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Early appearance and possible functions of
non-neuromuscular cholinesterase activities
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The biological function of the cholinesterase (ChE) enzymes has been studied since the
beginning of the twentieth century. Acetylcholinesterase plays a key role in the modulation
of neuromuscular impulse transmission in vertebrates, while in invertebrates pseudo
cholinesterases are preeminently represented. During the last 40 years, awareness
of the role of ChEs role in regulating non-neuromuscular cell-to-cell interactions has
been increasing such as the ones occurring during gamete interaction and embryonic
development. Moreover, ChE activities are responsible for other relevant biological events,
including regulation of the balance between cell proliferation and cell death, as well as
the modulation of cell adhesion and cell migration. Understanding the mechanisms of
the regulation of these events can help us foresee the possible impact of neurotoxic
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INTRODUCTION

Neurotransmission systems are formed by sets of molecules which
cooperate for the efficiency and control of the intercellular com-
munication in both the nervous central (CNS) and peripheral
(PNS) systems.

Since the 1970s, reports are available in the literature, sug-
gesting that the highly organized synaptic neurotransmission
may derive from evolution of ancestral pre-nervous (Buznikov
et al., 1972) and non-nervous cell-to-cell communication sys-
tems, present since the prokaryotic cells (Stacy et al., 2011), and
eukaryotic protists. In these last unicellular organisms, molecules
belonging to the cholinergic, GABAergic and nitric oxide-based
systems were found and related to the cell-to-cell communica-
tion driving the mating behavior (Delmonte Corrado et al., 1999,
2002). In paramecia, AChE activity was localized at the cell sur-
face and along the ciliary rows (Delmonte Corrado et al., 1999).
This activity was also found along the ciliated epithelia of stig-
mas of ascidian zooids, larval trochi, and generally at the basis of
ciliated epithelia.

In addition, the expression and activity of acetylcholinesterase
(AChE, E.C. 3.1.1.7) has been found during gametes interaction
(Piomboni et al., 2001; Angelini et al., 2004, 2005; Falugi et al.,
2008), embryonic development, in temporal and spatial windows
related to differentiation and cell migration (Drews, 1975; Fluck
et al., 1980; Falugi, 1993).

In addition, AChE can function as a regulator of inflamed
tissues thanks to its role of support to apoptosis (Zhang et al.,
2002; Zhu et al., 2008) which is the main objective of anti-tumor
therapies.

The previously listed functions can be considered pre-nervous
because they are based upon the catalytic effect of AChE
enzyme on ACh and consequently on the ionic modulation
of ACh receptors. On the contrary, the role played by AChE

substances on the environmental and human health.
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in cell adhesion (reported by Inkson et al., 2004; Bigbee and
Sharma, 2004; for human and mammalian cultured cells) and
in cell migration, including the elongation of axons toward
their target (Giordano et al., 2007) is not exerted through
acetylcholine cleavage. Instead, these effects are due to cell-
to cell and cell-matrix interactions, through the affinity of
membrane-bound AChE molecules to laminin-1, identified pre-
viously as an in vitro AChE ligand and, to a lesser extent,
to collagen IV and to AChE itself (Johnson and Moore,
2007).

Nevertheless, the possible role of the cholinergic system
in non-nervous cell-to-cell communication is still controver-
sial. In this review, we will follow the history of cholinergic-
related molecules in non-nervous and pre-nervous struc-
tures, and will outline the possible relationships between
the exposure to cholinesterase inhibitors and developmental
anomalies.

THE CHOLINERGIC SIGNALING SYSTEM

The cholinergic cell-to-cell communication is performed
by a coordinated set of molecules, formed by the signal
molecule, acetylcholine (ACh) and its muscarinic and nicotinic
receptors, its biosynthetic enzyme, choline-acetyltransferase
(ChAT, E.C. 2.3.1.6), the specific ACh lytic enzyme, acetyl-
cholinesterase (AChE, E.C. 3.1.1.7), and other less specific
choline esterases: butyryl-cholinesterase (BChE, E.C. 3.1.1.8)
and propionyl-cholinesterase (PChE, E.C. 3.1.1.8), together
called pseudocholinesterases (ChE). These are able to cleave
ACh (acetylthiocholine iodide) at a minor rate compared to
their specific substrates, butyrylthiocholine iodide (BTChI) and
propionylthiocholine iodide (PTChI). In the past 20 years their
role of implementing or substituting the tasks of AChE when its
activity is impaired by inhibitors has been researched (Robitzki
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et al., 1998; Geyer et al., 2008; Pezzementi and Chatonnet, 2010).
Actually, the pseudo-cholinesterase activities increase in case
of stress due to the exposure to cholinomimetic drugs during
chick development (Angelini et al., 1998; Aluigi et al., 2005)
or to cholinesterase inhibitors in cultured cells possibly as a
homeostatic response to AChE activity failure.

In most marine invertebrates, and/or in some tissues of marine
invertebrates, PChE activity is preeminent compared to the others
(see Figure 13). Actually, AChE and BChE are thought to be the
result of a gene duplication event early in vertebrate evolution,
soon after the appearance of gnatostomes (Massoulié et al., 1993;
Pezzementi et al., 2011).

ACETYLCHOLINESTERASE AS A MODULATOR OF THE CHOLINERGIC
COMMUNICATION SYSTEM

The enzyme AChE removes ACh from the receptors, in order
to make them able to respond to the following impulses. AChE
inhibition, such as the one caused by exposure to nerve weapons
or to neurotoxic pesticides, would prevent ACh receptors res-
cue and cause enormous damages, blocking all the functions
depending from ACh reception. The magnitude of the effect is
due to the amount of blocked receptors, which depends on the
body mass of the target organisms. In general, the impairing of
AChE activity may generate in specific animal models the increase
of central cholinergic tone, inducing the behavioral analogy of
depression (Sklan et al., 2004). This implies a correlation between
the correct functioning of AChE and human health, including
neurodegenerative diseases.

NON-NEUROMUSCULAR ROLES OF THE MOLECULES
RELATED TO THE CHOLINERGIC SYSTEM

In the first half of the last century, Youngstrom (1938) reported
the presence of the enzyme activity in the embryos of three
amphibian species long before the onset of the nervous system.
In these cases, ChE activity increases since the 2—4 stage cells up
to the beginning of tadpole motility. In Ambystoma punctatum,
Sawyer (1943) observed the same behavior.

Whittaker et al. (1977) found cholinesterase since the first
cleavage in the cells of the muscular genealogy of ascidian
embryos. As the ascidian embryos develop according to the
mosaic type, such localization has to be considered as a case
of chemical differentiation preceding the structural one, rather
than a pre-nervous activity, that generally is involved in instruc-
tive cell to-cell communication. On the contrary, the epithelial
localization of AChE activity in the ascidian embryo and larva,
reported by Minganti and Falugi (1980) should be considered an
ancestral neuromuscular-like activity, because it is involved in the
shrinkage of the tail epithelial cells during metamorphosis, and is
enhanced by acetylcholine exposure (Coniglio et al., 1998).

A number of research groups found active ChE localized in
extra-neuromuscular sites of different animal embryos, includ-
ing invertebrate (Drews, 1975), and vertebrate embryos (Drews,
1975; Fluck et al., 1980; Minganti and Falugi, 1980; Minganti
etal,, 1981), and in developing buds of vegetal organisms (Raineri
and Modenesi, 1986, 1988). They suggested that this AChE
activity might be related to “embryonic” functions: cell migra-
tion (Drews, 1975) and cell-to-cell communication related to

positional information exchange, such as the one between api-
cal ectodermal ridge (AER) and mesenchyme during the limb
development (Drews, 1975; Falugi and Raineri, 1985). In the limb
bud, active AChE diffuses from the AER to the underlying mes-
enchyme, with focal points in the pre-cartilage cell clusters, and
disappears in the core of early cartilage nodules (Figure 1).

ChE ACTIVITY IN DEVELOPMENTAL EVENTS
All the instructive signaling in developmental events is mediated
by cell-to-cell communication: in particular, molecules related to
neurotransmitter systems play a relevant role in modulating mes-
sages mediated by ion fluxes or ion intracellular changes. Buznikov
and colleagues (Buznikov et al., 1972, 1996; Buznikov, 1980, 1990;
Buznikov and Shmukler, 1981; Buznikov et al., 2001) detailed the
history of classic neurotransmitter involvement (biogenic amines,
acetylcholine, nitric oxide, and GABA) in early developmental
events from fertilization and segmentation to organogenesis of
highly specialized structures (Buznikov, 1990; Buznikov et al.,
1996). They found evidence that developmental changes in this
functional activity are involved from the stage of maturing oocytes
through neuronal differentiation. This scheme reflects not only the
spatial-temporal sequence of these changes, but also the genesis
of neurotransmitter functions, from “protosynapses” represented
by interacting gametes and cleaving embryos to the development
of specialized synapses belonging to the neuromuscular system.
Professor Minganti’s group (Minganti et al., 1975, 1981;
Minganti and Falugi, 1980) advanced the hypothesis that the
embryonic localization of ChE activities might be related to its
role in the modulation of intracellular dynamics responsible for
cell-to-cell communication. These assumptions were confirmed
by experiments on a number of models, including chordates and
high vertebrates (Minganti et al., 1981). The demonstration of
these functions was achieved only years later using ChE inhibi-
tion bioassays, either with specific inhibitors such as BW284c51,
iso-OMPA, and physostigmine, (Sigma, IT), or with organophos-
phate and carbamate anti-ChE compounds. In all the biological
systems investigated, including human stem cells, AChE and
BChE activities were found to perform different tasks. BChE
is involved in the regulation of cell proliferation, while AChE
is involved in cell differentiation (Sperling et al., 2008). This
is characterized by decreased proliferation and increased cell
death. ChE inhibitors also cause changes in intracellular cal-
cium concentration and calcium-related membrane permeability
as demonstrated by chlortetracycline (CTC) and merocyanine
potentiometric dyes (Aluigi et al., 2010). Electrical events were
always present in the cells and tissues characterized by the pres-
ence of AChE and/or ChE activities, and were always affected by
either AChE inhibitors or cholinomimetic agents.

THE SPATIAL-TEMPORAL WINDOWS

The distribution of active ChE molecules occurs from fertiliza-
tion, cleavages, gastrulation, etc., according to successive tem-
poral windows, and in different expression fields, whenever
and wherever cell-to-cell interaction takes place. The fields of
expression of these molecules are more and more restricted as
development proceeds, and in differentiated structures are only
expressed in the “mature” neurotransmission sites.
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FIGURE 1 | Karnovsky and Roots 81964 reaction, showing AChE
activity by a dark precipitation. (A) Forty-eight hours stage, longitudinal
section, 15 wm thick; (B) AER, same stage; (C) Seventy-two hours stage,
showing that from the AER and dorsal ectoderm AChE activity is diffused to
focal point where the pre-cartilage cells begin to differentiate (D);

(E) Pre-cartilage mesenchyme condensation; (F) Five days stage,

no AChE activity is present inside the cartilage core. (G,H) BChE

activity in pre-cartilage buds. a, AER; bl, basal layer; C, cartilage; cm,
cartilage matrix; d, dorsal; e, ectoderm; m, mesenchyme [from Falugi and
Raineri (1985)].

Sperm-egg interaction

In gametes, the presence and localization of AChE activity was
investigated by several researchers. In sperms a number of cholin-
ergic molecules and receptors were localized in sites which suggest
their involvement in the regulation of propulsion and fertilizing
ability. Nelson (Nelson, 1964, 1978; Nelson et al., 1970) related
the localization in the flagellum to the regulation of sperm motil-
ity. In fact, sperms present ChE activity (AChE) at the surface of
the acrosome, in flagella (Chakraborty and Nelson, 1976; Cariello
et al., 1986) and in the neck region. In addition, a high num-
ber of reports showing bioassays with AChE and ChE inhibitors
shed light on the relevant function of ChEs in sperm swimming
and fertilizing ability (Perry, 2008; Okamura et al., 2009), includ-
ing epidemiological studies in humans professionally exposed to
pesticides (Yucra et al., 2008).

Concerning ovogenesis, AChE activity has been localized in
ovogonia at different maturation stages in several animal species:
in sea urchins (Figure 2A), ascidians (Cangialosi et al., 2006),
copepods etc. The AChE protein was localized around the nuclei
in early maturation stages and close to the oocyte surface
(Figure 2A). In the same sites AChE activity was localized by elec-
tron microscopy in the perinuclear cistern, in the Golgi vesicles
and, at maturation, in vesicles close to the surface, (Figure 2B)
including the cortical granules (Falugi et al., 1993). This active
AChE is important as it cooperates to prevent polyspermy. In
fact, activated sperms release the acrosomal granule (Figure 4A)
in order to pass through the egg envelope, and expose the post-
acrosomal membrane, containing ChAT (Figure 4B, Angelini
et al., 2004). This causes the synthesis of ACh that binds to
the nicotinic receptors in the egg membrane (characterized by

Ivonnet and Chambers, 1997). The small Na™ entrance caused
by the excitation of nicotinic AChR produces a small membrane
depolarization (described by Epel, 1980), that causes membrane
permissivity to the sperm-egg fusion. If it is maintained by expo-
sure to eserine or to nicotine (Baker and Presley, 1971; Angelini
et al., 2004), such low depolarization allows polyspermy.

In this moment AChE, that has been synthesized in great
amount and stored inside the cortical granules and other mem-
branous vesicles (Figures 3A—C), is released into the perivitelline
space (Figure4C), where it cooperates with the fast block to
polyspermy, by immediately removing ACh from its receptors
localized in the oolemma. After the release of the cortical gran-
ules, AChE activity is present for a short time at the membrane of
the fertilization cone (Figures 3D-F).

Early embryonic development and differentiative events

In differentiating stem cells, such as NT2 and pre-adipocytes
(Aluigi et al., 2010, 2009), the presence of AChE molecules around
the nuclei and in the cytoplasm was shown since the stage 0
by immunohistochemical methods and was confirmed by the
presence of specific mRNA. The ChE activity was differently dis-
tributed, showing that part of the AChE molecules present in
the cells are not active and other ChE active molecules non-
immunoreactive to the AChE specific antibody are present in the
cytoplasm (Figures 5E,F).

During segmentation, ChE activity is localized at the sur-
face of blastomeres facing each-other (Figures 5A,B). This also
appears to be true for the NT2 cultured cells in the proliferative
stage (Figures 5C,D). At these early stages (cleavage divisions)
Buznikov and Shmukler (1978) and Shmukler (1981, 1993)

Frontiers in Molecular Neuroscience

www.frontiersin.org

April 2012 | Volume 5 | Article 54 | 3


http://www.frontiersin.org/Molecular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Neuroscience/archive

Falugi and Aluigi

Non-neuromuscular cholinesterases

FIGURE 2 | (A) AChE-positive vesicles in sea urchin ovarian eggs. 5pm
section, antibody anti AChE (Sigma, IT); bar equals 20 um. (B) Electron
microscopy image, showing AChE activity localized in cortical vesicles and
granules in unfertilized eggs (x20.000).

reported the presence of a serotoninergic cell-to-cell dialogue
between blastomeres and put it in correlation with a pre-nervous
membrane signal reception. This suggests a cooperation between
prenervous transmitter mechanisms similar to nervous ones in
establishing a precocious positional information. Shmukler et al.
(1981) also reported a time-dependent passage of positional
information: if separated soon after cleavage, the majority of blas-
tomeres remain totipotential, if separated little bit later (about
10 min after blastomere post-division adhesion), the blastomeres
further develop with partial cleavage pattern.

A wide expression of acetylcholinesterase is found during
gastrulation of invertebrate and vertebrate embryos except crus-
taceans, round worms and insects, probably because the mosaic
development of these organisms does not need informational
inputs. In vertebrates the Hensen’s node and the consequent
chord-mesoderm present intense AChE activity since their first
organization (Figure 6A).

The successive AChE localization is found in the somites and
in the rhombomeres, and is a precursor of the real neural func-
tion of the enzyme. From the whole bodies of metameric somites,
AChE activity is progressively restricted to the myotomes. In the
dorsal chord AChE remains active for a long time, extending to
the neural floor plate long after the neural tube closure.

At this stage, an intense exchange of inductive messages is
still present between the dorsal chord and the floor plate. These

FIGURE 3 | (A) AChE reaction is localized in membranous granules at the
periphery of the egg cell. (B) Higher magnification of the cortical layer,
corresponding to the rectangular area in A. The arrows point to some of the
positive granules. (C) TEM image of the same granules. The AChE reaction
(dark staining) is reduced to the surface of the fertilization cone after
fertilization. (D,E,F) The arrows show the point of sperm entry. Bars equal
50 um. f, fertilization cone.

messages have a crucial role in building the neural tube architec-
ture, as demonstrated by Placzek et al. (1993) by transplantation
experiments. The localization of AChE activity in these interact-
ing structures is shown in Figures 6B,C. During organogenesis
the enzyme activity is localized in the head, heart, and limbs and,
later, in the feather buds of the dorsal skin (Figure 7).

Cell migration
Drews (1975) first reported the presence of AChE activity in
migrating cells of sea urchin, amphibian, and chick embryos dur-
ing the gastrulation events. The same localization was reported by
(Fluck et al., 1980; Fluck and Shih, 1981) in Oryzias latipes meso-
derm cell cultures. After these discoveries, the presence of AChE
activity is considered as a good marker of migrating neural crest
cells (Le Douarin, 1986) and of poly ingressing epiblast cells dur-
ing gastrulation (Weinberger et al., 1984). The exposure to ChE
inhibitors, such as eserine, was able to impair the movement of
these structures, affecting skeletal rods elongation in sea urchin
(Ohta et al., 2009) and causing the formation of cardia bifida in
vertebrate embryos (Figure 8).

The functional mechanism of AChE in cell movement can
be explained by the fact that AChE contains affinity sites to
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FIGURE 4 | (A,B) ChAT activity in the sperm acrosome (immunogold),
electron microscopy images (Angelini et al., 2004; original images (A) bar =
0.5um; (B) x20,000): (C) The arrows show some of the AChE-positive
cortical granules exocytosized into the perivitelline space at fertilization
(x20,000). OsO4 was not used for fixation, in order to maintain the activity
of AChE.

cell membrane or to matrix components, such as laminin and
fibronectin (Bigbee and Sharma, 2004; Anderson et al., 2008).
ChE molecules might directly interact with fibronectin, that is
localized (Figure 9B) in the migration pathways during morpho-
genetic movements of both invertebrate and vertebrate embryos.
The link between AChE (Figure 9A) and matrix components in
these structures might be exerted through association with struc-
tural proteins, such as ColQ or PRIMA (described by Massoulié
et al., 2008; Liang et al., 2009).

CELLULAR EVENTS PRESENTING PRE-NERVOUS AChE ACTIVITY
Inflammation and balance between apoptosis/cell proliferation
Recently, inflamed cells and tissues were found to present a greater
amount of ACh, (Wessler and Kirkpatrick, 2008), accompanied by

FIGURE 5 | (A,B) ChE localization at the membranes and perinuclear
envelopes in sea urchin early embryos. (C,D) Show the similar aspect in
cultured N-TERA2-D1 (teratocarcinoma cells), native (C) and activated by
retinoic acid exposure (D). /n toto staining, Karnovsky and Roots (1964)
with modified fixation; (E) Immunoreactivity to mammalian AChE antibody
shows perinuclear localization of the protein, (D) AChE activity is present
around the nuclei and at the periphery of the cells (arrow). Bars equal

50 wm (A-D) and 12 um (E,F).

AChE expression (de Oliveira et al., 2012) and activity, compared
to the healthy ones. A similar increase of AChE activity was found
in wound healing tissues (Falugi et al., 1994). The ACh activ-
ity enhancement is known to trigger cell proliferation and block
apoptosis, by the activation of nicotinic and muscarinic receptors
(Thunnissen, 2009). The homeostatic increase of AChE, on the
contrary, was demonstrated to increase apoptosis (Zhang et al.,
2002; Mor et al., 2008b). For this reason, AChE activity seems
to be a check point between proliferation (and possibly cancer
promotion) and apotosis in inflamed tissues.

In cultured cells, cDNA microarray studies showed that the
most statistically significant pathways affected by AChE inhibi-
tion were related to cellular death and cell proliferation (Catalano,
2007). Aluigi et al. (2010) supplied evidence that AChE inhi-
bition may affect the balance between cell differentiation and
proliferation of NTera2-D1 (NT2) cells in a dose-dependent way,
from the early stages of differentiation, both in control and in
retinoic acid exposed cells. NT2 cells showed a time-dependent
increase of cell death, caused by exposure to AChE inhibitors,
showing a number of features characteristic of apoptosis, includ-
ing membrane and mitochondrial potential changes and caspase
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FIGURE 6 | AChE activity (arrows) (Karnovsky and Roots, 1964) in the
Hensen’s node of a 24 h chick embryo (A), and in the chord and neural
floor plate (empty arrow) along further development (B,C). fp, loor
plate; ch, chord. Bars equal 100 um.

FIGURE 7 | In toto dorsal skin of a 6 day chick embryo. The dark staining
reveals AChE activity by the Karnovsky and Roots (1964) method. Bar
equals 100 pm.

cascade activation. Since the NT2 cells possess acetylcholine
receptors, the regulatory pathway on apoptosis may be exerted
by AChE through the modulation of ACh present at the recep-
torial sites. In this case, the role of AChE should be considered
as a pre-nervous, or even nervous activity, as it is related to
the cleavage of ACh, and to the consequent effect on nicotinic
receptors.

FIGURE 8 | ChE inhibition in 48 h chick embryos, exposed to 10~5 M
diazinon prevents anterior closure of the heart (the head is not
developed) (A). Control at the same incubation stage (B). Bars equal
200 pwm.

CHOLINESTERASE ACTIVITY INHIBITION

Most of the information about the functions of ChE molecules
in development has been achieved through bioassays carried out
using anti-ChE molecules, such as BW 284c51, physostigmine
(eserine), tetraisopropyl pyrophosphoramide (Iso-OMPA), etc.
In addition, a huge amount of information has been obtained
from exposure to organophosphate (OP) and carbamate (CB)
insecticides. These experiments were performed on the basis of
applied research, with the aim to understand their impact on
environmental and human health. While BW284c51 and iso-
OMPA are inhibitors discriminating between AChE and BChE,
the neurotoxic pesticides are less specific.

OP is the general name for the esters of phosphoric acid. These
are the basis of a number of pesticides and insecticides used
worldwide and poured into the environment in the amount of
thousands tons every season. The OP compounds were actively
studied during the Second World War as nerve agents to be
used as weapons, and after the ban of DDT and other chlorine
derivatives were widely marketed as neurotoxic insecticides (see
Karczmar, 1970, for a thorough review).

These compounds and their formulate derivatives are used for
a wide range of aims: from insect to small vertebrate pest con-
trol, at concentrations proportional to the body mass of the target
organisms.

The OPs can affect the activity of all the ChE molecules,
including true AChE and pseudocholinesterases, but not their
expression, as it is demonstrated in Figure 10.

In blood the effects of such compounds may last a long time,
because the AChE activity may be inhibited up to several months,
as it was demonstrated in the case report (Romero et al., 1989)
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FIGURE 9 | Distribution of AChE activity (A) and fibronectin-like
molecules (B). AChE activity is revealed by dark staining, (Karnovsky and
Roots, 1964); Fibronectin is revealed by immunofluorescent reaction. Resin
sections, 5um; nc, neural crest. Bar equals 100 pm.

resulted by monitoring a group of exposed farmers. In that case,
pesticides were also able to pass through the placental barrier of a
pregnant woman, causing embryonic anomalies.

The same aspect is revealed in human NT2 cells exposed to
10~* M pesticides (Figure 11):

Moreover, the toxic potential varies considerably among
the different pesticides, as demonstrated by Zoltan Rakonczay
(SENS-PESTI report, 2006), and their effect is different among
different organisms and also among different tissues. Rakonczay
and Papp (2001) found that after an acute (4 h) treatment with an
irreversible cholinesterase OP inhibitor, metrifonate, the activities
of both AChE and BChE were inhibited in the rat brain cortex and
hippocampus, while no significant changes were present in the
other parts of the brain, such as olfactory bulb, or in the choline
acetyltransferase activity in all three brain areas.

AM EE K 1 2 3 4 5
[ 5 -
B.«‘
— P e = ~w PR e
& L P

P N W e -
o RN - .

FIGURE 10 | Blood lymphocytes and monocytes isolated from
buffycoats of different donors. (A) Electrophoretic revelation of ChE
activity, by the Karnovsky and Roots (1964) method; (B) AChE
immunoreactive molecules (M = 82 kDa). These are present in all the
lanes, but inactive in the 3, 4, 5 lanes. (C) CDF/LIF (M = ~27-30 kDa), the
cholinergic differentiation factor expression also seems scarcely affected.
M, molecular mass; EE, 15 units of electric eel AChE; K, control; 1, BW
10~4 M; 2, iso-Ompa 10~4 M; 3, chlorpyriphos 10~ M; 4, chlorpyrifos oxon
10~5 M; 5, carbaryl 1075 M.

A
% AChE activity in NT2 cells exposed
to pesticides respect to controls
(considered 100%)
120,00
100,00
80,00
60,00
40,00
20,00 D
0,00 !
control DZN  CPF  PHE  MAL
B
C

FIGURE 11 | NT2 cells exposed to 10~ M inhibitors. (A) Changes in
AChE activity; (B) Corresponding AChE mRNA (538 bp) amounts; (C) Actin
expression (259 bp). DZN, diazinon; CPF, chlorpyrifos; PHE, phenthion;
MAL, malathion.

DEVELOPMENTAL OP TOXICITY TARGETS

Reproductive (Nelson, 1990) and developmental facts (Chanda
and Pope, 1996; Aluigi et al., 2005, 2008, 2010) were demon-
strated by maternal, embryonic or differentiating cells exposure
to OP pesticides. The effects were dose-dependent as shown
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by in vitro fertilization and morulae formation experiments
(Ducolomb et al., 2009).

The developmental anomalies occurring after exposure to
cholinergic drugs generally regard tissues and organs where, in
normal conditions, AChE activity is mainly localized. Thus, the
main effects of exposure to AChE activity inhibitors are related to
three classes of developmental events:

1. During gamete maturation, activation and interaction
(Angelini et al., 2004, 2005).

2. During the early development of invertebrate and vertebrate
embryos. In this case cholinergic molecules are located mainly
in moving cells and tissues engaged in relevant morphogenetic
events, such as gastrulation, and are often co-distributed with
special extra-cellular matrix molecules such as fibronectin
(Aluigi et al., 2005) and laminin (Johnson et al., 2008).

3. During inductive communications between mesenchyme and
other tissues, such as the limb bud development (Falugi and
Raineri, 1985), eye and heart formation (Aluigi et al., 2005),
neural floorplate induction, etc. By use of different animal
models, at different developmental stages, it was demonstrated
that neurotoxic insecticides (diazinon, carbaryl, pyrimicarb,
and their commercial formulates), may affect calcium dynam-
ics since fertilization events (Pesando et al., 2003) and during
embryo and larval development.

By diazinon exposure of sea urchin early embryos, evidence was
provided that cytoplasmic dynamics were perturbed in a dose-
dependent way, thus affecting the endonuclear delivery of the
OTX2 protein. This may be due to altered calcium dynamics,
which in turn alter cytoskeleton dynamics: the asters, in fact,
appeared strongly positive to the OTX2 immunoreaction (Aluigi
et al., 2008). Pesando et al. (2003) also showed that, during
sea urchin development, the treatment with organophosphates
decreased the rate of early mitotic cycles and affected nuclear and
cytoskeleton status as well as DNA synthesis.

EFFECT OF ChE INHIBITORS ON GAMETOGENESIS AND FERTILIZATION
Most of the information about the effects of OPs on reproduc-
tive success has been obtained in countries where the socio-
economic engine is based on agriculture (Contreras et al., 2006).
Exposure to these inhibitors caused a significant decrease of
sperm count and increase in teratozoospermia (Bustos-Obregon
and Gonzdlez-Hormazabal, 2003). Only a few reports are avail-
able in the literature about the effect of cholinesterase activity
inhibition on gametogenesis, but recently neurotoxic pesticides
have been recognized as emerging endocrine disrupters (Canesi
et al., 2011). In porcine in vitro models of ovogenesis and fer-
tilization, exposure to two organophosphotionate compounds
(diazinon and malathion) caused greater effects than classical
endocrine disrupters, such as atrazine and fenoxa-propethyl. The
insecticides affected viability and, by a major degree, maturation
by blocking the oocytes at the germinal vesicle stage (Casas et al.,
2010).

In this case, the activity of the OP compounds seems to be
due to the lipofilicity of the molecules that are able to pass
through the cell membrane and behave at the same way as steroid

FIGURE 12 | Sea urchin gastrulae exposed to diazinon during
fertilization. Arrows point to PMCs. Upper rows: WGA affinity sites for
primary mesenchime cells (PMC). (B,C) 10~* M diazinon; (E-G) 10~° M,
10~4; 103 M diazinon. (A,D) controls (Pesando et al., 2003). (H,I) OTX2
immunoreactivity in control (H) and exposed to 10~° M diazinon (1) larva
(Aluigi et al., 2008). Sk, skeletal rod; bar = 10 wm; (C,H,1) bar = 50 pm.

hormones, thus addressing the same mechanisms of the classi-
cal endocrine disrupters. In addition, OP-induced stress evoked
a mutated AChE form, the AChE-R that was demonstrated to be
involved in sperm motility regulation (Mor et al., 2008a,b).

In sea urchin gastrulation, the exposure to OPs, CBs, and
AChE inhibitors, such as BW284c51, slowed movement of the
primary mesenchyme cells (PMCs, Figures 12A-G) causing the
formation of apparently diblastic gastrulae (Aluigi et al., 2008;
Figure 12I), more flattened as compared to control embryos
(Figure 12H). These experiments showed that AChE is also
involved in the control of regulatory proteins delivery into the
nucleus, thus affecting key genes expression (such as OTX2),
which is linked to the cytoskeletal dynamics (in turn regulated
by calcium).

Body patterning

Anti-cholinesterase insecticides, widely used for agricultural pur-
poses, mainly affect the cholinergic system by inhibition of
cholinesterase activities and muscarinic receptors (Hayes and
Laws, 1991; Mineau, 1991). These have been thoroughly stud-
ied by a number of researchers using the early development
of the Mediterranean sea urchin Paracentrotus lividus as a
model (Pesando et al., 2003). For the morphological effects on
fertilization and first cleavages, the effective concentration of
the organophosphate diazinon was found to be 10~* M, while
for further stages concentrations between 107> M and 10~/ M
were effective. The 1073 M concentration arrested development.
Moreover, during embryonic development, the treatment with
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organophosphates slowed the rate of early mitotic cycles, affected
nuclear and cytoskeleton status as well as DNA synthesis (Pesando
et al., 2003).

These results paved the way to new hypotheses: Buznikov
et al. (2007) affirmed that sea urchins and generally lower organ-
isms show promise for the screening of neurotoxicants that
might target mammalian brain development, based on the use
of neurotransmitters as embryonic growth regulatory signals.
The Authors compared the effects of the organophosphate insec-
ticide, chlorpyrifos, in sea urchin embryos with those of the
monoamine depleter, reserpine. They also stated the fact that
chlorpyrifos works simultaneously through actions on acetyl-
choline, monoamines and other neurotransmitter pathways.
Membrane permeable cholinomimetic substances and cannabi-
noids prevented chlorpyrifos- or reserpine-induced teratogenesis.
In this way, the Authors envisaged the possibility to propose
both a screening procedure for mammalian neuro teratogenesis
and therapeutic approaches to prevent teratogenesis mediated by
exposure to chemicals.

Electromagnetic fields

Different experiments showed that electromagnetic fields can
affect the speed of cell proliferation, enhancing development of
sea urchin early embryos and larvae (Falugi et al., 1987) as well
as alter the symmetry of blastomeres (Ravera et al., 2006). These
last authors found that exposure of fertilized eggs of the sea
urchin Paracentrotus lividus to an electromagnetic field of 75-Hz
frequency and low amplitudes (from 0.75 to 2.20 mT of mag-
netic component) caused asynchronous development since the
first cell cycle and anomalous embryos showing irregular sep-
aration of chromatids during the mitotic events. At the same
time, this exposure was also able to impair AChE activity in uni-
cellular organisms (Amaroli et al., 2005) and in particular the
one of the PRIMA form, which is linked to the cell membranes.
The enzymatic activity was assayed by Ravera et al. (2006) in
sea urchin embryo homogenates and decreased by 48% when
the homogenates were exposed to the same pulsed field, with a
threshold of 0.75 4= 0.01 mT. The same field threshold was able to
cause the formation of anomalous embryos of P. lividus. Blockers
of ACh receptors are able to antagonize those effects. The rela-
tionships between the effects of EM fields and the cholinergic
system seems to be reliable, but it is still rather puzzling, because
also other membrane-bound enzymes, such as phosphatases, are
strongly impaired by this kind of electromagnetic fields.

Non-cholinergic stressors

Damage from a number of environmental stressors, causing
stress-related electrical potential in cells, was followed by dose-
dependent changes in AChE activity. The example reported below
(Figure 13) shows the effect of 107 g/L. nanoparticles on the
coelomocytes of sea urchins exposed for 5 days. PChE was the
most affected activity, because in sea urchin coelomocytes it is
the preeminent one.

MOLECULAR FORMS OF THE NON-NEUROMUSCULAR ChEs

In the non-neuromuscular fragile cells, such as protists, very early
embryos and cnidarians, ChE activity was completely inhibited

0,300 +
3
0,250 +
0,200 + OPChE
OAChE
0,150 +
WBChE
0,100 +
0,050 + |—|1-
0,000 T |—I:- T T T
ctl Ce02 Fe304 Sn02
FIGURE 13 | Cholinesterase inhibition by exposure to 10-° mg/L
metallic nanopowders (from: Falugi et al., 2012). Ctl, control; CeO2,
CeO,; Fe304, Fe304; SN0O2, Sn0O5,. Y axis, enzyme activity units.

by the routinely used fixation by alcohol 80, suggested by the
protocols running during the 1970s. Following the observation
that paraformaldehyde vapors were able to fix protozoans and
ascidian embryos preserving the enzyme activity, a modified
“gentle” fixation procedure was suggested for the histochemi-
cal detection of the “embryonic” AChE activity (Minganti et al.,
1981). Using this method, the pre-nervous AChE activity was
widely localized in the presumptive differentiating areas, becom-
ing more and more restricted to the differentiated neuromuscular
sites, where the activity was strong and resistant to usual fixa-
tives. Minganti and Falugi (1980) advanced the hypothesis that
these “embryonic” ChE enzymes were represented by smaller and
less active forms than the mature ones, present at synapses. The
hypothesis of Minganti et al. (1981) was that the slow cell-to-cell
communications taking place during development do not need
the high speed and consequently the high differentiation needed
at synapses.

ChEs are present with multiple isoforms formed by monomer
and olygomer subunits displaying catalytic activity, with rela-
tively low molecular weight. These are assembled forming more
heavy complex polymeres, with either globular or asymmetrical
shapes (Massoulié et al., 1993). The most specialized polymeres
of AChE are present at synapses, where they exert their mature
function, characterized by speed and efficiency. The catalytic
activity of the molecular forms seems to depend on the size:
according to the parameter of thermolability used by Edwards
and Brimijoin (1983) the most thermolabile molecular form in
a number of examined tissues was represented by the monomeric
4 S enzyme.

More recently, the group of scientists lead by Hermona Soreq
(Mor et al.,, 2008a,b) reported a further complexity in the pos-
sible AChE molecular forms, comprising a mutated type of
AChE, the AChE-R, which is expressed in organisms and tis-
sues exposed to different stress kinds. In addition, the scientists
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underline the role of microRNAs in post-transcriptional selective
splicing of the molecules, which pave the way to understanding
the multifunctional role of AChE and BChE both in development
and in stress scenarios (Shaked et al., 2009; Meerson et al., 2010;
Hanin and Soreq, 2011; Barbash and Soreq, 2012), including
inflammation and apoptosis. These findings are very interest-
ing, because alternative splicing is a relevant tool for the control
of early development, allowing the creation of stage-dependent
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