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Cholinergic neurotransmitter system molecules were found to
play a role during fertilisation and early cell cycles of a large
number of invertebrate and vertebrate organisms. In this study,
we investigated the presence and possible function of choline
acetyltransferase (ChAT, the biosynthetic enzyme of acetyl-
choline) in gametes of the sea urchin, Paracentrotus lividus,
through localisation and functional studies. ChAT-like mole-
cules were detected in oocytes, mature eggs and zygotes with
indirect immunofluorescence methods. Positive immunoreac-
tivity was found in the ovarian egg cytoplasm and surface as
well as at the zygote surface. This suggests the eggs' capacity
to autonomously synthesise acetylcholine (ACh), the signal
molecule of the cholinergic system. Acetylcholinesterase
(AChE, the lytic enzyme of acetylcholine) was also found in
ovarian eggs, with a similar distribution; however, it disappeared
after fertilisation. Ultrastructural ChAT localisation in sperms,
which was carried out with the immuno-gold method, showed
immunoreactivity in the acrosome of unreacted sperms and at
the head surface of reacted sperms. In order to verify a func-
tional role of ACh during fertilization and sea urchin develop-
ment, in vivo experiments were performed. Exposure of the eggs
before fertilisation to 1 mM ACh + 1 µM eserine caused an
incomplete membrane depolarisation and consequently
enhanced polyspermy, while lower concentrations of ACh
caused developmental anomalies. The exposure of zygotes to
0,045 AChE Units/mL of sea water caused developmental
anomalies as well, in 50% of the embryos. Altogether, these
findings and other previously obtained results, suggest that the
cholinergic system may subserve two different tasks during
development, according to which particular type of ACh recep-
tor is active during each temporal window. The first function,
taking place in the course of fertilisation is a result of
autonomously synthesised ACh in sperms, while the second
function, taking place after fertilisation, is due to maternal ChAT
molecules, assembled on the oolemma along with egg matu-
ration and fertilisation processes.
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I
n recent years, there has been an increasing
awareness concerning the possible multiple-
functional role of neurotransmitter molecules in

cell-to-cell communication, or during cytoplasmic
cytoskeleton arrangement mediated by intracellular
ion changes (Falugi, 1993).These signalling systems
might represent an ancestral mechanism of exchang-
ing or transmitting cell messages, which evolved
long before or along with structures as highly spe-
cialised and fast as synapses (Neumann and
Nachmanson, 1975; Buznikov, 1980; Buznikov et
al., 1996).

In male gametes of several invertebrate and verte-
brate species, cholinergic neurotransmitter system
molecules have been reported. For example, acetyl-
cholinesterase (AChE, E.C. 3.1.1.7) activity was
detected and quantified (Cariello et al., 1986) in fla-
gellar structures of sea urchin sperms; at the same
level, nicotinic receptors (nAChRs) were also detect-
ed (Nelson, 1976, 1978; Young and Laing, 1991).
Such localisations were hypothesised to be related to
sperm motility and function (Falugi et al., 1993).
Bailey and Storey (1994) also reported muscarinic
activation in mouse sperm. Recently in sperms of a
great number of invertebrate and vertebrate species
we found the concomitant presence of both nicotinic
(nAChRs) and muscarinic (mAChRs) acetylcholine
receptors (Baccetti et al., 1995), and forwarded the
hypothesis that the latter may be functional in the
interaction with the egg. On the other hand, acetyl-
choline receptors have been found in eggs as well. In
sea urchin eggs and in the following stages of early
embryonic development, nicotinic receptors (Falugi
and Prestipino, 1989), co-localised with AChE
activity (Falugi et al., 1989) have been reported.
Ivonnet and Chambers (1997) pharmacologically
characterised such receptors as pertaining to the
neuromuscular type, and showed that these nAChRs,
upon excitation by specific ligands, are capable of
gating Na+ entry, followed by membrane depolarisa-
tion. As described by Epel (1975), the first input of
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egg membrane depolarisation by Na+ ions entry is
caused by contact with the sperm. The result is a
partial depolarisation which was shown to prepare
the membrane for fusion with the sperm (McCulloh
et al., 1987). This finding was confirmed by Jaffe
(1980), who demonstrated that exposure to nicotine
(cholinomimetic agonist of nAChR) can cause poly-
spermy.

As far as muscarinic acetylcholine receptors are
concerned (mAChRs), we found that in the sea
urchin, Paracentrotus lividus, molecules immuno-
logically related to mAChRs are present in the cor-
tical layer of unfertilised eggs, which are then
exposed at the surface of the zygote membrane
(Piomboni et al., 2001). After fertilisation,
mAChRs are capable of responding to both acetyl-
choline (ACh) and carbachol, evoking an intracellu-
lar Ca2+ increase (Harrison et al., 2002). The pres-
ence of ACh had not been reported up to now,
although several authors had hypothesised its role
in vertebrate oocyte activation (Eusebi et al., 1979;
1984; Kusano, 1978; Kusano et al., 1977).This may
be due to the fact that its secretion is quantal, and
a small amount released is immediately hydrolyzed
by the activity of AChE, which is present in both
eggs of invertebrates (Piomboni et al., 2001) and
vertebrates (Civinini et al., 1990), as well as in
sperms (Falugi et al, 1991a).

In this study, an attempt was made to understand
the possible localisation of ACh in early develop-
mental events of the sea urchin, Paracentrotus
lividus, by investigating the presence of molecules
immunologically related to choline acetyltransferase
(ChAT, E.C. 2.3.1.6), the biosynthetic enzyme of
ACh.To be precise, the localisation in the cell mem-
brane of such an enzyme indicates the cells ability to
autonomously synthesise ACh. Moreover, by in vivo
experiments of ACh exposure and ACh inhibition, a
possible function of such an enzyme was studied, by
analysing the effects on fertilisation and early devel-
opment.

Materials and Methods
Unless otherwise specified, all materials were

obtained from Sigma Chemical Company.

Gamete handling and fertilisation
Eggs from the sea urchin Paracentrotus lividus

were obtained by intracoelomic injection of 0.5 M
KCl and collected in ultra filtered seawater. Sperm

was collected dry and stored at 4°C for no more
than two days. For fertilisation, 5 µL of the dry
sperm was added to 1 mL of sea water and 10 µL
of this diluted sperm was added to the bowl con-
taining the eggs in 10 mL of sea water.The extent of
fertilisation was always checked 2-4 minutes after
addition of sperm; experiments were carried out
only when > 85% eggs raised the fertilisation layer
(FL). Fertilisation and development were carried
out al 19°C in a temperature-controlled room.

Electrophysiological recordings
The eggs were poured through a 100 µm mesh

net, to remove the jelly coat, into a plastic Petri
dish, coated with poly-l-lysine, and were penetrated
by the microelectrode. Solution exchange was per-
formed by introduction of clean sea water and then
adding a new solution with a syringe. Eggs were
impaled with a glass microelectrode filled with 3 M
KCl. 100 µM ACh was added together with 10 µM
eserine, an AChE inhibitor, in order to prevent
degradation by AChE. The drugs, dissolved in sea
water, were added to the eggs after the ∆V stabili-
sation at –70 mV. The sperms were added after 1
min. After addition of the drugs, the eggs were
rinsed with clean sea water, to test the reversibility
of the effect.

Cytochemical staining with aceto-lactic orcein
Slides carrying resin sections (obtained by use of

the Kulzer 7100 resin, cut 3 µm with a Reichert
microtome) were stained for 20 min in a solution of
aceto-lactic orcein, then dried and mounted with
DPX. Aceto-lactic orcein stains nucleic acids red-
violet, including mRNA, so showing the transcrip-
tion activity of nuclei.

Immunocytochemical reaction against molecules
immunologically related to cholinergic molecules 
A) Sperm-electron microscopy (ChAT).

Immunoreactivity against ChAT was obtained by
pre-embedding, as follows: fixed cells were rinsed in
cold PBS containing 0.5 M glycine, blocked with
PBS containing 1% bovine serum albumin (BSA)
and 5% normal goat serum (NGS).The incubation
was carried out for 1h at room temperature or
overnight at 4°C in the primary antibody diluted
1:200 in PBS-0.1% BSA -1% NGS. The primary
antibody was a polyclonal antibody (AB 143)
against choline acetyl transferase (ChAT, Biosys,
France) raised in rabbit, diluted 1:500. After incu-
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bation, samples were rinsed with PBS, and stained
with a secondary anti-rabbit IgG conjugated to gold
particles, diluted 1:100 in PBS containing 0.1%
BSA and 1% NGS.

After dehydration, samples were embedded in
Epon-Araldite, sectioned and observed at an elec-
tron microscope Philips CM10.

Specificity controls were performed by use of nor-
mal serum instead of the primary antibody, or by
omitting the incubation in the primary antibody.

B) Eggs- ChAT immunofluorescent staining
Paraffin sections (5 µm thick) of oocytes and eggs

were dewaxed and incubated for 4 h at room tem-
perature with the primary antibody, diluted 1:250 in
PBS containing NGS and BSA, as described above.
After incubation, samples were rinsed in three
changes of cold PBS and incubated for 2 h at room
temperature in the dark in FITC-conjugated sec-
ondary antirabbit antibody (Cappel, Italy), diluted
1:200 in PBS. After thorough rinsing, sperms were
mounted on a slide for microscopic analysis of
immunoreactivity (IR) localisation by use of a Zeiss
microscope, equipped with an UV apparatus and flu-
orescence filter set. Fading of fluorescence was pre-
vented by mounting the samples with gelvatol
(Lennet, 1978).

C) ACh- and AChE-like immunoreactivity
Some experiments were also performed by use of

a polyclonal antibody anti-mammalian ACh conju-
gated with glutaraldehyde (Biosys, France), and
anti-rabbit secondary antibody (Cappel, Italy). For
AChE, a monoclonal antibody (BDA, Italy) and an
anti-mouse FITC-conjugated secondary antibody
(Cappel, Italy) were employed, as above described.
The immunoreaction procedure and controls were
performed as above described.

In vivo experiments:
A) Exposure of sperms to ACh

One mL of concentrated eggs were rinsed in sea
water sterilised by ultra filtration (0.2 µm pores),
and suspended in 25 mL of ultra filtered sea water.
From this suspension, gently mixed by inversion, 1
ml was drawn and added to the exposure solution,
containing ACh at concentrations of 10–3 M and 10–4

M. After 10 min, the eggs were rinsed twice in sea
water, and placed in a fingerbowl containing 10 mL
of sea water. The exposure lasted a short time, as
ACh is promptly inactivated by sea water. These

sperms were employed in the ratio 20/1 sperms/egg
to fertilise the eggs, maintained in standard sea
water. Embryos were collected after 15 min, 30 min
and 70 min, to check the extent of fertilisation, the
first cell cycle and their nuclear status by DNA
staining. Other samples were collected after 20 h, to
check their further development. Control samples
were obtained by processing the eggs in the same
way but without the addition of ACh.

B) Exposure to AChE
Inhibition of ACh was also performed by exposing

the cells to AChE, the lythic enzyme of ACh.
Exposure to AChE decreases the amount of ACh at
the receptorial sites, mimicking an inhibition of ACh
synthesis. Sperms and zygotes were exposed to dif-
ferent concentrations of AChE obtained from
Electric eel by Sigma Chem. Co (I). AChE was used
at 0.64 and 0.045 U/mL final concentrations in
ultra filtered sea water (0.02 µm Millipore filter).
Controls were performed by incubating the materi-
als in normal ultra filtered sea water, using the same
procedures.. Sperms were exposed for 30 min before
being added to the eggs, in the previously mentioned
proportions. Development took place in 30 mL fin-
ger bowls in a thermostated incubator at 18°C, sup-
plied with a light/dark timer. Stages were then veri-
fied at 15, 30, 70 min, and 10 h (blastula stage).
One fraction of the embryos was permitted to con-
tinue development as far as the pluteus stage.

Each of the exposure experiments were repeated 6
times with gametes from different specimens.

Analyses of exposed samples
Samples from exposed sperms were collected and

fixed in 2% paraformaldehyde in sea water at 15
min, 30 min and 70 min after fertilisation. Samples
from embryos exposed at the zygote stage were col-
lected from the blastula stage (10 h development).
From each finger bowl containing about 1000
embryos in 30 mL sea water, samples of about 100
embryos were drawn and fixed.

Morphological and histochemical analyses were
then carried out on the samples.

Histochemical staining of DNA
Embryos stored in methanol were re-hydrated

with 0.1 M citrate buffer, pH 7. The buffer was
replaced twice, and then was substituted with a
solution of 2,6-diamidine-4-phenylindole (DAPI;
obtained from Sigma, I) 1:1000 in citrate buffer,
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and incubated for 5 min in the dark. DAPI causes
fluorescence of DNA, binding to A-T clusters in the
minor groove of DNA. After rinsing with citrate
buffer, samples were mounted on a slide supplied
with antifading Gelvatol (Lennet, 1978) and
observed on a Zeiss microscope, equipped with UV,
at a λ = 360-400 nm wavelength.

Morphological analysis
Embryos collected from blastula up to pluteus

stage were observed under a stereomicroscope Wild,
at magnification X 50, and embryos presenting 3
different aspects were counted: 1: normal =
embryos at the same stage as the controls; 2: anom-
alous = embryos differing from the controls; 3:
uncleaved = zygotes in which development ceased
after fertilisation.

Statistical analysis was performed by the ANOVA
test, according to Sokal and Rolf (1981)

Results

Localisation studies
The histochemical and immunohistochemical

analyses revealed a frame of cholinergic molecules
starting from the initial events of gametogenesis
and gamete interaction.

The first events that take place in the course of
gametogenesis, seem to be related to the transcrip-
tion and synthesis of molecules that will be active in

the following steps of cell interaction: aceto-lactic
orcein staining of ovaries (Figure 1) showed the
presence of nucleic acids in the cytoplasm, indicat-
ing the presence of maternal transcripts, with a
polarised localisation and a gradient between the
nucleus and the periphery. In the course of these
early stages of oogenesis, molecules immunological-
ly related to ChAT were found to be differently
localised in relation to the egg stage. In immature
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Figure 1. Ovarian oocytes at auxocytosis stage. Staining with
aceto-lactic orcein shows active transcription of mRNA
(arrows). 5 µm paraffin section. Bar equals 50 µm.

Figure 2. A, B: Ovary with oocytes at auxocytosis stage. ChAT
immunoreaction marked by HRP reaction (brown precipitation).
C-H: ChAT immunoreaction revealed by FITC (immunofluores-
cence = IR); C: ovarian oocytes at the beginning of auxocyto-
sis, D: IR in mature unfertilised egg; E: IR in mature fertilised
egg; F: control; G,H: IR for ACh in maturing ovaries: only somat-
ic cells are stained by the fluorochrome. 5 µm paraffin section.
Bars equal 50 µm for all the figures.



oocytes, recognised thanks to their large nucleus to
cytoplasm ratio, ChAT IR was mainly found in per-
inuclear locations. In the cytoplasm, positive zones
showing the same polarity seen for aceto-lactic
orcein, were observed (Figure 1). The ChAT-like
immunoreactive molecules appeared as stained
dots, in the cytoplasm, and, with a homogeneous dis-
tribution, in the cortical layer (Figure 2 A-C).

In mature unfertilised eggs, ChAT IR was found in
a large cortical zone of cytoplasm, and in some
regions of the egg membrane (Figure 2 D), while
after fertilisation the staining was mainly associat-
ed with the membrane (Figure 2 E). No staining was
present in control samples (Figure 2 F).

To verify whether the ChAT molecules revealed
with the immunocytochemical reactivity were active
at these stages, the presence of ACh was investigat-
ed by immunoreactive labelling. In ovaries, cells
associated to the somatic portion presented ACh
IR, but no staining was evident either in the oocytes
(Figure 2 G-H), or in mature eggs (not shown).This
suggests that ChAT-like molecules are present in the
oocytes as far as fertilisation, but in an inactive
form; the activity begins after fertilisation, when
ChAT molecules are assembled at the zygote mem-
brane to finalise their cholinergic function in ACh
synthesis, as we previously reported (Piomboni et
al., 2001).

AChE-like molecules were also synthesised early
in the ovarian oocytes, where they appeared as small
fluorescent vesicles under AChE immunoreactivity.
Positive vesicles were found in different positions in

the course of egg maturation (Figure 3), and were
assembled on the membrane in mature eggs (see
Piomboni et al., 2001).

These observations reveal that a complete cholin-
ergic set of molecules is ready to trigger signal
transduction mechanisms related to fertilisation.
Since ACh was not found at these stages, we
hypothesised that the first signal might be carried
by the sperm.To be precise, ChAT-like immunoreac-
tivity, in the sperms, revealed by immunogold parti-
cles, was mainly localised in the head. In immotile
sperm (fixed-dry sperm), gold particles were partic-
ularly concentrated in the acrosoma vesicle (Figure
4 A). However, when sperms began actively swim-
ming as a result of their suspension in water con-
taining eggs, the gold particles were observed in the
membrane all along the head region (Figure 4 B).
No staining was detected in controls (Figure 4 C).
These results show that the sperm autonomously
synthesises ACh, and that this function is active as
far as the first sperm-egg interaction.

Functional studies

To verify this assumption, we performed in vivo
experiments, by investigating the effects of varia-
tions of the amount of ACh on fertilisation and early
developmental events.

The electrophysiological recordings of fertilisation
potential in eggs exposed to 100 µM ACh and eser-
ine showed that the degree of membrane depolari-
sation occurred to about -25 mV. However, subse-
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Figure 3. AChE immunofluorescence in oocytes during the aux-
ocytosis stage. The enzyme is contained within intracytoplas-
mic vesicles, and not yet exposed at the egg surface. 5 µm
paraffin section. Bar equals 50 µm.

Figure 4. ChAT immuno-gold reaction in PP.. lliivviidduuss sperms. A:
reacted sperm head; B: unreacted sperm head; C: control.
(magnification X 20,000).



quent repolarisation was slow and irregular, lasting
more than 30 min, and wasn't affected by the addi-
tion of neuroactive substances (Figure 5). Moreover,
even though the cortical reaction took place nor-
mally, the fertilisation layer immediately collapsed
on the egg membrane.This was probably caused by
a loss of pressure throughout the perivitelline space,
as a result of the perforation caused by the micro-
electrode.

In fertilisation experiments in presence of ACh,
15% zygotes showed polyspermy, as previously
reported (Figure 6) (for the statistical validation of
data, see Harrison et al., 2002).

Effects on development
In eggs fertilised with sperms exposed to 0.045

AChE Units/mL sea water, development proceeded
normally as far as gastrulation. In zygotes exposed
to 0.67 Units/mL after fertilisation, from the blas-
tula stage onwards anomalies were evident, partic-
ularly in the development of the perioral arms of
plutei (Figure 7 A,B: P<0.05). In zygotes exposed
to 0.045 Units/mL, a strong effect was seen, as
shown in Figure 7 B:

In Figure 7 E the histograms show the effect of
both the exposures as compared to controls, when
the morphology of embryos was observed at 10 h

development, corresponding to blastula stage in
controls. The exposure to 0.67 Units/mL sea water
caused significant number of anomalous embryos,
as compared with the lower concentration and with
controls (p<0.05). In each exposure experiment,
including controls, some uncleaved eggs were also
found, but in this case the difference among the
treatments was not significant (P=0.76).

Effects of exposure to ACh
Electrophysiological recordings of membrane

potential showed that eggs, which had been exposed
to ACh before fertilisation and fertilised in the pres-
ence of the signal molecule, maintained the ∆V of -
70 mV, while the fertilisation potential was incom-
plete as the ∆V reached -30 mV, with a variation of
only 40 mV (Figure 5). As a result, eggs exposed to
10–4 M ACh caused a 25% increase of polyspermic
zygotes (Figure 6). Non-polispermic eggs followed a
delayed/abnormal development (Figure 7 B,C).

Discussion
From the described results, and along with previ-

ous data obtained by our group (Baccetti et al.,
1995; Falugi et al., 1993; Piomboni et al., 2001;
Harrison et al., 2002), we can forward the hypoth-
esis that cholinergic related molecules may play two
different roles during the very early steps of sea
urchin development, from fertilisation to the early
cell cycles.

The cholinergic molecules present in the sperm
acrosome might play a role in sperm-egg interaction,
as hypothesised by Ibanez et al. (1991). ChAT mol-
ecules and their mRNAs were found by Ibanez et al.
(1991) in the equatorial ring of the human sperm; at
the same level we found the presence of mAChRs
(Baccetti et al. 1995). This is the portion of the
acrosome membrane that first comes into contact
with the egg. In the sea urchin this contact takes
place at the tip of the acrosome, where we have
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Figure 5. Electrophysiological recording of fertilisation mem-
brane potential in eggs exposed to 1mM ACh + 1 µM eserine.

Figure 6: DAPI staining of zygotes fer-
tilised after exposure to 0.1 mM ACh.
A,B: two male pronuclei are seen as
white spots close to the female pronu-
cleus (arrows). C: Control. a single
sperm chromatine is beginning to de-
condense within the female pronucle-
us (samples mounted in toto, bar
equals 80 µm).



found ChAT immunoreactivity (IR); at the same
level mAChRs had been previously detected
(Baccetti et al., 1995). Hence, the mAChRs present
in the sperm acrosome may be activated at the first
contact with the egg thanks to the ACh received
from the mature egg membrane (where ChAT is par-
tially exposed at the surface, as shown in Figure 2).

Thus, we forward the hypothesis that, prior to fer-
tilisation, ACh autonomously synthesised in the egg
membrane may be functional for sperm activation,
through mAChRs present on the acrosome mem-
brane (Baccetti et al., 1995) and through calcium
intake by Ca2+ channels, while ACh synthesised by
ChAT in the sperm membrane may be functional for
the first depolarisation step as a result of nicotinic
receptor activation; this enables sperms to fuse with
the oolemma (the scheme of this hypothesis is
shown in Figure 8).

This is supported by the fact that the sea urchin
unfertilised egg has functional neural-type nicotinic
AChRs in the membrane (as shown by Ivonnet and
Chambers, 1997).Thus, the ChAT molecules present
on the sperm head membranes appear to play a role
in providing ACh to activate nicotinic receptors.
Nicotinic receptors are channel molecules, that
upon ACh activation cause a Na+ influx (Changeux,
1994).Egg membrane depolarisation, due to Na+

influx in the sea urchin, first described by Epel
(1975), is very similar in amplitude to the one
caused by ACh exposure in the experiment above

described. We now know that this step is crucial to
the preparation of the membrane for fusion with the
sperm (McCulloh et al., 1987). This may be con-
firmed by the fact that exposure to ACh causes a
high percentage of polyspermic zygotes (Harrison et
al., 2002), and that nicotine exposure also impairs
the block to polyspermy (Jaffe, 1980; Falugi et al.
1993).

ChAT IR changes its localisation from inside the
membrane at the tip of the acrosome in non-react-
ed sperms, to a scattered distribution over all the
head membrane in reacted sperms: this is probably
due to different functions at different moments of
sperm-egg interaction; in fact, it is known that ChAT
activity is regulated by its binding to the cholinergic
membrane (Dobransky and Rylett, 2003) and by
interaction with other cellular proteins related to
this membrane (Gabrielle et al., 2003): in other
words, the enzyme is not active when it is inside the
cytoplasm, while it is active when it is exposed on
the cholinergic membrane.This is a common feature
of cholinergic molecules, including mAChRs, that
are functional only when assembled on the cell sur-
face, while inactive subunits are contained in ER-
derived vesicles (Mei and Xiong, 2003). This sup-
ports our observations, indicating that no ChAT
activity is present during oogenesis, although the
enzyme is present. In this case, the antibody may
bind to an epitope that is common to unassembled
and assembled forms of the molecule, and this is not
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Figure 7. Morphological aspects of A: embryos obtained from
eggs fertilised in the presence of 0.67 U/mL AChE by AChE-
exposed sperms; B,C: embryos obtained from ACh-exposed
eggs and fertilised in the presence of 0.1 mM ACh; D: control.
Bars equal 100 µm for all the figures. E: histogram showing the
frequency of anomalies in embryos exposed to AChE along
development and observed at time corresponding to blastula
stage in control embryos (0 U/ml). ** = p<0.05; ns: not signif-
icant. 



discriminated by specificity controls.
ChAT IR was observed at all stages of egg matu-

ration, starting from the stage of auxocytosis: in
these immature eggs, ChAT immunoreactive mole-
cules were mainly retained in the sites of synthesis
and elaboration, with a perinuclear to cytoplasmic
localisation. Since in the course of maturation, no
ACh was revealed by immunohistochemical meth-
ods in the eggs, this shows that ChAT IR at these
stages is capable of binding inactive forms of the
enzyme as well. Actually, in the ovary, ACh IR was
only found in somatic cells, where it is probably
associated to ovarian functions, such as the regula-
tion of spawning, as described by Yokota (2000). In
mature unfertilised eggs, the perinuclear localisa-
tion of ChAT IR is no longer detectable, and the
enzyme is localised within the cytoplasm, towards
the cortical layer, where it stains heavily: after fer-
tilisation, the enzyme is present only at the mem-
brane surface. In unfertilised eggs, we also found
mAChRs in membrane vesicles in the cortical layer,
and after fertilisation in the plasmalemma,
(Piomboni et al., 2001), where they can be reached
by ACh and cholinomimetic drugs.

The activation of [Ca2+]i responses by muscarinic
drugs was possible only after fertilisation, and no
Ca2+ response was seen on preceding events, such as
fertilisation (Harrison et al., 2002); thus, we
advanced the hypothesis that mAChRs could be
involved in the regulation of intracellular ionic
dynamics related to the cleavage of the first cell
cycles (Harrison et al., 2002).This seems to confirm
the previous hypothesis, suggesting a model of

autocrine regulation of these dynamics. To be pre-
cise, the ChAT molecules, that after fertilisation are
exposed at the egg surface, may autonomously syn-
thesise ACh.The egg cannot receive ACh from else-
where, because after fertilisation the zygote is
closed in the fertilisation membrane, completely sur-
rounded by sea water, and transported by waves and
currents.The ACh produced by the ChAT assembled
on the egg membrane is released into the periv-
itelline space and reaches the mAChRs that at this
stage are also exposed at the surface (Piomboni et
al., 2001). As a result, it evokes a [Ca2+] response
(Figure 9), that further enhances development.

These events are not involved in the calcium-
induced cortical reaction (fast block to poly-
spermy), where other signal molecules play a rele-
vant role: it has recently been discovered by Kuo et
al. (2000) that egg activation and cortical reaction
is caused by nitric oxide synthase (NOs), contained
in the sperm head, whose activation to produce
nitric oxide (NO) in the egg cytoplasmic domain
causes both inositol-triphosphate (IP3) release and
cyclic adenosyn diphosphate ribose (cADPR) syn-
thesis.
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Figure 8. Scheme of the possible function of ChAT found on the
sperm head during fertilisation.

Figure 9. Possible autocrine mechanism in modulating Ca2+-
dependent development after fertilisation, via muscarinic recep-
tors and subsequent G-protein activation. ACh = acetylcholine;
ChAT = Choline-acetyltransferase; IP3 = inositol-triphosphate;
mAChR = mature ACh receptor; NU = nucleus.
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