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Invertebrates are used extensively as model species to investigate neuro-endocrine processes
regulating behaviors, and many of these processes may be extrapolated to vertebrates. However,
when it comes to reproductive processes, many of these model species differ notably in their
mode of reproduction. A point in case are simultaneously hermaphroditic molluscs. In this review
| aim to achieve two things. On the one hand, | provide a comprehensive overview of the neuro-
endocrine control of male and female reproductive processes in freshwater snails. Even though
the focus will necessarily be on Lymnaea stagnalis, since this is the best-studied species in this
respect, extensions to other species are made wherever possible. On the other hand, | will
place these findings in the actual context of the whole animal, after all these are simultaneous
hermaphrodites. By considering the hermaphroditic situation, | uncover a numbers of possible
links between the regulation of the two reproductive systems that are present within this animal,
and suggest a few possible mechanisms via which this animal can effectively switch between
the two sexual roles in the flexible way that it does. Evidently, this opens up a number of new
research questions and areas that explicitly integrate knowledge about behavioral decisions
(e.g., mating, insemination, egg laying) and sexual selection processes (e.g., mate choice,
sperm allocation) with the actual underlying neuronal and endocrine mechanisms required for

these processes to act and function effectively.
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INTRODUCTION

Research into neurobiological and endocrine mechanisms of
reproduction in animals has traditionally been used as a way to
ultimately understand these processes in humans (e.g., Davison
and Blaxter, 2005; Feng et al., 2009; Kemenes and Benjamin, 2009).
As a result, in most model species the focus has been primarily on
understanding male and female reproduction separately. Although
this is a correct division for many vertebrate model species, for
numerous invertebrate model species (e.g., molluscs) and some
vertebrate species (e.g., fish) this separation largely ignores that
many of these animals are hermaphroditic rather than gonochoric
(separate sexes). Consequently, the complexity of being able to
reproduce as male and female at the same time seems to have been
underappreciated.

Given the above, this review has two aims. On the one hand, I
provide a comprehensive overview of the neuro-endocrine con-
trol of male and female reproductive processes in hermaproditic
freshwater snails (Order Basommatophora). On the other hand, I
place these findings in the actual simultaneously hermaphroditic
context of the whole animal. For simplicity, this context has often
been left aside when concentrating on the neuro-endocrine regula-
tion of one sexual function. However, clearly much can be gained
by considering the hermaphroditic situation and the time is ripe
for such integration. Therefore, I will explore a number of poten-
tial links between the regulation of the two reproductive systems
of hermaphroditic gastropods, and suggest a few possible mecha-
nisms via which these animals could switch between the two sexual
roles in the flexible way that they do (e.g., Koene, 2006). Evidently,

this opens up a number of new research questions and areas that
explicitly integrate knowledge about behavioral decisions (e.g.,
mating, insemination, egg laying) and sexual selection processes
(e.g., mate choice, sperm allocation) with the actual underlying
neuronal and endocrine mechanisms required for these processes
to act and function effectively (Koene et al., 2009a).

Male behavior of the basommatophoran species that have been
investigated in detail typically contains a series of courtship events
(shell mounting, circling, positioning, preputial eversion, probing)
and ends in a unilateral copulation (penis eversion and intromis-
sion; see Van Duivenboden and Ter Maat, 1988; Jarne et al., 2010
and below). Sexual roles can be swapped afterward, but this is not
a prerequisite for mating (i.e., does not necessarily imply sperm
trading; e.g., Koene and Ter Maat, 2005). Since these animals have
their male and female gonopores located on different parts of the
body, mating chains or rings can also form (Chase, 2007). In such
a chain, the frontmost individual acts only as a female, the last
individual only as a male, and each individual in between acts as
male to the partner directly in front of it and female to the partner
directly in its back. In a few species simultaneously reciprocal mat-
ings may occasionally take place (reviewed in Jordaens et al., 2007
[Biomphalaria glabrata: Brumpt, 1941; Vernon and Taylor, 1996;
Trigwell et al., 1997; Vianey-Liaud, 1998; B. tenogophila: Springer
de Freitas et al., 1997; Helisoma trivolvis: Duncan, 1975]). In a
standard unilateral copulation, the sperm recipient seems to be
more or less inactive when mounted by a partner. However, studies
that did specifically look at recipient behavior, currently limited
to two species of Physa, found that there are ways of discouraging

Frontiers in Behavioral Neuroscience

www.frontiersin.org

October 2010 | Volume 4 | Article 167 | 1



Koene

Neuro-endocrinology of snail reproduction

a mating partner once it has mounted on the shell, for example
by vigorously swinging the shell back and forth (DeWitt, 1996;
Wethington and Dillon, 1996; Facon et al., 2006). Egg laying is
usually completely separated from insemination since most species
can store allosperm and can self fertilize (e.g., L. stagnalis: Cain,
1956; B. glabrata: Vianey-Liaud et al., 1989, 1996). Egg laying itself
seems to be influenced both by mating activity and environmental
factors (L. stagnalis: Ter Maat et al., 1986; Koene et al., 2006; B.
glabrata: Boyle and Yoshino, 2000) and is composed of a typical
sequence of phases, starting with resting, followed by turning and
oviposition, and ending with inspection of the egg mass (see Ter
Maat et al., 1989 and below).

Because for neuronal and endocrinological aspects of reproduc-
tive behavior, research has mainly focused on the model species
Lymnaea stagnalis, I will here review these findings and compare
this to what is known in other species when possible. The male and
female processes in the great pond snail L. stagnalis are controlled
by different areas in the central nervous system and a multitude
of substances are involved. These include members of several dif-
ferent neuropeptide families and at least one classic transmitter.
Many of these neuropeptides are part of multipeptide precursor
molecules, which are often evolutionarily conserved across mol-
luscs. In the following sections I will review the male and female
reproductive system and regulation separately, and subsequently
bring these two together by looking at the potential mechanisms,
based on current knowledge, that might be used to coordinate the
expression of either sexual role.

MALE REPRODUCTIVE BEHAVIOR AND ITS NEURO-
ENDOCRINE CONTROL

In L. stagnalis, the main centers for the control of male reproduc-
tive behavior are situated on the right side of the brain, reflect-
ing the fact that the male organs are mostly located on the right
side of the body, and come out via the male gonopore just behind
the tentacle. As shown in Figure 1A, the main clusters of neurons
are the anterior lobes (especially on the right side), right ventral
lobe, right pedal Ib cluster, and some more dispersed cells in the
right parietal and pleural ganglia (De Boer et al., 1996). Neurons
in all these clusters project into the penial nerve, which is the only
nerve that innervates the male copulatory organs. Backfills of the
penial nerve of H. trivolvis reveal a very similar pattern (Young
et al., 1999). The following will first briefly describe the involved
neurons and their endocrinology (summarized in Figure 1 and
Table 1), and subsequently how this fits in with the production
of male behavior.

CENTRAL AND PERIPHERAL NEURO-ENDOCRINOLOGY OF MALE
FUNCTION

Anterior lobe

The bilateral anterior lobes are located in the cerebral ganglia, and
usually show a striking right-left asymmetry (see Figure 1A). In
dextral species, the right lobe is bigger (e.g., Koene et al., 2000) and
in sinistral species it is the left one (e.g., B. glabrata: Lever et al.,
1965; L. stagnalis: Davison et al., 2009), in concordance with the
side where the male organs are located. The different neuropeptides
that have been reported to be present in the right anterior lobe are
summarized in Figure 1 and Table 1. APGW plays a key role in
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FIGURE 1 | Neuro-endocrine regulation of male and female reproduction
in Lymnaea stagnalis. (A) Schematic drawing of the involved ganglia of the
central nervous system. The blue and red areas show, respectively, the
neuronal clusters that are involved in male and female reproduction. The
substances involved in male reproduction are also indicated in blue; the
female ones are listed in red. com, cerebral commissure; icn, inferior cervical
nerve; ni, nervus intestinalis; np, nervus penis; RN, ring neuron; RPeN, right
pedal neurons; st statocyst. This figure is adapted from Jarne et al. (2010). (B)
Overview of the identified neuropeptides and proteins involved in
reproduction. SS stands for signal sequence, numbered Cs stand for different
connecting peptides, all the other peptides can be found in (A) of the figure.
See text and Table 1 for further details and references.

male copulatory behavior of gastropod molluscs (De Lange and
Van Minnen, 1998; Koene et al., 2000) and is expressed in virtu-
ally all right anterior lobe neurons as well as in some on the left.
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Table 1 | Central and peripheral location of neuro-endocrine substances involved in male and female reproduction of hermaphroditic
freshwater snails.

Sex Transmitter Ganglion Neuron cluster References

Smit et al. (1992); Croll and Van Minnen (1992); De
Lange et al. (1997)

Ventral lobe Croll and Van Minnen (1992); De Lange et al.
(1997)

De Lange et al. (1998a)

Conopressin Cerebral Anterior lobe

Peripheral Sensory preputium cells

DEILSR

Pleural and Parietal Dispersed neurons Van Golen et al. (1995a); De Lange et al. (1998b)

Cerebral Ventral lobe Bright et al. (1993); Santama et al. (1993, 1995);
Van Golen et al. (1995a)

Cerebral Anterior lobe El Filali et al. (2006)
Pleural and Parietal Dispersed neurons
Pedal Ib cluster
Gonadotropin releasing hormone Cerebral Ventral lobe Young et al. (1999)
(GnRH) Lateral lobes
Lymnaea neuropeptide Y (LyNPY) Cerebral Anterior lobe Croll and Van Minnen (1992); Smit et al. (1992); De
Ventral lobe Lange et al. (1997)
Pleural and Parietal Dispersed neurons
Pedal Ib cluster De Lange et al. (1997)
Pedal peptide (PP) Cerebral Anterior lobe Croll and Van Minnen (1992); De Lange et al.
(1997)
Ventral lobe
Pleural and Parietal Dispersed neurons

Peripheral Sensory preputium cells De Lange et al. (1998a)

SEEPLY

Cerebral Ventral lobe Bright et al. (1993); Santama et al. (1993, 1995);

Van Golen et al. (1995a)

(Continued)
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Table 1| Continued

Neuron cluster

References

Sex Transmitter Ganglion

Female 1788Da: HF(FH)FYGPYDVFQRDV Cerebral
5895Da Cerebral
Amino terminal peptide (Nt) Cerebral
Calfluxin (CaFl) Cerebral
Carboxyl terminal peptide (CTP) Cerebral
Caudodorsal cell hormone (CDCH) Cerebral
Caudodorsal cell peptide o Cerebral
(a-CDCP)
Caudodorsal cell peptide 1 Cerebral
(31-CDCP)
Caudodorsal cell peptide B2 Cerebral
(B2-CDCP)
Caudodorsal cell peptide B3 Cerebral
(B3-CDCP)
Dorsal body hormone (DBH) Supracerebral
LFRF Cerebral
Gonadotropin releasing hormone Cerebral
(GnRH)
v-Peptide Cerebral
5-Peptide Cerebral
&-Peptide Cerebral

Caudodorsal cells

Caudodorsal cells

Caudodorsal cells

Caudodorsal cells

Caudodorsal cells

Caudodorsal cells

Caudodorsal cells

Caudodorsal cells

Caudodorsal cells

Caudodorsal cells

Dorsal bodies

Lateral lobes
Lateral lobes

Caudodorsal cells

Caudodorsal cells

Caudodorsal cells

Jiménez et al. (2004)

Jiménez et al. (2004)

Geraerts et al. (1983, 1985); Vreugdenhil et al.
(1988); Li et al. (1994b)

Geraerts et al. (1983, 1985); Vreugdenhil et al.
(1988); Li et al. (1994b)

Geraerts et al. (1983, 1985); Vreugdenhil et al.
(1988); Li et al. (1994b)

Geraerts et al. (1983, 1985); Vreugdenhil et al.
(1988); Li et al. (1994b)

Geraerts et al. (1983, 1985); Vreugdenhil et al.
(1988); Li et al. (1994b)

Geraerts et al. (1983, 1985); Vreugdenhil et al.
(1988); Li et al. (1994b)

Geraerts et al. (1983, 1985); Vreugdenhil et al.
(1988); Li et al. (1994b)

Geraerts et al. (1983, 1985); Vreugdenhil et al.
(1988); Li et al. (1994b)

Joosse (1964); Geraerts and Joosse (1975);
Wijdenes et al. (1983)

Hoek et al. (2005)

Young et al. (1999)

Geraerts et al. (1983, 1985); Vreugdenhil et al.
(1988); Li et al. (1994b)
Geraerts et al. (1983, 1985); Vreugdenhil et al.
(1988); Li et al. (1994b)
Geraerts et al. (1983, 1985); Vreugdenhil et al.

(1988); Li et al. (1994b)

This peptide is also found in the freshwater snail Bulinus truncatus
(De Lange and Van Minnen, 1998). The APGW gene consists of
10 copies of APGW and one of C-terminally located anterior lobe
peptide (CALP: Lietal., 1992; Smit et al., 1992, Figure 1B). APGW
is co-expressed in anterior lobe neurons with either conopressin,
the Lymnaea form of the neuropeptide tyrosine (LyNPY) or pedal
peptide (Croll and Van Minnen, 1992; Smit et al., 1992; De Lange
et al., 1997).

Ventral lobe

The ventral lobe is very prominent in the right cerebral ganglion
of a dextral specimen of L. stagnalis (Figure 1A). The different
substances found in this lobe are summarized in Figure 1 and
Table 1. FMRF is co-expressed with a number of the other pep-
tides encoded on the same exon (Schott and Boer, 1982; Bright
etal., 1993; Santama et al., 1993, 1995; Van Golen et al., 1995a; see
Figure 1B). Furthermore, APGW, conopressin, LyNPY, and pedal
peptide are all singly expressed in right ventral lobe neurons (Croll
and Van Minnen, 1992; De Lange et al., 1997).

Pedal Ib cluster (Pelb)

The pedal Ib cluster protrudes clearly from the right pedal gan-
glion of L. stagnalis (Figure 1A). There is abundant evidence that
these cells are serotonergic (Elekes et al., 1988; Croll and Chiasson,

1989; Kemenes et al., 1989; Hetherington et al., 1994). All other
substances observed in this cluster are summarized in Figure 1
and Table 1.

Dispersed cells in the right parietal and pleural ganglia

The cells dispersed in the right parietal and pleural ganglia
(Figure 1A), sometimes referred to as B-neurons, have been shown
to contain a number of different neuropeptides (see Figure 1 and
Table 1). Not much more is known about these neurons, but some
send branches into both the penial and intestinal nerve (De Boer
etal., unpublished), which may imply a dual function that warrants
further attention.

Innervation patterns

How the central nervous system regions control the male organs
can, in part, be deduced from the projection of their axon fib-
ers, which is summarized in Table 2 (note that the reproduc-
tive structures mentioned are indicated in Figure 2A). The
penial complex — comprising the preputium, penis, and retrac-
tor muscles — is innervated by peptidergic neurons of the right
anterior lobe, ventral lobe, pedal Ib cluster, and dispersed neu-
rons from the right pleural and parietal ganglia (e.g., Kemenes
etal., 1989; Croll et al., 1991; Li et al., 1992). For example, cono-
pressin and APGW co-localize in neurons innervating the penial
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Table 2 | Pattern of innervation by fibers containing the different transmitters involved in male reproduction of hermaphroditic freshwater snails.

Transmitter Innervation pattern References
np PRM PP PE VD pace. PG SD HD sV 00

APGW + + + + + Van Golen et al. (1995a,b); Van
Kesteren et al. (1992); De Lange et al.
(1998a)

Conopressin + + + + + Van Golen et al. (1995a,b); Van
Kesteren et al. (1992)

C-terminally located

anterior lobe peptide

(CALP)

DEILSR + De Lange et al. (1998a)

EFLRI + + + Bright et al. (1993); Santama et al.
(1993, 1995); Van Golen et al. (1995a,b)

FLRF + + + Bright et al. (1993); Santama et al.
(1993, 1995); Van Golen et al. (1995a,b)

FMRF + + + + + + + Schott and Boer (1982); Bright et al.
(1993); Santama et al. (1993, 1995);
Van Golen et al. (1995a,b); De Lange
et al. (1997 1998a)

FVRIs + + + El Filali et al. (2006)

G/SDPFLRF

Gonadotropin + Young et al. (1999)

releasing hormone

(GnRH)

Lymnaea inhibitory + + + + + + Smit et al. (2003); De Lange et al.

peptides (LIP A, B, C) (1998a)

Lymnaea neuopeptide + + De Lange et al. (1997)

Y (LyNPY)

Myomodulins + + Li et al. (1994a,b)

Pedal peptide (PP) De Lange et al. (1998a)

pQFYRI + + + Bright et al. (1993); Santama et al.
(1993, 1995); Van Golen et al. (1995a,b)

SEEPLY + + + Bright et al. (1993); Santama et al.
(1993, 1995); Van Golen et al.
(1995a,b); De Lange et al. (1998a)

Serotonin (5HT) + i F Croll and Chiasson (1989)

HD, hermaphroditic duct; np, nervus penis; OO, oothecal gland, pace, pacemaker area of vas deferens; PE, penis; PG, prostate gland, PF, preputium,; PRM, preputial
retractor muscle; SD, sperm duct; SV, seminal vesicles; VD, vas deferens. Locations with a plus (+) indicate that nerve fibers containing the transmitter have

been detected.

complex and vas deferens (Van Kesteren et al., 1992; Van Golen
et al.,, 1995a,b). Fibers containing FMRF and its co-expressed
peptides (see above and Table 1) are found in the penial com-
plex (Bright et al., 1993; Santama et al., 1993, 1995; Van Golen
et al., 1995a,b) as well as several other substances (see Table 2).
In addition, axons from the anterior lobe have also been found
to innervate the pedal Ib cluster directly (Croll et al., 1991; Croll
and Van Minnen, 1992).

NEURO-ENDOCRINOLOGY OF MALE BEHAVIOR

Behavior in the male role in Basommatophora is typically composed
of a series of courtship events (shell mounting, circling, position-
ing, preputial eversion, probing) and typically ends in a unilateral
copulation (penis eversion and intromission) (Figure 2B). The

neuro-endocrinology of this behavioral sequence has been worked
out in detail in L. stagnalis and will be reviewed in the following,
largely based on the behavioral descriptions of Van Duivenboden
and Ter Maat (1985), De Boer et al. (1996), and the review by De
Lange et al. (1998a).

Eversion of the preputium

Following circling and positioning on the shell, once the animal
has found the right position, the partially everted preputium
becomes visible as a white bulge behind the right tentacle (and,
evidently, the left tentacle in sinistral species) (Figure 2B).
Eversion of the preputium requires the relaxation of the circular
muscles surrounding the male gonopore as well as the preputium
retractor muscle bands. Using immunocytochemistry, many of
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FIGURE 2 | Reproductive morphology and behavior of Lymnaea stagnalis.
(A) General morphology of reproductive system and gamete movement.
Schematic representation of the reproductive morphology. The blue dotted
lines and arrows indicate the route that the snail's own sperm (autosperm)
take after they are produced for storage (in the SV) and subsequently transfer
to a partner. The red dotted lines and arrows indicate the fate of received
sperm (allosperm) within the female tract. All the organs are indicated with
capital letters. The different components of the egg mass are indicated in small
letters, and their origin is indicated with an black arrow. The red solid lines
indicate the course of the eggs during packaging in the female tract. AD,
allosperm duct; AG, albumen gland; BC, bursa copulatrix; C, carrefour/
fertilization pouch; fert., fertilization; HD, hermaphroditic duct; M, muciparous
gland; me, membrana externa; mi, membrana interna; o, oocyte; O, oothecal
gland; OT, ovotestis; B penis; PCO, pars contorta; PE, preputium; pf, perivitellin
fluid; PG, prostate gland; SD, sperm duct; sf, seminal fluid; SV, seminal
vesicles; tc, tunica capsulis; ti, tunica interna; V, vaginal duct; VD, vas deferens.
(B) Copulation behavior. The drawings show the different stages of male

courtship and insemination behavior. Copulation starts with mounting (1) on
the shell. For some 5 min, the sperm donor then performs counterclockwise
circling (2), first toward the shell’s tip and then toward its margin. It then takes
on average 17 min from positioning (3) to intromission (4), during which
eversion of and probing (5) with the preputium occur. Once intromission (6) is
reached, an average insemination takes 35 min. The sperm donor is displayed
in black, the sperm recipient in gray. (C) Egg-laying behavior. The drawings
show the different stages of female reproductive behavior, i.e., egg laying. The
behavior is redrawn from Ter Maat et al. (1987). Egg laying starts with a resting
phase (1) of on average 40 min, during which locomotion stops, the shell is
held still and slightly pulled forward over the tentacles and no rasping occurs.
During the turning phase (2), lasting around 60 min, locomoting starts again,
the shell is turned back and forth by 90° and the surface is rasped. Oviposition
(3) usually lasts about 10 min during which the animal continues rasping, but
stops shell turning and hardly moves. During inspection (4) the animal crawls
along the mass for up to 30 min without rasping or shell turning. The panels
are adapted from Jarne et al. (2010).

the abovementioned neuropeptides have been found around
the male gonopore and in the preputial muscles (see Table 2).
Table 3 illustrates that many of these affect contractions of
the preputium retractor muscle bands in vitro. Importantly,
injection of APGW into the blood causes penial eversion in
vivo (De Boer et al., 1997a,b). Although in B. glabrata, appli-
cation of APGW into the water did not cause eversion, FMRF
did (Muschamp and Fong, 2001; Fong et al., 2005). In addi-
tion, the presence of selective serotonin-uptake inhibitors, like
prozac, and serotonin-antagonists in the water caused eversion

(Muschamp and Fong, 2001; Fong et al., 2005), corroborating
that the classic transmitter serotonin itself may prevent
eversion.

Hence, these substances clearly play a role in preputium ever-
sion. The eversion has been suggested to be facilitated by the
existing hydrostatic pressure in the head sinus or an increased
pressure in the arteria penis (Bekius, 1972; see also De Boer
et al., 2010). De Lange et al. (1998a) speculated that alternate
contraction of longitudinal muscles inside and near the body
wall and relaxation of circular preputium muscles near the body
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Table 3 | Effects of the neuro-endocrine substances involved in male and female reproduction of hermaphroditic freshwater snails.

Sex Transmitter Effect References

Conopressin Stimulation of vas deferens’ contractions Van Golen et al. (1995a,b)
Inhibition of CDC activity Van Kesteren et al. (1995a,b,c)

DEILSR Unknown

FLRF Contraction of preputium retractor Van Golen et al. (1995a)
muscles

Inhibition of vas deferens’ contractions El Filali et al. (2006)

Gonadotropin releasing hormone Unknown
(GnRH)

Lymnaea neuropeptide Y (LyNPY) Relaxation of preputium retractor Lietal. (1992)
muscles
Inhibition of egg laying and reduction of De Jong-Brink et al. (2001)
growth

Pedal peptide (PP) Unknown

SEEPLY Unknown

Female 1788Da: HF(FH)FYGPYDVFQRDV Unknown

Amino terminal peptide (Nt) Unknown

Unknown

Carboxyl terminal peptide (CTP)

(Continued)
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Table 3 | Continued

Sex Transmitter

Effect

References

Caudodorsal cell peptide o
(a-CDCP)

Caudodorsal cell peptide 1
(31-CDCP)
Caudodorsal cell peptide 2
(B2-CDCP)
Caudosorsal cell peptide B3
(B3-CDCP)

Dorsal body hormone (DBH)

Inhibition of right pedal motor neurons
(RPeN)

Local autoexcitation of CDCs
Stimulation of perivitellin fluid production
Inhibition of Ring neuron

Local autoexcitation of CDCs

Excitation of motor neurons involved in
shell movements and buccal rasping
Unknown

Unknown

Excitation of motor neurons involved in
locomotion, shell movements and buccal
rasping

Inhibition of vitellogenesis

Stimulation of growth and development
of female accessory sex organs
Stimulation of perivitellin fluid production

Ter Maat et al. (1988)

Ter Maat et al. (1988); Brussaard et al. (1990)
Wijdenes et al. (1983)

Jansen and Ter Maat (1985)

Ter Maat et al. (1988); Brussaard et al. (1990)
Hermann et al. (1997)

Hermann et al. (1997)

Geraerts and Joosse (1975)

Geraerts and Joosse (1975); Geraerts and
Algera (1976)

Wijdenes et al. (1983)

Gonadotropin releasing hormone Unknown

(GnRH)

LFRF Inhibition of CDC and LGC activity Hoek et al. (2005)
Y-peptide Unknown

S-peptide Unknown

e-peptide Unknown

wall could also contribute to the subsequent full eversion of
the preputium. They further suggested that these contractions
and relaxations might be controlled by the ventral lobe, pleural,
and parietal motor neurons (given the presence of substances
affecting these muscles) and that the different locations of these
neuro-endocrine substances within the preputium clearly allow
for the very fine-tuned movements that are essential during prob-
ing (De Lange et al., 1998D).

Probing

During probing, the fully everted preputium makes movements
under the lip of the shell (into the aperture) of the recipient in
search of the female gonopore (De Boer et al., 1996). This presum-
ably requires a sensory mechanism ensuring the correct position
of the preputium prior to eversion and intromission of the penis.
The most obvious candidates that could serve this function are the
neurons that are found at the distal tip of the preputium. Several
of these cells seem to be sensory neurons that contain conopressin,
with a dendrite extending though the preputial epithelium and an
axon in the penis nerve (respectively, Zijlstra, 1972; De Lange et al.,
1998a), while others form varicosities on local musculature and
contain containing APGW, pedal peptide, and/or LIP (De Lange
etal., 1998a). Thelatter suggests that these neurons may also directly
control the minor positional adjustments that are necessary for
penis intromission (De Lange et al., 1998a).

Penis eversion and intromission

The end of these courtship behaviors and the start of copulation is
marked by the intromission of the penis into the female gonopore.
The position of nerve fibers containing different neuropeptides in
the longitudinal and circular muscle layers of the penis suggests
that alternate contraction of these muscle layers could result in the
eversion of the penis (De Lange et al., 1998a). Like the preputium,
the everted penis is probably also given support by blood pressure
(in the arteria penis muscularis) (L. stagnalis: Bekius, 1972; B. gla-
brata: De Jong-Brink, 1969).

Transport of semen

Once intromission is achieved, sperm and seminal fluid are trans-
ferred into the vaginal duct of the recipient. Ripe sperm, produced
in the ovotestis (De Jong-Brink et al., 1977; Rigby, 1982), are released
from the seminal vesicles and transported via the sperm duct
toward the prostate gland, where seminal fluid is added (Figure 2A).
The semen is then transported to the penis via the vas deferens.
The latter organ then shows rhythmic muscle contractions that
travel over its whole length and presumably start in the so-called
pacemaker area near the prostate gland (unpublished data in De
Lange et al., 1998a). This peristalsis has been proposed to be caused
by the antagonizing effects of APGW and conopressin on the vas
deferens (see Table 3). This idea is supported by the resemblance
of conopressin with vasopressin/oxytocin, which are involved in
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ejaculation in vertebrates (Van Kesteren et al., 1996). Additionally,
the pacemaker area seems essential for peristalsis and its neurons
contain LyNPY and receive input from the CNS via a branch of
the nervus penis called np1 (and the contraction frequency can be
changed via electrical stimulation of this nerve: unpublished data in
De Lange et al., 1998a). Further down the vas deferens its muscles
are innervated by axons containing APGW, LIP, or serotonin, but
not conopressin. The prostate gland cells are surrounded by small
muscle fibers, which are innervated by fibers containing APGW
(Croll and Van Minnen, 1992) and DEILSR (the latter only in the
area of the sperm duct, De Lange et al., 1998a).

Penis and preputium retraction

Once ejaculation has finished the penis and preputium are retracted.
The retraction of the penis is most likely regulated by relaxation
of the aforementioned preputium muscles and a decrease in the
hydrostatic pressure. For the much larger preputium, retraction
seems to require the preputium retractor muscles, because when
this set of muscles is cut these snails are incapable of retracting the
organ (De Boer et al., 2010). The preputium retractor muscles are
affected by many of the identified substances, as summarized in
Table 3, and their effects are in concordance with the presence of
nerve fibers containing these substances. Thus, many substances are
involved in the contraction and relaxation of the preputium retrac-
tor muscles, which ultimately results in the eversion and retraction
of the male copulatory organ. Evidently, some of these substances
may also be involved in the fine coordination of preputial move-
ment during courtship as well as copulation.

Male sexual drive

Hermaphroditic freshwater snails are not always motivated to mate
in the male role, and sexual isolation is often used to increase
mating activity for experiments (Van Duivenboden and Ter Maat,
1985; De Boer et al., 1997a,b). In L. stagnalis, male sexual drive
increases when individuals have not mated for several days. If both
individuals are motivated to mate as males, the individual that has
been sexually isolated longest will act as male first; afterward, role
alternation can take place so that both individuals get to mate in
both roles sequentially (Van Duivenboden and Ter Maat, 1985;
Koene and Ter Maat, 2005). The increase in size of the prostate
gland, which produces the seminal fluid, is the permissive trigger
motivating the animal to mate in the male role (De Boer et al,,
1997a,b). Hence, this species only mates as a male when enough
seminal fluid is present (Koene and Ter Maat, 2005). This increase
in size of the prostate gland is detected in the CNS via a small
branch of the penial nerve (npl, De Boer et al., 1997a,b). This
sensory signal may be mediated by the neurons that have been
found in the connective tissue surrounding the prostate gland
(De Lange et al., 1998a).

Interestingly, cutting the np1 nerve allows for complete elimi-
nation of the male function (Van Duivenboden et al., 1985; De
Visser et al., 1994; Koene et al., 2009a; Hoffer et al., submitted).
The brain regions that receive and process the information from
the prostate gland via np1 are the same ones known to control
male reproductive behavior, and turn out to be evolutionarily con-
served across molluscs (i.e., Basommatophora, Stylommatophora,

and Opisthobranchia: Koene et al., 2000). However, whether the
regulation of male motivation is also conserved and works similarly
in other molluscs remains to be established.

An additional factor that seems important for male motivation
is the identity of the partner. After copulating once in the male role,
thus having partially depleted the prostate gland, individuals are able
to inseminate again, but preferentially do so when the partner they
encounter is novel (Koene and Ter Maat, 2007; but see Haederer
etal.,2009). The latter is in accordance with predictions from sperm
competition theory, as is the finding that more sperm are donated
to virgin individuals (Loose and Koene, 2008). These aspects remain
to be explored in other species of Basommatophora.

FEMALE REPRODUCTIVE BEHAVIOR AND ITS NEURO-
ENDOCRINE CONTROL

In L. stagnalis, as illustrated in Figure 1A, the main neuroendo-
crine center for the control of female reproductive behavior is the
bilateral caudo-dorsal cell (CDC) cluster situated in the cerebral
ganglia, and its neurohemal area in the cerebral commissure. The
dorsal bodies (Figure 1A) comprise a second bilateral endocrine
organ that is important for female development and oogenesis.
Cells that are morphologically similar to CDCs of L. stagnalis
have been found in Stagnicola palustris, Radix ovata, B. truncatus,
Planorbis planorbis, Planorbis vortex, Planorbarius corneus, and
B. glabrata (Boer et al., 1977; Roubos and Van der Ven, 1987).
Besides in L. stagnalis, dorsal bodies have also been found in P.
corneus, B. glabrata, Ancylus flaviatilis, and B. truncatus (Lever
etal., 1965; Boer et al., 1968; Boer et al., 1977). The following will
first briefly describe the involved neurons and their endocrinology
(Figure 1), and subsequently their involvement in the production
of female behavior.

CENTRAL AND PERIPHERAL NEURO-ENDOCRINOLOGY OF FEMALE
FUNCTION

Caudo-dorsal cells

Egg laying is controlled by a bilateral group of neurons in the cer-
ebral ganglia, the CDCs (Figure 1A), which can each be divided into
aventral and dorsal cluster (Ter Maat et al., 1983a). The importance
of the CDCs was first revealed by cauterizing these cells, which com-
pletely abolished egg laying (Geraerts and Bohlken, 1976). These
cells project into the neurohemal area of the cerebral commissure,
are electrically coupled, and send axons through the cerebral com-
missure to the contralateral cell cluster (Joosse, 1964; Wendelaar-
Bonga, 1971; Roubos, 1976; De Vlieger et al., 1980). As a result, these
cells show a synchronous, long-lasting discharge both in vitro and
in vivo (respectively, De Vlieger et al., 1980; Ter Maat et al., 1986).
That these CDCs are neurosecretory and that their products induce
egg laying was first shown by injecting extracts from the cerebral
commissure (e.g., Geraerts and Bohlken, 1976). This also works in
different Lymnaeidae, although cross-species tests show that there
is family specificity (comparing Lymnaea, Bulinus, Biomphalaria:
Dogterom and Van Loenhout, 1983).

The confirmation that the CDCs release hormones into the
blood during their bursting activity comes from a very elegant
in vitro experiment by Ter Maat et al. (1988). In this experiment
the CDCs in one central nervous system preparation were induced
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to discharge. The reaction in a second preparation, that was placed
adjacent in the same saline bath, was recorded and revealed that
these CDCs also started a long-lasting discharge. This convinc-
ingly demonstrated that the initiation of this activity is chemi-
cally mediated. It turns out that several peptides are involved and
released into the blood (e.g., Geraerts et al., 1983, 1985; Geraerts
and Hogenes, 1985). The different peptides that have so far been
identified are listed in Table 1 and most are encoded on the same
gene (Figure 1B). Two of the three identified copies of the gene,
called CDCH-I and -1I, code for these 11 peptides (Hermann et al.,
1997) and are both expressed in the CDCs (Van Minnen et al,,
1989a,b). Moreover, CDCH-I is found in neurons throughout the
female tract except the albumen gland (Van Minnen etal., 1989a,b).
CDCH-Iand -1l are also found in nerve fibers in the prostate gland,
while CDCH-I-positive secretions are found in the secretory cells
of the sperm duct and semen and only CDCH-II-positive fibers
in the preputium (Van Minnen et al., 1989a,b). o.-CDCP has also
been reported in B. glabrata (Van Minnen et al., 1992). The key
peptide for egg laying seems to be CDCH, because the injection of
this hormone alone triggers egg laying (Ter Maat et al., 1987). The
identified functions of a number of the other involved peptides are
described below (see also Table 3).

Dorsal bodies

The surgical removal of the dorsal bodies results in no egg produc-
tion in juveniles and low egg production in adult. Moreover, vitel-
logenesis is blocked in the ovotestis, while spermatogenesis seems
to continue normally (Geraerts and Joosse, 1975). The fact that the
female function can be recovered by implantation of dorsal bodies
indicates that a hormonal factor, referred to as dorsal body hormone
is involved (Geraerts and Joosse, 1975), but its molecular identity
remains elusive. This hormone is probably produced in the single
type of endocrine cells that the organ is composed of (Joosse, 1964;
Wijdenes et al., 1983). This dorsal body hormone also stimulates
growth and development of female accessory sex organs, while it
does not affect male accessory organs (Geraerts and Joosse, 1975;
Geraerts and Algera, 1976).

NEURO-ENDOCRINOLOGY OF FEMALE BEHAVIOR

Most Basommatophora lay their eggs in egg masses that they fix
to the substrate (Figure 2C). A number of the behavioral com-
ponents described below are found in several basommatophoran
species (e.g., L. stagnalis: Ter Maat et al., 1987; Bulinus octoploides:
Rudolph and White, 1979; A. flaviatilis: Bondesen, 1950a,b). But
because egg-laying behavior and its underlying mechanisms, have
been studied in great detail in L. stagnalis, the description below
mostly focuses on this species and is based on the detailed descrip-
tions of Goldschmeding et al. (1983) and Ferguson et al. (1993),
plus the overview of the sequence of egg-laying events provided
by Hermann et al. (1997).

Resting phase

The abovementioned CDC discharge triggers the start of egg lay-
ing, the resting phase. During this discharge the CDCs release all
peptides encoded on the CDCH-gene (Ferguson et al., 1993; also
Jansen and Ter Maat, 1985). The resting phase lasts on average
40 min during which the animal stops locomotion, holds its shell

still and slightly pulled forward over the tentacles and does not rasp
the substrate. The egg laying hormone CDCH inhibits the right
pedal motor neurons (RPeN), which is probably the reason why
locomotion does not take place. Both o--CDCP (previously called
CDCA) and CDCH act as local autoexcitatory transmitters on the
CDCs and thus spread the excitation from the CDCs that receive
external input over the entire CDC network (Ter Maat et al., 1988).
This positive feedback makes both CDCH and o-CDCP, but not
the B-CDCPs, necessary for the CDC discharge and generates an
all-or-none response (Ter Maat et al., 1988; Brussaard et al., 1990).
CDCH also initiates the actual ovulation, which is followed by the
fertilization and packaging of the released ripe eggs by the female
accessory glands (Figure 2A).

Turning phase

The passing of eggs through the tract is sensed by ciliated cells that
send nervous signals to the central nervous system via the intestinal
nerve. This signal triggers the release of $3-CDCP and a-CDCP,
from other cells than the CDCs, at which point the animal enters
the turning phase. This phase lasts around 60 min during which
the animal starts locomoting again, turns its shell back and forth
by 90° and rasps the surface. Locomotion is probably initiated by
the increased activity of RPeN motor neurons induced by CDCH
and B3-CDCP, and possible also via direct axonal projections from
the CDCs (Hermann et al., 1997). B3- and a-CDCP also excite
other motor neurons that are involved in shell movements and buc-
cal rasping (Hermann et al., 1997). Some of these motor neurons
project into the inferior cervical nerves that control the columel-
lar muscle, and bilateral lesioning of these nerves eliminates shell
turning during egg laying (Hermann et al., 1994). Buccal rasping
is performed to clean the substrate for proper attachment of the
egg mass (Ter Maat et al., 1989). This process continues as long as
the passage of eggs through the female tract is registered, which
explains the clear correlation between the duration of the turning
phase, as well as the following oviposition, with the size of the egg
mass (Ter Maat et al., 1987, 1989; Ferguson et al., 1993). In turn,
the number of eggs in an egg mass depends on the time since last
oviposition, indicating that ripe oocytes accumulate in the ovotestis
(Ter Maat et al., 1983a; see also Koene et al., 2006) and explaining
why egg mass size is independent of the injected dose of CDCH
(Dogterom et al., 1983).

Oviposition and inspection phase

Oviposition starts when the egg mass emerges from the female
gonopore and is fixed to the substrate. This phase usually lasts
about 10 min during which the animal continues rasping, stops
shell turning and hardly locomotes. When the egg mass has been
deposited, the animal crawls along the mass, without rasping or
shell turning, before leaving it behind; this is referred to the inspec-
tion phase and can last up to 30 min.

Egg mass production

Several stages can be distinguished in oogenesis (e.g., De Jong-
Brink and Geraerts, 1982). The oogonia are first apposed and then
enveloped by follicle cells. Next the developing oocyte forms clefts
with the follicle cell, after which the oocyte matures into a ripe
oocyte. When egg laying starts, ripe oocytes are ovulated from the
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ovotestis and fertilized in the fertilization pouch. Subsequently, the
albumen gland supplies each egg with perivitelline fluid, which is
galactogen-rich (Plesch et al., 1971; Wijsman, 1989). Each egg is
then enveloped in two membranes, the membrana interna and
externa, that are secreted by the posterior and anterior part of the
pars contorta. The muciparous gland secretes a mucus that fuses
the eggs together, the tunica interna, after which the tunica capsulis
surrounds the whole egg mass in the oothecal gland (Plesch et al.,
1971). The egg mass is then deposited via the female gonopore and
stuck to the substrate. The pallium gelatinosum aids in sticking the
mass to the substrate, and may be secreted by the glandular cells
found in the gonopore (Plesch et al., 1971). This process is sum-
marized in Figure 2A.

Adult L. stagnalis can lay egg masses at a frequency of at least
one mass per week, and such masses contain on average between
50 and 150 eggs depending on the individual’s body size (Koene
et al., 2007). This species seems to have a preference for laying
eggs during the day (Ter Maat et al., unpublished), but other spe-
cies have been found to predominantly lay eggs during the night
(P. corneus and H. trivolvis: Cole, 1925). The number of eggs in
an egg mass and the laying frequency also vary widely for other
species (Bondesen, 1950a,b; Dogterom and Van Loenhout, 1983).
L. stagnalis that are older than 300 days usually show a decline in
egg production (Janse et al., 1990; see also Hermann et al., 2009).
Other factors that inhibit egg laying are starvation and dirty water
(Ter Maat et al., 1982; Dogterom et al., 1984). As a consequence
of the latter, egg laying can be triggered by a transfer from dirty to
clean water. Although this is known as the clean water stimulus,
the effect is actually caused by a combination of clean water, clean
surface and higher oxygen (Ter Maat et al., 1983a).

Spiking activity of the CDCs is not affected by dirty water (Ter
Maat et al., 1982). However, during starvation the CDCs become
hyperpolarized, which elevates the threshold for egg laying ( Ter Maat
et al., 1982). CDC spiking can also be arrested by dopaminergic
neuronal input from most nerves tested (Ter Maat, 1979; Ter Maat
and Lodder, 1980). One important nerve is the intestinal nerve,
which transmits information from the female reproductive tract,
via the pleuroparietal connective, to the cerebral ganglia (Ferguson
etal., 1993). The RPeNs also receive input from the intestinal nerve
(Hermannetal., 1997). Lesioning this nerve results in decreased rasp-
ing and shell turning during egg laying (Ferguson et al., 1993), but
eliminates neither the excitatory effects of o.-CDCP and $3-CDCP
on shell movements and rasping rate nor their inhibitory effect on
locomotion (Hermann et al., 1997). The CDCs also have a refrac-
tory period, they are inhibited for up to 4 h after egg laying, and
then return to their normal resting state from which they can enter
the active state again (Kits, 1980). This inactivity may be correlated
with the depletion of secretory products in the commissure after
egg laying. These products are replenished in the hours following
egg laying with the reserve pool of product that is present in the cell
bodies of the CDCs (Jiménez et al., 2004).

Female sexual drive

The ability to self-fertilize is common within this group although
the tendency to favor outcrossing over selfing seems to vary widely
between species and families (Escobar et al., submitted). L. stag-
nalis, for instance, has a strong preference for outcrossing (Cain,

1956; Knott et al., 2003; Koene et al., 2009b). As mentioned earlier,
most freshwater pulmonates can mate in the male and female
role, but within a copulation each individual only performs one
sexual role. Generally, it is assumed that these snails are usu-
ally receptive as females, because they seem rather inactive when
copulating in this role (Van Duivenboden and Ter Maat, 1985).
However, evidence from Physa indicates that recipients have sev-
eral behaviors at their disposal that could discourage insemina-
tion (DeWitt, 1996; Wethington and Dillon, 1996). For instance,
by using shell swinging and phallus biting the individuals being
mounted can discourage certain partners from inseminating them
(Facon et al., 2006). Such female behaviors remain to be explored
for other species.

COORDINATION OF MALE AND FEMALE BEHAVIOR

INHIBITING THE OPPOSITE SEXUAL FUNCTION

Evidently, the hermaphroditic lifestyle of these animals requires a
strict coordination of the two sexual functions in such a way that
they will not be performed simultaneously. Thus, when the male
role is performed, the female role needs to be suppressed, and vice
versa. Indeed, some of the substances that are released during the
performance of male behavior or egg laying seem to prevent the
expression of the opposite sexual function. For example, APGW,
which plays a key role in the control of male copulatory behavior,
hyperpolarizes the CDCs in L. stagnalis thus inhibiting the CDC
afterdischarge that is necessary for the release of CDCH and initia-
tion of egg laying (Croll et al., 1991). FMRF also inhibits activity of
the CDCs (Brussaard et al., 1990) and its presence arrests ongoing
firing and prevents initiation of new discharges (Brussaard et al.,
1988; Croll et al., 1991). Further substances that have been reported
to inhibit the CDCs, egg laying and growth are summarized in
Table 3.

Both APGW and LFRFs hyperpolarize the insulin-like hormone
producing Light Green Cells, which normally stimulate growth
(Croll et al., 1991; Hoek et al., 2005; schistosomin excites these
cells: Hordijk et al., 1991a,b, 1992). This could explain the observed
reduction in growth as a result of more mating opportunities
(Koene and Ter Maat, 2004; Koene et al., 2006), although it is also
possible that such a reallocation of energy is triggered by a substance
transferred in the semen (Koene et al., 2006, 2009a, 2010).

Interesting to note in this context is the recently-discovered pep-
tide from the prostate gland in L. stagnalis which seems to influence
egg laying. The prostate gland produces the seminal fluid that is
added to the sperm prior to transfer to the partner. The identified
seminal fluid peptide, referred to as Ovipostatin, suppresses egg
laying in the recipient (Koene et al., 2010). Since hermaphrodites
express genes for male and female reproductive pathways, in prin-
ciple active compounds for partner manipulation are immediately
available and only require appropriate means for delivery (Koene,
2005; Bedhomme et al., 2009). This would strongly suggest that
such allohormones may evolve more easily in hermaphrodites, in
comparison with separate sex species, and may initially resemble
already existing regulatory peptides.

Finally, one candidate transmitter that can inhibit the male
behavior when eggs are being laid is serotonin. In B. glabrata sero-
tonin has been shown to increase egg laying (Manger et al., 1996),
while a serotonin-antagonist (Methiothepin) reduces egg laying
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and everts the penis (Muschamp and Fong, 2001). The latter is in
agreement with the finding that serotonin normally contracts the
preputium retractor muscle, thus preventing eversion.

Ring neuron

All the abovementioned inhibitions of components of either sexual
function (and growth) occur during the performance of the oppo-
site sexual role, because this is when these substances are released
and/or circulate in the hemolymph. However, there is also some
evidence that there might be actual coordinating “centers” that
can regulate the activity of the neurons responsible for male and
female behavior. One such neuron is the ring neuron, which is an
unpaired neuron situated in the right cerebral ganglion (Ter Maat
and Jansen, 1984). The ring neuron contains APGW (Croll and Van
Minnen, 1992) and receives EPSPs when the penial nerve is stimu-
lated (Ter Maat and Jansen, 1984; Jansen et al., 1985). This neuron
also has an inhibitory input on the ventrally located CDCs (Jansen
et al., 1985), while it is excited by CDC discharge and activity and
inhibited by CDCH (Jansen and Bos, 1984; Ter Maat and Jansen,
1984; Jansen and Ter Maat, 1985). The initial excitation of the ring
neuron by CDC activity results in an inhibition of the pedal neu-
rons, and may thus be responsible for the resting phase (Jansen and
Ter Maat, 1985). When enough CDCH has been released the ring
neuron gets inhibited, which would coincide with the transition
from the resting to the turning phase (Ter Maat et al., 1987). This
is in accordance with the finding that the ring neuron also modu-
lates the columellar muscle, which controls shell turning during
egg laying (and shell movement in general, Jansen and Ter Maat,
1985). Thus, given the involvement of this interneuron in both
male and female components of the reproductive behavior, it is so
far the best candidate to regulate the behavioral switch between
the male and female function of this hermaphrodite (see also Ter
Maat and Jansen, 1984).

Lateral lobes

An explanation for why some of the substances also have an effect
on growth might be sought in the lateral lobes. The lateral lobes
are a bilateral endocrine organ attached to the cerebral ganglia
(Geraerts, 1976). These rather small lobes are composed of three
types of neurosecretory cells plus follicle cells (Geraerts, 1976).
These B cells, canopy cells, droplet cells and follicle cells, have been
found in a number of freshwater snails (L. stagnalis, Ancylus fluvia-
tilis, P. corneus: Brink and Boer, 1967; Helisoma duryi: Saleuddin
and Ashton, 1996; B. truncatus: Boer et al., 1977; B. glabrata: Lever
et al., 1965). The only known factors that are present in the lat-
eral lobes are the LFRFs (Hoek et al., 2005) and GnRH (Young
etal., 1999).

In L. stagnalis cauterization and reimplantation experiments
have shown that the lateral lobes are endocrine organs (Geraerts,
1976). When they are absent spermatogenesis and spermiation
decelerate, which results in male maturation being delayed by
approximately 20 days. Likewise the reduction in oocyte mat-
uration, ovulation, dorsal body development, and maturation
of female accessory organs results in female maturation being
delayed by approximately 10 days. The presence of the lateral
lobes stimulates the rate of oogenesis while it reduces body growth
(these two processes are known to be inversely related, e.g., Koene

and Ter Maat, 2004). The increased body growth in the absence
of the lateral lobes becomes both apparent in the production
of thinner shells and lower body wet weights (Geraerts, 1976).
In B. truncatus cauterization of the lateral lobes also increases
growth and reduces oviposition (Mohamed and Geraerts, 1980).
The absence of the lateral lobes seems to stimulate the release
of hormone by the light green cells and inhibit both the release
of CDCH by the CDCs and the endocrine activity of the dorsal
bodies (Roubos et al., 1980). That the effect on body size acts via
the growth hormone producing light green cells is confirmed
by the finding that the effect disappears when both the lateral
lobes and light green cells were surgically removed (Geraerts,
1976). Cells morphologically similar to light green cells have also
been reported in S. palustris, R. ovata, B. truncatus, P. planorbis,
Planorbis vortex, P. corneus, and B. glabrata (Roubos and Van der
Ven, 1987).

MATING DECISIONS

The foregoing has already illustrated that there are several internal
and external factors that may influence the sexual drive to perform
the male or female role, and that these decisions may be inter-
linked. A point in case is role alternation, i.e., the swapping of
sexual roles after a first mating interaction which results in each
partner performing both sexual roles in sequence. For L. stagnalis
ithas been demonstrated that such role alternations predominantly
occur when both individuals are motivated to mate in the male
role (Koene and Ter Maat, 2005). First, this illustrates that after
copulation the opposite mating role can be performed immediately.
Second, given that male sexual drive regulates this alternation of
roles, this indicates that partners do not induce each other to swap
roles (for example via a seminal fluid substance; Koene and Ter
Maat, 2005). In addition, remating in the female role seems not to
be inhibited after insemination, given that sperm recipients can be
inseminated several times in a row by different partners (Koene
and Ter Maat, 2007; Koene et al., 2009a). Thus, the prediction that
emerges from all this is that when the male role is performed this
generally takes precedence over the female role in these hermaph-
rodites, which seems to match the current theoretical framework
(Anthes et al., 2006).

Recent experiments have shown that pond snails can distinguish
novel from familiar partners (Koene and Ter Maat, 2007) and adjust
sperm transfer depending on the partner’s mating history (Loose
and Koene, 2008). So far, the evidence seems to suggest that these
animals use cues in the mucus trail to detect the mating history
of a partner and transfer sperm accordingly (Koene and Ter Maat,
2007). Besides the ability to detect such biochemicals, this also
indicates that such chemical cues differ between individuals in dif-
ferent reproductive states.

The neural mechanism for such mating decisions is most likely
mediated via the lips, which have been identified as the primary
chemosensory organ in L. stagnalis. The lips have a variety of sen-
sory cells and nerve endings (Zijlstra, 1972; Zaitseva and Bocharova,
1981) and are innervated by the left and right median lip nerves,
which form an extensive network of nerve endings (Nakamura
etal., 1999a). Lesion studies have shown that the excitatory effect of
sucrose on feeding movements of the buccal mass reaches the cen-
tral nervous system through these nerves (e.g., Goldschmeding and
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Jager, 1973). In addition, the central pattern generator underlying
feeding is studied using semi-intact preparations consisting of the
lips, central nervous system, and buccal system (e.g., Nakamura
et al., 1999b; Straub et al., 2004). Similar approaches, i.e., lesion
studies and semi-intact preparations, could now be used to inves-
tigate whether the lips detect factors in the mucus and/or water
that are indicative of mating history. Such studies should then be
followed up by further electrophysiological experiments in combi-
nation with retrograde nerve staining, to identify the central neu-
rons that receive this information. Such neurons would be the first
candidates for involvement in mate choice, and their links with the
known neural circuits of male and female reproduction are then
clearly essential to uncover.

Such chemosensory information may also be used for differen-
tial semen allocation, i.e., donating different amounts of sperm and/
or seminal fluid depending on fertilization opportunities and/or the
partner’s mating history. Clearly, this requires that the biochemical
information detected by the lips is somehow relayed to the organs
that are involved in semen transfer. For the prostate gland (semi-
nal fluid) such information is predicted to run through the npl
branch of the nervus penis (De Boer et al., 1997a,b), while for the
seminal vesicles and ovotestis (sperm) this would be the intestinal
nerve (Elo, 1938). Understanding the underlying mechanisms will
be extremely valuable for a proper understanding of mating deci-
sions made by these hermaphrodites.

CONCLUDING REMARKS AND FUTURE DIRECTIONS

Molluscs are still used extensively as model species for neuro-en-
docrine processes that regulate different types of behaviors. Clearly,
for the regulation of reproductive behaviors much of the knowledge
is based on research performed with the simultaneously hermaph-
roditic freshwater snail L. stagnalis. Therefore, the initiatives to
gather large-scale genomic and transcriptomic data for this species
(Davison and Blaxter, 2005; Feng et al., 2009) are extremely valu-
able and are expected to further deepen our knowledge about the
intricacies of regulatory processes in these animals. In addition to
focusing on this model species, it would now be very informative to
know to which extent the gathered knowledge about these neuro-
endocrine processes can be extended to other basommatophoran
(non-)model species.

Next to such mechanistic studies, a large body of research at
the ecological and evolutionary level has developed on this pond
snail and many related freshwater snails (reviewed in Jarne et al.,
2010). At each of these biological levels, much of the research has
focused on reproductive processes and behaviors. However, there
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