
thawed samples were washed in phosphate buffer
and macerated in 0.1% OsOs in phosphate buffer,
0.15 mol/l, for 5 days at room temperature. After
washing in the buffer, the samples were dehydrated
in acetone and the critical point dried. The samples
were coated with gold three times 30 s each with a
small current value. A Jeol T-200 conventional scan-
ning microscope and a Hitachi H800 high resolution
microscope (Japan), transmission electron micros-
copy Hitachi H-300 were used for viewing.

Results and discussion

Littorinidae

Osphradium of Littoraria angulifera is a flat-
tened ridge, which is formed by a single-layer cylin-
drical epithelium, having a greater thickness than
the normal mantle epithelium. On the sides of the
ridge there are two lateral zones formed by ciliated
cells (Fig. 2A). The ciliated tufts rise above the
surface by 7-10 microns. As follows from observa-
tions, the cilia of the lateral zones are in constant
motion and move the fluid along the central recep-
tor zone, while the solid carbonate chalk particles,
moving along with the fluid, make spiral move-
ments from left to right and from right to left,
repeatedly crossing the receptor zone. The trans-
port function of the ciliary zones was earlier men-
tioned in works performed on the Littorinidae and
other gastropods [Yonge, 1947; Crisp, 1973]. A
special role in the reception is attributed to a small
marginal area of the osphradial surface between the
ciliated and receptor zones, which often has the
form of a cleft or a small groove (Fig. 2B). At the
base of the groove are the modified microvilli of the
supporting cells (Sp) and the peripheral processes
(Pp) of the bipolar primary sensory receptor cells
(Sc) in Littoraria angulifera (Fig. 3A,B) and Lam-
bis lambis osphradia (Fig. 3D). They were previ-
ously found there in other species of molluscs
[Crisp, 1973, Haszprunar, 1985, 1988].

Microvilli of Sp are expanded as rounded cis-
terns, and their membranes are tightly interconnect-
ed in the expansion region, which is clearly visible
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FIG. 2. The surface of Littoraria angulifera osphradium with indication of various zones (A, B), and the transverse sections of
modified microvilli of supporting cells in osphradium Nucella lapillus by freezing-etching method (C). Abbreviations: cn —
cistern; cz — ciliated zone; grz — groove zone; sp — supporting cell; sz — receptor zone. Scale bars: A,B — 10 um; C — 20 pm.

PUC. 2. IToBepxuocTr ochpanus Littoraria angulifera ¢ yka3aHHeM pa3IHdHBIX 30H (A, B), 1 BII BUIOM3MEHEHHBIX MUKPOBOP-
CHHOK OIOPHBIX KJIETOK B 30HE Iuenu ochpanus Nucella lapillus B metonuke freezing-etching (C). O6o3HadeHus: cn —
LICTEpPHA; CZ — PEeCHUYHAS 30HA; gIZ — 30Ha IIEJIH; Sp — ONIOpHAas KJIETKA; SZ — perenTopHas 30Ha. Macmrad: A, B — 10 Mxwm;

C —20 MKM.

on freezing - etching preparations (Fig. 2C) and in
the transverse section of the groove zone (Fig. 3B,
C). Thus, they isolate a small space above the apical
surface of the cells from the environment (Fig. 3C).
In this space there are short microvilli and modified
cilia of numerous peripheral processes of Sc in
Littoraria angulifera (Fig. 3A,B) and Lambis lam-
bis osphradia (Fig. 3D). The ultrastructure of the
apical region of Pp corresponds to that known for
peripheral processes of Sc. It differs from Sp elec-
tron-transparent cytoplasm and has longitudinally
oriented microtubules, elongated mitochondria which
are connected with desmosomes (Fig. 3A, D). The

basal bodies of cilium lack of roots (Fig. 3B) and
have a modified set of peripheral tubular fibrils
(8x2+2) (Fig. 3A, D). The length of the cilium is
only 1.5-2.0 microns (Fig. 3D). It is assumed that
the Pp of Sc located next to the cisterns can, in a
complex, perform the function of osmoreception.
Large microvilli cistern of Sp obviously play the
role of osmotic sensors (the simplest one consists
of a semi-permeable membrane filled with a solu-
tion, in our case the cytoplasm), which vary in
volume when osmotic pressure of the medium is
changed. These changes can be perceived by Sc
(Fig. 3A, D), usually, have on the apical surface
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FIG. 3. Transverse sections of the groove zone of osphradia of Littoraria angulifera (A; B; C) and Lambis lambis (D). Cisterns
(modified microvilli of supporting cells) and numerous peripheral processes of receptor cells with 1-2 cilia are visible.
Abbreviations: bb — basal body of cilia; ¢ — cilium; cn — cistern; d — desmosomes; m — mitochondria; mv — microvilli; psc —
peripheral process of the receptor cell; sp — supporting cell. *— microvilli expansion space. Scale bars: A,C—5um; B -3

um; D —1 pm.

PUC. 3. Ilonepeunsie cpes3sl 30HBI menn ochpanus Littorina angulifera (A;B;C) u Lambis lambis (D). Buaasl unctepHb
(BMIOM3MEHEHHBIE MUKPOBOPCHHKH OIIOPHBIX KIIETOK) M MHOTOYHCIICHHBIE MEPU(EPUUECKHE OTPOCTKHU PELIENITOPHBIX KIETOK
¢ 1-2 nunusamu. O603HaueHus: bb — 6azanbHOE Teblie PECHUYKH; C — LIWJIUS; Ch — HUCTepHA; d — IECMOCOMBI; M — MUTOXOH-
JPHU; MV — MEKPOBOPCHHKH; PSC — MepudeprIecKknii OTPOCTOK PELENTOPHOI KIETKH; Sp — ONOPHAs KJIeTKa. X — MeCTO
pacumpenust MukpoBopcunku. Macmra6: A, C — 5 MkM; B — 3 mxm; D — 1 mMkm.

mechanoreceptor channels [Hamill, Martinac, 2001].
Excitation is transmitted to the central nervous sys-
tem, where one or other reflex arcs close. Under
the conditions of free behavior and non-invasive
registration of cardioactivity, we were able to demon-

strate a significant decrease in heart rate in Littora-
ria littorea when injecting 1 ml of hypotonic seawa-
ter (50% sea water) into the mantle cavity [Kamar-
din et al., 2012]. Reactions to inulin, sucrose, and
NaCl were recorded electro-physiologically from
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FIG. 4. The surface of osphradium of Conus leopardus with different zones (A,D), separate mechanoreceptor sensilla (D) are
visible. The finger-shaped protrusion of the ciliary zone of osphradia of Nassarius globosus (B,C). The same orientation of
the neighboring sensory sensillae is clearly distinguishable (C). Abbreviations: cc — ciliated cell; sc — mechanoreceptor
sensilla; arrows indicate areas of the groove in the finger-shaped protrusion of the ciliated zone. Other abbreviations as in Fig.
2. Scale: A, C—100 pm; B, D -1 pm.

PUC. 4. IosepxHoctu ocopanus Conus leopardus ¢ paznuiHbIMA 30HamMu (A,D), BUAHBI OTIEIbHbIC MEXaHOPELICITOPHBIC
cencubl (B; C; D). [TanbleBuanoe BhINSYMBaHUE PECHUYHOM 30HBI ochpanus Nassarius globosus (B,C). Xoporo pa3nu-
YMMa OIMHAKOBAsI OPUCHTALNS COCETHUX CeHCOPHBIX ceHCHIT (C). O003HauCHUsI: CC — pECHUYHAS KIIETKA; SC — MEXaHOpeLer-
TOPHBIC CEHCHJUIBI; CTPEJIKH yKa3bIBAIOT Ha 30HBI LICIH B MAIbLIECBUIHOM BBIMSTYUBAHUM PECHHYHOU 30HBI. OcTajbHBIE
obo3HaueHus kak Ha Puc. 2. Macmra6: A, C — 100 mxm; B, D — 1 mkm.

the osphradial nerve of the pond snail [Sokolov,
Kamardin, 1977], and a small input current re-
sponse to NaCl was detected in single osphradium
neurons by patch-clamp method [Kamardin et al.,
19993, Kamardin, Nozdrachev, 2004].

A fundamental similarity is found between the
structure of osmoreceptors in kidney or liver paren-
chyma and osphradium osmoreceptors. Both re-
ceptors represent a volume-modifying structure:

cistern-like microvilli of supporting cells interacting
with receptor cells, or capillaries in the parenchyma
of the kidneys and liver, whose walls contain immu-
nocytochemically identified nerve endings of the
peripheral nervous system [Lechner et al., 2010].
The discovered ultrastructure of the groove zone of
Littoraria angulifera is also found in marine mol-
lusks belonging to families Littorinidae, Naticidae,
Muricidae, Buccinidae, etc.
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FIG. 5. Transverse section of the receptor zone of Nassarius festivus with the apex of the peripheral process (A) of the receptor
cell with cilia combined into a mechanoreceptor sensilla (B). Abbreviations: gl — glycacalix; g — outgrowths of the outer
membrane of cilia. Other abbreviations as in Fig. 3. Scale: A— 1.0 pm; B—0.5 pm

PUC. 5. Ilonepeunslii cpe3 peuentopHoi 30Hbl ochpanus Nassarius festivus ¢ BepIIMHON nepudepuueckoro orpocrka (A)
PELENTOPHON KJIETKHU C LIHIHAMH, 00beIMHEHHBIMU B MEXaHOPELIENTOPHY0 ceHcuy (B). Obo3nauenus: gl — mukakaiuc;
— BBIPOCTHI HAPY>KHOM MeMOpaHs! Iiiinit. OcTanpHble 0003HaYeHus Kak Ha Puc. 3. Macmrad: A — 1 mxm; B — 0,5 Mxm.

Conidae

Predatory marine mollusks of the families
Conidae, Nassariidae (Nassarius globosus and Co-
nus leopardus, etc.) actively search for their prey
by smell. They have the most sophisticated osphra-
dium of the ctenidial type. Numerous (up to 13)
finger-shaped invaginations of the ciliated zone and
a groove zone in the receptor zone are formed on
the side surfaces of the lamellae of osphradium.
Along the lamellae on the lateral surfaces and on the
ventral edge of the lamellae, in the receptor zone,
individual, equally oriented ciliated structures were
found, consisting of 3-10 cilia, joined together with
anormal set of tubular elements (Fig. 4B, C, D; Fig.
5B). For the first time, such receptors were found
in 1992 [Taylor, Kamardin, 1992]. The group of
united cilia belongs to single receptor cell. The
apical part of this cell has a more electron-transparent
cytoplasm, as compared to supporting cells (Fig.
5A). Cilia do not have roots, and are interconnected
by the membrane processes and are additionally
glued with a glycacalyx-like substance (Fig. 5B).
The orientation of sensilla follows the direction of
fluid moved by beating of the cilia of the ciliated

zone along the groove zone on the lateral surfaces
of the osphradium lamellae (Fig. 4C). Comparing
the ultrastructural organization of the basal part of
the sensilla of these receptors and the receptor cells
of the statocysts of mollusks, we can conclude that
the cilia found by us can perform a mechanoreceptor
function [Budelmann, 1976]. Wind-oriented sensilla
are known for insects [Tishchenko, 1977]. By
analogy with insects, it can be assumed that the
ciliated Sc found in osphradium is sensing the
direction and force of water movement along the
lamellae of the osphradial organ of predatory
mollusks. Otherwise, the ultrastructure of Sp and
Sc osphradium of predatory mollusks is similar to
that of Littoraria, Natica and Murex.

Thus, primary sensing, intraepithelial receptor
cells of osphradia of molluscs, along with chemosen-
sory function, can perform the function of osmore-
ceptors and mechanoreceptors of the direction of
fluid movement along osphradium. Both cells and
other cells have mechanosensory membrane chan-
nels on the apical surface of the Sc, which, when
deformed, change the permeability of the mem-
brane, leading to depolarization [Hamill, Martinac,
2001]. The apical surface of mechanoreceptors of
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water movement have 3-10 cilia united in a single
sensilla, which increases their surface. They re-
semble trichocid sensilla of insects oriented in the
wind and reacting with excitation to the force and
direction of the movement of water.
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