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ABSTRACT

Botulinum neurotoxins (BoNTs) are highly potent toxins responsible for a severe
disease, called botulism. They are also efficient therapeutic tools with an increasing number
of indications ranging from neuromuscular dysfunction to hypersecretion syndrome, pain
release, depression as well as cosmetic application. BoONTs are known to mainly target motor-
neuron endings and to induce flaccid paralysis. BoNTs recognize a specific double receptor
on neuronal cells consisting of gangliosides and synaptic vesicle protein, SV2 or
synaptotagmin. Using cultured neuronal cells, BoNTs have been established blocking the
release of a wide variety of neurotransmitters. However, BoNTs are more potent in motor-
neurons than in the other neuronal cell types. In in vivo models, BoNT/A impairs the
cholinergic neuronal transmission at the motor-neurons but also at neurons controlling
secretions and smooth muscle neurons, and blocks several neuronal pathways including
excitatory, inhibitory, and sensitive neurons. However, only a few reports investigated the
neuronal selectivity of BoNTs in vivo. In the intestinal wall, BONT/A and BoNT/B target
mainly the cholinergic neurons and to a lower extent the other non-cholinergic neurons
including serotonergic, glutamatergic, GABAergic, and VIP-neurons. The in vivo effects
induced by BoNTs on the non-cholinergic neurons remain to be precisely investigated. We

report here a literature review of the neuronal selectivity of BoNTs.
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1. INTRODUCTION

Botulinum neurotoxins (BoNTs) are the most potent toxins among all bacteria, animal
and plant toxins. Although they can block secretion process in a variety of cells, they have
been called neurotoxins since at very low concentration they specifically interact with
neuronal cells thereby inducing a blockade of neurotransmitter release. BoONTs are responsible
for botulism in humans and other vertebrates. This disease is characterized by symptoms and
manifestations due to decreased neurotransmission in the peripheral nervous system leading
to flaccid paralysis, denoting attack of somatic nervous system, and to mild dysautonomia and
constipation indicating alteration of the autonomic nervous system including its enteric part.
The extremely high in vivo toxicity of BoNTs (0.2-1 ng/kg body weight by parenteral route)
results from a unique cascade of sequential steps leading to cumulative effects. The latter
include trafficking from the intestinal tract to neuronal cells, recognition of specific neuronal
cell receptors, receptor-mediated endocytosis followed by translocation into the cytosol of
their catalytic domain (light L chain) that is a protease, and cleavage of SNARE proteins
resulting in decreased neurotransmitter exocytosis at the nerve endings of the peripheral
nervous system. Hence, partial blockade of acetylcholine release at neuromuscular junctions
is sufficient to weaken respiratory and pharyngeal muscles so that respiratory insufficiency
and asphyxia ensue (Poulain and Popoff, 2019). Given their extreme potency, BoNTs are
considered among the most potent agents at risk of bioterrorism and are classified as a
category A biothreat agent by the United States Centers of Disease Control and Prevention
(Arnon et al., 2001; Smith, 2006). However, albeit several attempts of BONT preparations as
bioweapon such as in the first war in Iraq (Smith, 2006), no deleterious bioterrorism action
has been reported. But, since the 1980’s, and the pioneer studies from Alan Scott (Scott,
1981), type A and at a lesser extent B toxins have been widely used as therapeutic agents. The
number of approved indications for them is growing and pertains to different medical
domains as physical and rehabilitation medicine, neurology, ophtalmology, urology, pain
medicine or aesthetic (Jankovic, 2017; Pirazzini and Rossetto, 2017; Pirazzini et al., 2017).
All these indications exploit the very high selectivity of action of BoNT for neuronal cells.

Therefore, this review focuses on their exquisite neuronal selectivity.

2.  Botulinum neurotoxins, diversity and structure
On the basis of neutralization of the biological effects with specific antisera, notably
using the mouse bioassay, BoNTs have been divided into 7 toxinotypes (A to G). Each type-

specific antiserum only neutralizes the corresponding toxinotype. Since 20 years, progress in



bacterial genome sequencing has revealed an amazing number of BoNT types and subtypes.
A 8" toxinotype called H (or F/A or H/A) was identified in a bivalent C. botulinum strain
isolated from an infant botulism case producing BoNT/B2 and BoNT/H (Barash and Arnon,
2014; Dover et al., 2014). This novel BoNT type was claimed to be not neutralizing with already
known anti-BoNT sera justifying its assignment to a novel type (Barash and Arnon, 2014). However,
BoNT/H can be neutralized by anti-BoNT/A antibodies albeit to a 16-fold higher antibody
concentration than that required for BoNT/A neutralization (Pellett et al., 2016). More recently,
genome analysis allowed to describe novel BoNT sequences in clostridial and non-clostridial species.
Thereby, BoNT/X was identified in C. botulinum type B strain 111 that also produces BoNT/B2.
BoNT/X shares a low level of sequence identity with the other BoNT types and it is not recognized by
the antibodies against the previous BoNT types (Zhang et al., 2017b). BoNT related sequences have
been also identified in non-clostridial species such as Weisella oryzae (BoNT/Wo or BoNT/I)
from fermented rice (Zornetta et al., 2016), an Enterococcus faecalis strain (BoNT/J, or
BoNT/En, or eBoNT/J) isolated from a cow (Brunt et al., 2018; Zhang et al., 2018), and
Chryseobacterium piperi (Cpl) from sediment (Mansfield et al., 2019; Wentz et al., 2017).
More recently, the first BONT specific of an invertebrate species has been characterized. A
Paraclostridium bifermentans subsp Malaysia strain has been found to produce a novel BONT
called paraclostridial mosquitocidal proteinl (PMP1) which specifically attacks Anopheles
mosquitos (Contreras et al., 2019).

Each BoNT toxinotype shows a genetic diversity based on amino acid sequence
variations. Therefore, BoNT types are divided into subtypes that were initially defined as
displating at least 2.6 amino acid sequence variation (Smith et al., 2005). However, certain
BoNT subtypes such as from types B and E, show only 0.9-2.1% amino acid sequence
difference, but they were assigned to distinct subtype according to the phylogenetic clade
analysis. Among more than 500 BoNT sequences, 41 subtypes have been identified (Peck et
al., 2017).

All BoNTs share a common structure. They are synthesized as a precursor protein
(about 150 kDa), which is inactive or weakly active. The precursor which does not contain
signal peptide, is released from the bacteria by a yet unknown mechanism. The precursor is
proteolytically activated in the extra-bacterial medium either by Clostridium proteases or by
exogenous proteases such as digestive proteases in the intestinal content. Hence, the active
neurotoxin consists of a light chain (L, about 50 kDa) and a heavy chain (H, about 100 kDa),
which remain linked by a disulfide bridge. The structure of BoNTs shows three distinct

domains: L-chain containing a-helices and B-strands and including the catalytic zinc binding



protease motif (His-Glu-X-X-His), the N-terminal part of the H-chain forming two unusually
long and twisted o-helices, and the C-terminal part of the H-chain (H¢) consisting of two
distinct subdomains (Hen and Hee) involved in the recognition of the receptor. While the
three domains are arranged in a linear manner in BoNT/A and BoNT/B, both the catalytic
domain and the binding domain are on the same side of the translocation domain in BoNT/E.
This domain organization in BoNT/E might facilitate a rapid translocation process
(Breidenbach and Brunger, 2005; Emsley et al., 2000; Fotinou et al., 2001; Fu et al., 2006;
Kumaran et al., 2009; Lacy and Stevens, 1999; Lacy et al., 1998; Stenmark et al., 2008;
Swaminathan, 2011; Swaminathan and Eswaramoorthy, 2000; Umland et al., 1997).

The overall sequence identity at the amino acid level between BoNTs ranges from 34 to
97%. Several domains are highly conserved which account for the common mode of action of
these toxins including the central domains of L chains containing the catalytic site, and the N-
terminal half of the H-chains that is involved in the translocation of the L-chain into the
cytosol. Thus, a similar mechanism of internalization of the intracellular active domain into
target cells is shared by all the clostridial neurotoxins including BoNTs and tetanus
neurotoxin (TeNT) that is structurally and functionally related to BoNTs (Masuyer et al.,
2017; Rossetto et al., 2013). In contrast, the C-terminal half of H-chain, mainly the Hcc
subdomains, is the most divergent (Peck et al., 2017; Popoff and Marvaud, 1999; Poulain et
al., 2008). This accounts for the different receptors recognized by the clostridial neurotoxins

(see below).

3.  Botulinum neurotoxin interaction with target cells, BoONT receptors

It was initially found in 1923 by Dickson and Shevky that the neurological effects of
BoNTs result from the interruption of neurotransmitter release between nerve endings and
muscle without damaging the anatomical structure of nerve and muscle cells (Dickson and
Shevky, 1923). Later, BONT/A was shown to specifically inhibit the release of acetylcholine
from peripheral nerves and to specifically bind to the membrane of unmyelinated motor-
neuron endings (rev in (Dolly et al., 1984). TeNT was first characterized to bind to brain
gangliosides that are mainly localized on the outer leaflet of neuronal cell membranes (Van
Heyningen, 1961). BoNT binding to membrane lipids was then investigated. Trisialo-
gangliosides were found to be effective BoNT antagonists (Simpson and Rapport, 1971), and
then BoNT binding to individual ganglioside was demonstrated (rev in (Poulain et al., 2008;
Rummel, 2017; Simpson, 1981) (Table 1). In addition to the structural characterization of the
ganglioside binding sites on BoNTs and TeNT (rev in (Rummel, 2017), the role of



gangliosides as receptors of BoNTs and TeNT is supported by investigations in complex
ganglioside knockout mice which show an about 100 fold decreased sensitivity to clostridial
toxins (Bullens et al., 2002; Kitamura et al., 1999; Rummel et al., 2007). However,
gangliosides were supposed not to be the only BoNT receptors because notably the low BoNT
binding affinity to gangliosides, as well as because the fact that gangliosides are localized in
membranes of non-neuronal cells insensitive to BoNTs, and that BoNTs bind to trypsin-
and/or pronase-sensitive structures. Therefore, it was hypothesized that BoNTs recognize a
dual receptor including gangliosides and a specific membrane protein (Montecucco, 1986).
Later, synaptic vesicle proteins were identified as BoNT receptors. Synaptotagmin (Syt) a
synaptic vesicle membrane protein involved in Ca™" sensing and that triggers synaptic vesicle
fusion with the presynaptic membrane, has been first characterized as the protein receptor of
BoNT/B (Nishiki et al., 1994). It was further defined that BoNT/B binds with high affinity to
the intraluminal domain of the Syt isoform II (Syt-II) (Nishiki et al., 1996). BoNT/G also
recognizes Syt-I and Syt-II as protein receptors (Rummel et al., 2004a), as well as BoNT/DC
that preferentially interacts with Syt-II (Peng et al., 2012). Due to single amino-acid change in
human and chimpanzee Syt-1I, BoNT/B, BoNT/DC and BoNT/G have a reduced affinity for
human Syt-II as compared as that of rodent (Peng et al., 2012). Engineering of BoNT/B H¢
confers high affinity of modified BoNT/B human Syt-II (Tao et al., 2017), opening new
therapeutic perspectives.

Then, the synaptic vesicle protein 2 (SV2) that consists in three isoforms A, B, and C,
was found to be the protein receptor of BoONT/A, BoNT/E, BoNT/D, and BoNT/F (Dong et
al., 2008; Dong et al., 2006; Mahrhold et al., 2006; Peng et al., 2011; Rummel et al., 2009).
BoNT binding has been localized on the intravesicular domain of SV2 (luminal domain 4,
LD4). N-glycosylation of SV2 enhances BoNT/A binding to SV2, notably SV2C, and
BoNT/E requires glycosylated SV2A and SV2B as functional receptors (Dong et al., 2008;
Yao et al., 2016). In sharp contrast to the BoNT/B—Syt-II receptor interaction that is greatly
increased by presence of poly-sialo-gangliosides, gangliosides have no synergistic effect on
BoNT/A binding to SV2C (Desplantes et al., 2017; Weisemann et al., 2016). The protein
receptor of BONT/C yet remains to be defined (discussed in (Rummel, 2017)).

BoNTs interact with their membrane receptors via the Hc domain. A conserved
ganglioside binding site containing the motif SXWY...G is present in Hce of BoNT/A,
BoNT/B, BoNT/E, BoNT/F, and BoNT/G. The ganglioside binding site is not conserved in
BoNT/C, D and DC. Hydrophobic residues located in a long loop of Hcc (ganglioside binding
loop) of BONT/C, D and DC are involved in the ganglioside binding (rev in (Rummel, 2017)



(Table 1). A second ganglioside binding site has been identified in BoNT/C. A sialic acid
coordinating pocket (Sia-1) distinct of the WY-loop is located on the tip of the Hcc domain of
BoNT/C (Karalewitz et al., 2012; Strotmeier et al., 2011). A third structure (Hc-loop)
facilitating the insertion into the membrane has been recently recognized in BoNT/B, DC, and
G that interacts with synaptotagmin as protein receptor (Stern et al., 2018; Zhang et al.,
2017a). This hydrophobic loop is located in the Hcc domain of BoNT/B, DC, and G between
the ganglioside binding site and the protein receptor site. The Hc loop is not conserved in
BoNT/A, B and E (Stern et al., 2018; Zhang et al., 2017a). Co-crystallization of BoNT
fragments and protein receptor allowed the characterization of the protein receptor binding
sites. Homologous synaptotagmin binding sites are localized on the tip of Hce of BoNT/B,
DC, and G (Jin et al., 2006; Rummel et al., 2007). The interaction of BoONT/A and BoNT/E
with SV2 occurs via a distinct site than that involved in the recognition of synaptotagmin by
BoNT/B. The SV2 binding site is localized in the interface between Hen and Hee in BONT/A
and BoNT/E (Benoit et al., 2014; Mahrhold et al., 2013; Strotmeier et al., 2014).

It is noteworthy that BoNT receptors (Syt, SV2) are members of a super synaptic
vesicle protein complex including synaptophysin, VAMP, and subunits of the vacuolar type
ATPase (v-ATPase) that is essential for vesicle acidification and subsequent translocation of
BoNT (Baldwin and Barbieri, 2009). Thus, Hc of all BoNT types likely recognize at the
surface of nerve endings a similar ‘molecular landscape’, which consists of the luminal
domains of the complexed synaptic vesicle proteins, physically distant each-others by ~1 or a
few nm. In this ‘molecular landscape’, they recognize a dual motive including a peptide +
sugar residues. Depending on the BoNT type, the dual receptor is either a glucosylated-
peptide (as N-glucosylated SV2 for BONT/A or BoNT/E) or a peptide co-localized with poly-

sialo-gangliososides (as Syt and a poly-sialo-ganglioside).

4.  Distribution of gangliosides

Gangliosides are glycosphingolipids with one or more sialic acid molecules (one sialic
acid molecule GM, two GD, three GT, four GQ) linked on the sugar chain. Ganglioside with
no sialic acid on the first galactose residue are termed "O series", those with one sialic acid "a
series", and those with two sialic acid are "b series". Gangliosides are not synthetized by all
animals. Except the echinoidea (i.e. the sea urchins) that produce specific types of
gangliosides, invertebrates do not synthetize gangliosides (Kolter, 2012). Albeit gangliosides
are present in all tissues of vertebrates, they are markedly more abundant on the neuronal cell

surface (Schnaar, 2016). An important function of gangliosides on nerve cells is to mediate



the binding of the myelin-associated glycoprotein (MAG). Thereby, gangliosides, notably
GDla and GTI1b, are involved in optimal myelin formation, axon-myelin interactions,
peripheral and central axon stability (Lopez and Baez, 2018; Schnaar et al., 2014). Moreover,
gangliosides play critical role in the organization of ion channels at the nodes of Ranvier on
myelinated fibers (Lopez and Baez, 2018).

Gangliosides are predominantly in the outer leaflet of plasma membrane. In the adult
human brain, four gangliosides (GM1, GD1a, GD1b, and GT1b) constitute 97% of the total
gangliosides (Schnaar et al., 2014). The same gangliosides dominate in brain of mammals and
birds. In the adult mouse brain, GM1 is mainly expressed in white matter, whereas GD1b is
abundant in both white and gray matter. GD1a and GT1b are predominantly distributed in
gray matter, but they are also found in some white matter areas (Vajn et al., 2013). GDla is
also present in other tissues, but GD1b and GT1b are essentially expressed in the central
nervous system (CNS) (Iwamori et al., 1984).

The gangliosides GM1, GD1a, GD1b, and GT1b are also expressed in the peripheral
nervous system. However, motor and sensory fibers show some differences in the content of
certain gangliosides as tested with specific monoclonal antibodies. Thereby, GD1la is more
abundant in motor fibers than in sensitive fibers (Gong et al., 2002). Since GD1a is one of the
preferred ganglioside receptor of BoNTs (Table 1), the higher distribution of GD1a on motor
fibers supports that BONTs preferentially target the motorneurons and impair the motricity.

In contrast to the other BoNT types, BONT/DC recognizes only sialic acids on
glycosylated proteins, in the absence of all gangliosides (Zhang et al., 2017a). The neuronal
selectivity of BoNT/DC is ensured by combining the recognition of sialic acids and
membrane lipids through the hydrophobic loop as well as by interacting with Syt (Zhang et
al., 2017a).

The intestinal mucosa is the tissue that contains the lowest level of gangliosides (400
to 700 fold less than in the brain) (Schnaar, 2019). The main ganglioside of the intestinal cells
1s GM1, that is the receptor of cholera toxin and Escherichia coli heat-labile enterotoxin LT-I.
The variants LT-II recognize GM1, GDla, GD1b, GT1b (Holmgren et al., 1975; Schnaar,
2019). However, it is not known whether LT-II uses GD1a, GD1b, GT1b as receptor on the
intestinal cells since these gangliosides are not present or only at low level on the intestinal
mucosa.

The higher abundance of gangliosides in nerve tissues versus the other tissues

associated to the high prevalence of the gangliosides used as BoNT receptors (GD1a, GD1b,



GT1b) (Iwamori et al., 1984; Schnaar, 2019; Svennerholm et al., 1994) contributes to the

neuronal selectivity of BoNTs.

5.  Distribution of synaptic vesicle protein 2

Synaptic vesicle protein2 (SV2) is a transmembrane glycoprotein that is present in
secretory vesicles of all neurons and endocrine cells, but not exocrine cells (Buckley and
Kelly, 1985). SV2 is present in synaptic vesicles membrane of all peripheral and central
neurons, in secretory granules of endocrine cells, but not exocrine cells (Bartholome et al.,
2017; Buckley and Kelly, 1985). Three SV2 isoforms (SV2A, SV2B, and SV2C) have been
identified based on gene cloning. Immunocytochemistry and in situ hybridization have
revealed that SV2A and SV2B are widely distributed in all brain areas. However, SV2B is not
found in all synapses and it is preferentially observed in brain subregions of the hippocampal
formation (Janz and Siidhof, 1999). In contrast to SV2A and SV2B, SV2C shows a more
restricted distribution. SV2C is mainly localized in the basal ganglia system (pallidum,
substantia nigra) that coordinates the motor control functions, the midbrain, the brainstem and
the olfactory bulb and is undetectable in the cerebral cortex, the hippocampus, and at low
levels in the cerebellar cortex (Janz and Siidhof, 1999). SV2C expression is not specific of
particular neurotransmitter-producing neuronal cells, since it can be observed in GABAergic,
cholinergic, dopaminergic neurons. However, in the striatum SV2C is mainly expressed in
cholinergic interneurons. Overall, SV2A is associated with synaptic vesicles containing
glutamate or GABA (gamma-amino-butyric-acid), SV2B with glutamate containing vesicles
and SV2C with vesicles containing acetylcholine, dopamine, GABA (Bartholome et al., 2017;
Dardou et al., 2011; Dunn et al., 2019).

In the peripheral nervous system, SV2C as well as SV2A and SV2B are present at the
motor nerve terminals (Dong et al., 2006). Since SV2C is the preferred receptor of BoNT/A
and that BoNT/A is mainly active at the neuromuscular junctions, SV2C seems to have a
major role in mediating BoNT binding and ensuing internalization at these nerve terminals
(Dong et al., 2006; Mahrhold et al., 2006). SV2A protein is expressed in the human peripheral
nervous system including sensory system (dorsal root ganglion neurons and their
axon/terminals), autonomic nerve system (innervation of sweat glands) and intestinal nervous
system (Yiangou et al., 2011). SV2 proteins have been detected in almost all the cholinergic
parasympathetic fibers and in only half of the sensory fibers innervating the human bladder
(Coelho et al., 2010). This supports why BoNT/A has a major inhibitory effect on the

motricity of the bladder by impairment of the neurotransmitter release from the



parasympathetic fibers. The effect of BONT/A in treating acute pain might also results from
the inhibition of neurotransmitter release involved in pain signaling (CGRP, substance P) and
in decreased expression of nociceptors (TRPV1, P2X3, CGRP receptor) (see paragraph 8-4
and (Coelho et al., 2010). Altogether, these observations explain why manufactured BoNT/A
can be used with success in urology or to decrease gland secretion (e.g. hyperhidrosis,
drooling).

It is noteworthy that the BoNTs interacting with SV2 recognize the glycosylated
isoforms of this protein. Thereby, BONT/A interacts with both the peptide moiety and an N-
linked glycan on SV2. BoNT/A binding with high affinity to neuronal cell surface includes
the synergistic recognition of both glycosylated SV2 (glycan and peptide moieties) and
gangliosides (Yao et al., 2016). The combined interaction with both SV2 and gangliosides
ensures the neuronal selectivity of these neurotoxins and thus greatly contributes to the
extreme potency of these toxins. The double receptor likely contributes to the preferential
targeting of certain neuron types by BoNT (such as cholinergic neurons, see below) and to the
membrane localization close to the exocytosis machinery. Indeed, BONT/A and BoNT/B have
been found to bind only to neuron terminal membrane and not to all along the neuronal

membrane (Black and Dolly, 1987; Dolly et al., 1984).

6.  Distribution of synaptotagmin

Synaptotagmins (Syt) are characterized by a N-terminal transmembrane region with a
very small vesicle lumen portion and a long cytoplasmic domain containing two ‘C2-
domains’ which affinity for lipids is Ca™-dependent. Syt is the main Ca™" sensor that triggers
the fusion of synaptic vesicles with the presynaptic plasma membrane upon a rise in
intracellular Ca”™ (Chapman, 2008; Jahn and Fasshauer, 2012). Among the 17 Syt isoforms
that have been described so far, Syt-I and Syt-II are the main players of synaptic vesicle
exocytosis (Ahnert-Hilger et al., 2013). Other Syt isoforms are involved in secretory granule
fusion (Jahn and Fasshauer, 2012).

Syt-I is widely distributed in all types of brain neurons, in terminals of autonomic and
sensory neurons, and in subpopulation of neuromuscular junctions (rev in (Ahnert-Hilger et
al., 2013). In contrast, Syt-II is expressed in restricted neuron populations of the forebrain and
in the majority of both excitatory and inhibitory neurons and cholinergic motor nerves in the
brain stem and spinal cord. Notably, Syt-II is strongly expressed in neuromuscular junctions

(Pang et al., 2006).
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The high affinity receptor of BoNT/B consists in the interwined association of Syt and
GTl1b (Flores et al., 2019). Not only the distribution of Syt, but also the appropriate
conformation of both Syt and gangliosides seem determinant for the selective BONT binding

to neuronal cells, and probably to specific membrane areas of neuronal cells.

7.  BoNTs block the release of various neurotransmitters from neuronal cells

Studies performed with neuronal cell lines and primary neuronal cell cultures or
synaptosome preparations have revealed that BoNTs not only block cholinergic transmission
but also inhibit the release of a large variety of neurotransmitters their exocytosis of which is
mediated by SNARE-dependent mechanisms (rev in (Popoff and Poulain, 2010).

Most of the inhibitory effects of the BoNTs have been investigated with BoNT/A.
Representative neurotransmitters the release of which is blocked by BoNT are shown in Table
2. However, BoNTs affect not all types of neurons. For examples, BONT/A does not prevent
the release of neuropeptide Y from vasoconstrictor afferent neurons in guinea pig vena cava
and uterine (Morris et al., 2002), vasointestinal peptide (VIP) and calcitonin gene related
peptide (CGRP) from periglandular innervation of sweat glands (Swartling et al., 2004).

Comparison of the efficiency of BoNTs in different neuronal cell types in culture by
monitoring the cleavage of the intracellular target, SNAP25 or VAMP, showed that
BoNT/A1l, BoNT/B1, BoNT/C, and BoNT/E are more potent in motor-neurons than in
GABAergic, DOPAergic, and glutamatergic neurons (Pellett et al., 2019). Thereby, motor-
neurons are more sensitive than the other neuronal cell types to BoNTs. This greater
sensitivity of motor-neurons can result from multiple factors (expression of the intracellular
target, expression of the protein and ganglioside receptors, glucosylation of cell surface
proteins, cell maturity and differentiation, and/or synaptic activity) (Pellett et al., 2019).

Moreover, BoNTs can block the exocytosis in non-neuronal cells, but at high
concentration since these cells do not express specific BONT receptors or at very low level.
Thereby, BoNT/A prevents the release of catecholamines from chromaffin cells albeit using
high toxin concentration (Ahnert-Hilger et al., 1989; Penner et al., 1986), ATP and glutamate
from glial cells (Abdipranoto et al., 2003; Araque et al., 2000), insulin from pancreatic beta-
cells (Regazzi et al., 1996), and NAD from human bladder detrusor muscle cells (Breen et al.,
2006; Smyth et al., 2006). BoNT/D was reported to block the secretion of the tumor necrosis
factor (TNF) from monocytes (Imamura et al., 1989). Treatment of non-neuronal cells like

astrocytes with BoNT/B or BoNT/F at high concentration resulted in the cleavage of the
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substrate VAMP2. BoNTs were identified in endocytic compartments suggesting that the
toxins exploit a fluid-phase endocytosis to enter non-neuronal cells (Verderio et al., 1999).

Some signaling molecules are released by two different types of mechanisms, one of the
two being SNARE-dependent. This is the case of the purine ATP, which when cytosolic can
be released through hemichannels or pannexons (e.g. by glial cells) in a BoNT-insensitive
manner (Abudara et al., 2018), whereas vesicular exocytosis of ATP which occurs when this
purine is co-stored with a neurotransmitter, as acetylcholine, is blocked by BoNTs (Lawrence
et al., 2010; Unsworth and Johnson, 1990). Depending on the importance of SNARE-
dependent release in these cells, BONT may prove efficient or not. For instance, BoNT/A
blocks evoked release of both B-NAD, ATP and Nor-Adrenalin from human bladder detrusor
preparation, however 20% of B-NAD release remains resistant (Breen et al., 2006; Smyth et
al., 20006).

Thereby, based on cultured neuronal cells, BoNTs are able to block the release of any

type of neurotransmitter when its secretion is SNARE-dependent (Table 2).

8. Neuronal cell types targeted by BoNTs
8-1 BoNTs and motor-neurons

The neuromuscular junction between motor-neurons and skeletal muscles is considered as
the main target of BoNTs and their inhibitory effects at this site are well documented (rev in
(Habermann and Dreyer, 1986; Molgo et al., 1990; Montal, 2010; Poulain et al., 2008;
Rossetto et al., 2015; Simpson, 2013; Tighe and Schiavo, 2012; Wellhoner, 1992). Indeed,
BoNT/A and BoNT/B bind with high affinity to presynaptic membrane of cholinergic nerve
terminals forming the synapse between the a-motor-neurons and striated muscle fibers (Black
and Dolly, 1986a, b; Dolly et al., 1984). In contrast, no specific binding of BoNT/A to
noradrenergic terminals has been observed in mouse hemidiaphragm preparations (Dolly et
al., 1984). The activity of BoNT/A and BoNT/B is dependent of their uptake by motor nerve
terminals (Black and Dolly, 1986a, b). This internalization is mediated mainly via synaptic
vesicle recycling, as indicated by the presence of neurotoxin molecules into endocytic
vesicles decorated by synaptic vesicle marker SV2 (Colasante et al., 2013). Since some
intracellular cargos containing BoNT undergo retrograde ascent toward the CNS through a-
motorneuron (Surana et al., 2018), it is likely that endocytotic vesicles other than recycling
vesicle participate to BoNT internalization. Inhibition of evoked acetylcholine release by

nerve terminals of o-motorneurons results in subsequent flaccid paralysis that is the main
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characteristic symptom of botulism (rev in (Poulain et al., 2008). Electrophysiological studies
have revealed that there is a decrease in the number of acetylcholine quanta released in
response to arrival of action potentials to nerve endings. Depending on the used BoNT
toxinotype, evoked release remains synchronous (e.g. as after BONT/A) or becomes partially
asynchronous (as after BONT/B). Moreover, spontaneous quantal release of acetylcholine is
also decreased (Humeau et al., 2000; Poulain et al., 1995; Poulain et al., 2008). Weakening of
muscle strength by BoNT results also greatly from muscle fiber atrophy (Scott, 1981), which
is an indirect consequence of motor-nerve terminals silencing.

Depending on the mammalian species, the ability of BoNTs to induce paralysis varies
considerably. Presence of point mutation in human Syt-II considerably decreases affinity of
BoNT/B, but preserves its affinity for Syt-I (Peng et al., 2012). Although, Syt-II is more
abundant than Syt-I on motor nerve terminals, BoNT/B binding to Syt-I is sufficient to
mediate internalization of BoNT/B insde human motor nerve endings, albeit in a reduced
manner. Thus, whereas BONTA and BoNT/B are equipotent for inducing muscle relaxation in
rodents, approximately 40 times more BoNT/B than BoNT/A is needed in humans (Sloop et
al., 1997). When BoNT/B is used in human for therapeutic purpose, very high amounts of this
toxin need to be injected to induce muscle relaxation to the price of undesired side effects.
Indeed, hematogenous dissemination allows sufficient amount of BoNT/B to act on nerve
endings of the autonomic nervous system (which are rich in Syt-I). Thus BoNT/B cause more
frequent dysautonomia (see below) adverse effects, than when BoNT/A is used (Dressler and
Benecke, 2007; Sloop et al., 1997). The 40-fold lower BoNT/B affinity for human Syt
compared to the high affinity for Syt from rodents is due to a single amino acid change in Syt
luminal domain, leucine in human Syt versus phenylalanine in rodent Syt (Peng et al., 2012;
Strotmeier et al., 2012). An engineered BoNT/B retaining full binding affinity and activity in
human motor-neurons has been constructed. This modified BoNT/B is a candidate for an
efficient therapeutic drug on the skeletal muscles (Elliott et al., 2019).

Since BoNT/D looks lacking the synergistic ganglioside binding site (Zhang et al.,
2010), it has virtually no effect on neuromuscular transmission in human muscles (Eleopra et
al., 2013) and indeed it is an extremely rare cause of naturally acquired human botulism.
Gangliosides and SV2 are required for BONT/D binding and entry into rat and mouse neurons
and for neurotoxicity in mouse hemidiaphragm (Peng et al., 2011; Strotmeier et al., 2010).
BoNT/D retains two carbohydrate binding sites in the Hc domain, which are distinct from
those characterized on BoNT/A, B, E and G, and recognizes SV2 via a different mechanism

from BoNT/A and E (Peng et al., 2011; Strotmeier et al., 2010). The apparent insensitivity of
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human neurons to BONT/D seems not to be related to SV2 mutation. This might result from
an appropriate conformation of both gangliosides and SV2 on rodent neuron membrane
distinct from that on human neurons.

BoNT/A affects both extrafusal (o-motor-neurons) and intrafusal (y-motor-neurons)
cholinergic nerve terminals (Filippi et al., 1993; Rosales et al., 1996). Indeed, BoNT/A can
inhibit acetylcholine release by intrafusal y-motor nerve endings (i.e. the nerve terminals from
y-motor-neurons innervating contractile fibers in the muscle spindle) (Filippi et al., 1993;
Rosales et al., 1996). y-motor-neurons nerve endings are inside the spindle capsule, which
acts as an imperfect diffusional barrier, possibly decreasing exposure of intrafusal nerve
endings to BoNT. Hence, after muscle treatment with BoNT, the o-y-motor-neuron coupling
as well as muscle proprioception are modified (Rosales and Dressler, 2010). This adds to
change in the proprioceptive information from tendon and joint receptors induced by muscle
weakening. Therefore, somato-sensory and motor command computations in CNS are
strongly modified, accounting for at least some of the so-called central effects of BoNTs.

Numerous data indicate that at the motor nerve ending BoNT blocks not only secretion
of acetylcholine but also that of other compounds (Table 2), the release of which is mediated
by the SNARE-machinery, as ATP (Lawrence et al., 2010). Motor-nerve endings contains
large dense core granules containing peptides as the Calcitonin Related Gene Peptide (CGRP)
(Russell et al., 2014). Although inhibition of CGRP release by motor-nerve endings has not
been proven as it is with other neurons, accumulation of CGRP containing dense core vesicles
after BONT/A suggests that CGRP exocytosis is prevented (Meunier et al., 1996). This might
be also the case for a number of other peptides as Agrin. Importantly, the decrease in release
of acetylcholine, ATP, and possibly Agrin is detected by muscle fibers that react by initiating
atrophy program (Cisterna et al., 2014). Muscle fiber atrophy greatly contributes to reduce
muscle strength (Scott, 1981). Decrease in CGRP release is likely responsible for
acetylcholine receptor redistribution (rev (Poulain et al., 2008).

Thereby, BoNT binding to terminal ends of motor-neurons and inhibition of

acetylcholine release are the characteristic features of these toxins.

8-2 BoNTs and the autonomic nervous system
In addition to motor-neurons, BoNTs enter various peripheral neurons. BoNT/A can
block cholinergic pre- and post-ganglionic nerve terminals of the parasympathetic and

sympathetic autonomic nervous system thus affecting smooth muscle and secretion and
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leading to autonomic dysfunction (rev in (Rossetto, 2018). The parasympathetic nervous
system consists of a first peripheral preganglionic cholinergic neuron connected by
myelinated axon to a second post-ganglionic cholinergic neuron innervating the effector
organ. The first peripheral neuron of the sympathetic nervous system is also cholinergic and
its axon myelinated, whereas the second post-ganglionic neuron, located in the paravertebral
truncus, which reaches the effector organs is adrenergic (Dressler, 2013). Note, however, that
the sympathetic post-ganglionic neuron innervating the sweat glands might be adrenergic or
cholinergic. Symptoms resulting from the autonomic nervous system dysfunction are
observed in naturally acquired botulism such as inhibition of secretions (dry mouth, dry
throat, xerophtalmia, urinary retention and intestinal hypomotility as constipation (Sobel,
2005). Thereby, BoNT, especially BONT/A, is used for the treatment of hypersecretions such
as hyperhidrosis, hypersalivation, and hyperlacrimation (Dressler, 2013; Naumann et al.,
2013). BoNT effects likely result from toxin activity on peripheral post-ganglionic nerve
terminals. Indeed, the pre-ganglionic neuronal cell bodies are located in the CNS and are
protected against BONT by the blood-brain barrier. Myelination of pre-ganglionic axons
prevents BoNT binding (Dolly et al., 1984). Moreover, the nerve terminals and cell bodies of
the post-ganglionic neurons are located inside the autonomic ganglia which are protected
from circulating large molecules by a blood barrier that is more permeable than the blood-
brain barrier (Chau and Lu, 1996; Kiernan, 1996).

Heart is innervated by autonomic nervous system (parasympathetic —cholinergic- and
sympathetic —catecholaminergic-). Despite heart cholinergic innervation plays important role
in cardiac regulation, BoNT moderately affects heart function. However, injection of
botulinum toxin into epicardial fat pads can be used to suppress atrial fibrillation (Romanov et
al., 2019).

A particular effect of BONT on smooth muscle innervation is on the bladder. Urinary
retention is observed in many cases of botulism (Carpenter, 1967; Loiseau et al., 2010; Merz
et al., 2003; Sautter et al., 2001), and BoNT, especially BoNT/A, is used in several urological
applications notably to diminish detrusor overactivity (Hanchanale et al., 2010). The bladder
smooth muscle detrusor, is innervated by cholinergic/cholinergic parasympathetic and
cholinergic/adrenergic sympathetic nerve fibers, and the urothelium/sub-urothelium receives
sensory afferent nerve terminals (Fig. 1) (Chancellor and Yoshimura, 2004). SV2 and
SNAP25, that are the protein receptor and the intracellular substrate of BoNT/A respectively,
are expressed by the nerve fibers of human bladder sub-urothelium and muscular layers.

However, SV2 is more abundant in cholinergic parasympathetic fibers than in sympathetic
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and sensory fibers (Coelho et al., 2010). BoNT treatment is indicated in overactive bladder or
neurogenic detrusor overactivity. BoNT/A reduces the contraction of the detrusor by
inhibiting the release of acetylcholine and its co-transmitter ATP as well as by acting on the
sensory terminals in the urothelium/suburothelium (Apostolidis et al., 2006). This inhibition
is correlated with cleavage of SNAP2S5 in cholinergic parasympathetic fibers and in half of the
sympathetic and sensory neurons (Coelho et al., 2012a, b). It is noteworthy that cleaved
SNAP2S5 is detected a very long time (up to 11 months) after botulinum toxin injection in the
human detrusor. This might account with the absence of nerve sprouting for the long duration
of clinical effect of BoNT/A in the urological indications (Schulte-Baukloh et al., 2007).

In addition, BONT/A prevents the release of neurotransmitters in urothelium by afferent
sensory nerves such as ATP, substance P, and CGRP (Apostolidis et al., 2006). In animal
model, intrathecal administration of BoNT/A that restricts the toxin activity on sensory fibers,
reduces the expression of CGRP associated to SNAP25 cleavage in sensory dorsal horn
neurons as well as neuronal change including up-regulation of ATF3 (activating transcription
factor 3 involved in regenerating neurons) leading to a strong analgesic effect on bladder pain
and bladder hyperactivity (Coelho et al., 2016; Coelho et al., 2014). The inhibitory activity of
BoNT/A on sensory signaling likely contributes to the relief of sensory symptoms in patients
with bladder dysfunction such as neurogenic detrusor overactivity (Chancellor et al., 2008;
Coelho et al., 2014; Ikeda et al., 2012; Rapp et al., 2006).

An additional effect of BoNT/A administration in bladder consists in reducing the
neuronal expression of the ATP receptor P2X; and TRPV1 (transient receptor potential
channel, vanilloid family member) receptor most probably by blockade of their SNARE-
dependent trafficking (Apostolidis et al., 2005; Lawrence et al., 2010). The P2X; and TRPV1
receptors are expressed in sensory nerve fibers and have a main role in nociception. The
reduction of nociceptive receptors in subu-rothelial sensory nerves contributes to the
beneficial effect of BONT/A treatment on the hyperalgesia relief in urology (Chancellor et al.,
2008).

BoNTs are able to target neurons of the autonomic nervous system including neurons
innervating smooth muscles and glands as well as sensory neurons. BoNTs block the release
of neurotransmitter in these neurons and also the expression of nociceptors in sensory neurons
which is SNARE-dependent. BoNT trafficking to the autonomic nervous system in naturally

acquired botulism remains to be better determined.

8-3 BoNTs and the central nervous system
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As already mentioned, BoNTs affect other neuronal cell types than cholinergic neurons
and can target neuronal cells from the central nervous system (Table 2). Using brain
synaptosomes, BoNT/A1 and BoNT/E enter equally GABAergic inhibitory neurons and
excitatory glutamate terminal nerve endings that contain SV2A and SV2C by synaptic vesicle
recycling (Verderio et al., 2007). However, both BoNT/A and BoNT/E inhibit more
efficiently the release of glutamate than that of GABA from hippocampal neurons. It was
hypothesized that the lower sensitivity of inhibitory neurons to the BoNTs correlates with a
lower level of the intracellular target SNAP25 or expression of a distinct SNAP25 isoform.
Indeed, overexpression of SNAP25 in GABAergic neurons confer them a higher sensitivity to
BoNTs (Verderio et al., 2004). The differential effect of BoONT/A and BoNT/E on excitatory
versus inhibitory neurons offers the possibility of using these toxins in the therapy of some
CNS diseases.

BoNT/A2 at extremely low concentration was also found to inhibit the spontaneous
mono-quantal (miniature) and evoked release by glutamatergic excitatory and glycine/GABA
inhibitory neurons in the rat spinal cord. The inhibitory effect was more pronounced in
evoked rather than in spontaneous mono-quantal release. BONT/A2 was more efficient in
blocking inhibitory than excitatory neurons (Akaike et al., 2010). BoNT/B and BoNT/F that
cleave VAMP instead of SNAP25 as BoNT/A and BoNT/E are also able to enter central
hippocampal neurons and astrocytes (Verderio et al., 1999).

BoNT/A and BoNT/E, especially at high doses, are able to undergo the retrograde
axonal transport and to enter the CNS, but much less efficiently than TeNT (Antonucci et al.,
2008; Restani et al., 2012a). Using the in vivo model of rat visual pathway, it was
demonstrated that BONT/A induces neurotransmission impairment in at least two synapses
away from the injection site upon retroaxonal transport preferentially via cholinergic neurons
(Restani et al., 2012b). Some physiological changes in humans following therapeutic
intramuscular injection of BoNT/A such as reorganization of CNS circuitry suggest direct
central action of the toxin (Caleo and Restani, 2018; Weise et al., 2019). The effects of BONT
on CNS neurons have been mainly investigated with cultured neurons or tissues, and the
central neuron types targeted by in vivo toxin administration likely by axonal retrograde

transport remain to be precisely determined.

8-4 BoNTs, sensory and nociceptive neurons
As mentioned above, BoONTs prevent the release of neurotrasmitters of sensory neurons

such as CGRP, substance P using cultured neurons (Table 2). The activity of BoNTs on
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sensory neurons in vivo has been investigated on pain relief in experimental animals. For
example, subcutaneous injection of BoNT/A prevents inflammatory pain in rats by reducing
neurotransmitter (glutamate, substance P, CGRP) release from peripheral sensory neuron
endings indicating that BONT/A can modulate neurogenic inflammation (Aoki, 2005; Matak
et al., 2014). Since unilateral BoONT/A injection is able to produce bilateral anti-nociceptive
effect in intramuscular acidic saline-induced pain assay, it has been suggested that BoNT/A
decreases nociception via a central effect, possibly due to retroaxonal ascent of BoNT/A
molecules to the CNS that have been injected peripherally (rev in (Filipovic et al., 2012;
Matak et al., 2014)). Accordingly, inhibition of retrograde transport by colchicine prevent the
anti-nociceptive effect of BoNT/A (Bach-Rojecky and Lackovic, 2009). Moreover, BoNT
effect has been described in the ganglions (Dorsal Root Ganglion, DRG) or nuclei containing
sensory neurons whose nerve endings extend to the periphery. Indeed, peripherally injected
BoNT/A decreases the release of neurotransmitters from rat trigeminal ganglion neurons
(Kitamura et al., 2009). In the in vivo pain model of chronic constriction injury of sciatic
nerve in mouse, peripheral injection of BoNT/A induces analgesic effects associated with
massive cleavage of SNAP25 in dorsal horn of spinal cord. These observations further
support a central action of BoNT/A subsequently to axonal retrograde transport (Marinelli et
al., 2012). Antinociceptive effect of BONT/A injected subcutaneously in rats is associated
with cleaved SNAP25 in the trigeminal nucleus caudalis (TNC), but not in higher level
nociceptive nuclei (Matak et al., 2014). The antinociceptive effect of BoNT/A is directed only
against certain forms of pain such as capsaicin-induced pain. BoNT/A preferentially targets
peripheral and central TRPV1 expressing neurons that are primarily glutamatergic (Matak et
al., 2014). However, the precise sets of sensory neurons targeted by BoNT/A and nociceptive
signaling pathways blocked by this toxin remain to be further defined. Cleavage of VAMP2,
VAMP3 and to greater extent VAMP1 by BoNT/B or D results also in inhibition of CGRP
and substance P evoked release from trigeminal ganglionic neurons (Meng et al., 2014).

In addition, local injection of BoNT decreases the expression of noci-receptors on
sensory neurons contributing to the BoNT-dependent prevention of pain. Subcutaneous
injection of BoNT/A in rats diminishes neuropathic pain and this effect is associated with a
reduced expression of P2X; receptor on DRG neurons (Xiao et al.,, 2011). In addition,
intraarticular administration of BoNT/A reduces the expression of TRPV1 in DRG neuron as
well as arthritis hyperalgesia indicating that the toxin has access to the CNS by axonal
retrograde transport and target sensory neuronal signaling (Fan et al.,, 2017). Decrease in

TRPV1 expression in trigeminal ganglion neurons has also been observed after subcutaneous
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injection in rat (Shimizu et al., 2012). Cleavage of SNAP25 by BoNT/A likely inhibits the
exocytosis and translocation of TRPV1 to the membrane rendering the molecule susceptible
to ubiquitination and subsequent proteasomal degradation (Shimizu et al., 2012).

Medical use of BoNT, mainly BoNT/A, shows that the toxin is effective in the
treatment of various neuropathic pain syndromes including post-herpetic neuralgia, trigeminal
neuralgia, and peripheral neuralgia (Park and Park, 2017; Safarpour and Jabbari, 2018).
Notably, clinical studies have confirmed the efficacy of BoNT/A in the treatment of chronic
migraine, but not in episodic migraine, and it is a recommended alternative to other headache
preventive drugs (Ashkenazi and Blumenfeld, 2013; Ramachandran and Yaksh, 2014). This
again supports the idea that peripheral administration of BoNT/A not only induces an
inhibition of neurotransmission at the neuromuscular junction, but it also produces effects on
peripheral and central sensory neurons (Do et al., 2018). A chimera toxin comprising the L
chain and translocation domain of BoNT/A combined to the receptor binding domain of
TeNT thus allowing the binding to CNS neurons and not to neuromuscular junctions was
engineered. This chimera toxin retains anti-nociceptive activity without inducing muscle
paralysis (Ferrari et al., 2013; Mangione et al., 2016). This raises the possibility to engineer
molecules that target preferentially sensory neurons versus motor-neurons.

In addition to their main inhibitory activity on motorneurons, BoNTs also target sensory
neurons, notably noniceptive neurons. This opened the way to novel applications of BoNTs

such as the treatment of pain.

8-5 BoNTs, intestinal barrier, and enteric nervous system

Food borne botulism and botulism by intestinal colonization are the most prevalent
forms of botulism and the passage of the intestinal barrier represents the first step of the
intoxication.
Using animal experimental models, it was found that BoNT can be absorbed from different
digestive segments including stomach, ileum, and colon. However, the upper small intestine
was identified as the most efficient absorption site (Bonventre, 1979; Maksymowych et al.,
1999; May and Whaler, 1958). BoNT complexes containing hemagglutinins (HA) can be
transported through M cells and since HAs are able to disrupt the E-cadherin intercellular
junctions between intestinal epithelial cells, BoNT can pass the intestinal barrier via the
paracellular pathway. In addition, BoNT free of HAs can be transported by transcytosis
through certain intestinal epithelial cells (Fujinaga and Popoff, 2018; Lee et al., 2014;
Matsumura et al., 2008; Matsumura et al., 2015; Popoff and Connan, 2014; Sugawara et al.,
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2010). Using fluorescent BoNT/A and BoNT/B or their corresponding receptor binding
domains, it has been found that these molecules interact with intestinal epithelial cell surface,
but with a much lower affinity than on neuronal cells. BoNT interaction with intestinal
epithelial cells or BoNT passage through the mouse intestinal epithelium were impaired by
preincubation with the gangliosides GDI1b/GT1b but not GMI1. This supports that the
BoNT/A and BoNT/B receptors on epithelial cells mainly comprise the gangliosides
GDI1b/GT1b without the requirement of a protein part (Connan et al., 2016; Connan et al.,
2017; Couesnon et al., 2009).

The cells of the intestinal mucosa and submucosa targeted by BoNT/A and BoNT/B
were investigated by administration of fluorescent toxin into mouse ligated intestinal loops
and histological analysis (Connan et al., 2016; Couesnon et al., 2012). When passed across
the intestinal barrier, BONT/A and BoNT/B stained neuronal cells and neurites, and no other
cell types such as glial cells, muscle cells, or connective cells. As tested in transgenic Thyl-
YFP mouse where the enteric nervous system (ENS) is nicely labeled, BONT/B colocalizes
with neuronal cell bodies and neuronal cell extensions, but not all the neuronal cells are
recognized by the toxin (Connan et al., 2016). This indicates that BoNT targets specific
neuronal cell types in the ENS. BoNT/A and BoNT/B recognize mainly the cholinergic
neurons and their extensions in the intestinal submucosa. Almost all the cholinergic neurons
were co-stained with BoNT. To a lower extent, the serotonergic cells are targeted by the
toxins, and only a low proportion of the other neuronal cell types are labeled by the BoNTs
(Fig. 2). It 1s noteworthy that except cholinergic and serotonergic neuronal cells, the other
neuronal cell types are underrepresented in the ENS. Cholinergic neurons have an important
role in the control of the gastrointestinal motility and secretion, but serotonergic neurons are
also involved in the control of gastrointestinal peristalsis (Furness et al., 2014; Gershon, 2013;
Li et al., 2011). Thereby, BoNT targeting of cholinergic and serotonergic neurons, accounts
for the botulism intestinal symptoms the botulism intestinal symptoms that are characterized
by constipation (decrease in intestinal motility and secretion). Notably the first and
predominant symptom in infant botulism is constipation (Fenicia and Anniballi, 2009; Fox et
al., 2005; Rosow and Strober, 2015). It is questionable whether the BoNT activity on the non-
cholinergic ENS neuronal cell types contributes to the local paralysis or mediates other
effects, such as toxin dissemination to other local or CNS neurons. Indeed, the ENS is highly
interconnected with neurons from the CNS and BoNT has been found to undergo neuronal

retrograde transport (Caleo and Restani, 2018; Restani et al., 2012a).
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9 Concluding remarks

BoNTs are powerful neurotoxins because they attack SNAREs, the key molecules of
regulated exocytosis, and because they act on the nervous system, whose functioning is vital
for metazoans. Their neuronal selectivity is not specifically related to the presence of
SNARESs, which are also expressed by non-neural cells, but by the recognition of specific
receptors present on the neuronal cell surface. Indeed, BoNTs interact with a double receptor
(ganglioside and luminal domain of a synaptic vesicle protein) that allows them to enter
cellular regions with very high exocytosis and endocytosis activity, such as nerve endings.
Subsequent translocation of the catalytic L-chain into the cytosol leads to SNARE cleavage
and blocks exocytosis mechanisms. This results in inhibition of the release of
neurotransmitters or neuromodulators, as well as blocking the insertion of certain receptors
into the membrane. Finely understanding these multiple cellular effects has implications for
naturally acquired botulism and therapeutic applications of BoNTs. Although BoNTs can
block the release of neurotransmitters in almost all neuronal cells as deduced from in vitro
studies, symptoms of naturally acquired botulism appear to result exclusively from the
inhibitory action of BoNTs on cholinergic nerve endings. Would BoNTs only affect
cholinergic neurons in vivo during botulism? Answering this question is difficult because we
do not know how to track the trafficking of BoONT molecules in the host at very, very low
concentrations, such as those involved in naturally acquired botulism. However, the medical
use of BoNTs in a growing number of indications has provided new, albeit indirect,
information on the neuronal selectivity of these molecules. In particular, clinical studies
following the administration of BoNT have indicated that the effects of BoNTs are not limited
to cholinergic neurons alone. For example, applications of BoNT in urology and pain relief
show that these toxins also affect non-cholinergic transmission. Such effects of BoNTs have
no counterpart in botulism. Indeed, there have never been any reports of altered
proprioception or no pain during botulism. Local concentrations of BoNT reached during
therapeutic injection are likely far exceeding those observed during botulism. Do the
cholinergic nerve endings that innervate the exocrine glands and muscle fibers express
specific combinations of receptors that give them a better affinity for BoNTs than nerve
endings of other types of neural cells? Clearly, there is a lack of mapping of the distribution
of receptors to BoNTs, both for the protein part and gangliosides. Such mapping could
provide an important breakthrough in the clinical development of BoNT treatment. Other
factors have an impact on the type of neuron reached by BoNTs. For example, the mode of

entry or administration of BoNT to the host (oral intoxication versus local injection)
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influences the access of the toxin to its target neuronal cells. However, BoNT's traffic from its
injection site to the final target neurons (local diffusion, dissemination in intercellular space,
retrograde axonal transport to the CNS) remains to be defined. In naturally occurring
botulism, such as foodborne botulism, the entry sites of BoNT (upper or lower part of the
digestive tract) and the mode of spread (blood, lymph) are still hypothetical. Does the enteric
nervous system play a role in the entry of BoNT and its dissemination to other target neurons?
What is the role of non-cholinergic neurons of the enteric nervous system targeted by BoNTs?
Do they facilitate the entry of BoNT and its dissemination to other target neurons? A better
understanding of the multiple facets of the neuronal selectivity and in vivo trafficking of
BoNTs will make it possible to understand the multiple symptoms and manifestations of

natural disease and to design new and effective therapeutic applications for BoNTs.
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Figure legend

Figure 1. Schematic representation of the innervation of the secretory glands and
urinary bladder indicating the main sites of action of BoNT/A.

Secretory glands are innervated by sympathetic/parasympathetic fibers. BoNT/A
prevents gland secretion by effecting on cholinergic nerve terminals. Note that sweat glands
are innervated only by sympathetic fibers, which are mostly cholinergic, and thus are
sensitive to BoNT (denoted as *).

The bladder smooth muscle fibers in the detrusor muscle and smooth muscles fibers in
the bladder neck and upper urethra (i.e. internal sphincter) are innervated by sympathetic and
parasympathetic fibers. This double innervation controls the contraction (denoted as +) or
relaxation (denoted as -) of the smooth muscle fibers. BONT/A acts on the parasympathetic
cholinergic nerve terminals, and causes inhibition of the release of ACh and co-transmitters
(as ATP) decreasing detrusor contraction. In addition, BONT/A targets sensory fibers (green
innervation). This results in a reduced expression of nociceptors such as P2X3 and TRPVI
(which are SNARE—dependent), and inhibition of the release of neurotransmitters (glutamate,

CGRP, substance P) involved in pain signaling.

Figure 2. Neuronal cell types recognized by BoNT/A (A) or BoNT/B (B) in the mouse
intestinal submucosa after administration in the intestinal lumen. Fluorescent BoNT/A,
BoNT/B or their recombinant receptor-binding domains were injected into mouse intestinal
loops, and after 15 to 30 min the intestinal samples were prepared for histology and were co-
stained with neuronal cell markers. Colocalization index between fluorescent toxin and
neuronal markers were determined. BoNT/A and BoNT/B recognize preferentially
cholinergic neurons in the intestinal submucosa, to a lower extent serotonergic neurons, and
to a much more lower extent the other neuronal cell types. ChAT, choline acetyltransferase
(cholinergic neurons); VIP, vaso-intestinal peptide; V-GLUT, vesicular glutamate
(glutamatergic neurons); V-GAT, gamma amino butyric acid transporter (GABA neurons);
GFAP, glial fibrillary acidic protein (glial cells). Figures were modified from (Connan et al.,
2016; Couesnon et al., 2012).
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Table 1. Botulinum neurotoxin types, gangliosides and protein receptors.
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BoNT Ganglioside receptor | Ganglioside Hydrophobic Ref Protein localization of | Ref
binding site loop receptor the protein
receptor
BoNT/A GT1b > GDla, E.H..SXWY..G (Rummel et al., | glycosylated Hen/Hee (Benoit et al.,
GD1b>> GM1 2004b; Yowler | SV2C 2014; Dong et
et al., 2002) glycosylated al., 2008;
SV2A, SV2B Mabhrhold et al.,
2013;
Strotmeier et
al., 2014; Yao
etal., 2016)
BoNT/B GT1b > GDIa > E.H.SXWY..G | Hc-loop (Rummel et al., | Synaptotagmin | Hce (Jin et al.,
GD1b>> GM1 2004b; Sternet | I 2006; Nishiki
al., 2018) Synaptotagmin et al., 1996;
11 Rummel et al.,
2007)
BoNT/C GDI1b, GT1b, GDla WY-loop (Karalewitzet | ? ?
>GMla al., 2012;
Sia-1 Karalewitz et
al., 2010;
Kroken et al.,
2011a;
Rummel et al.,
2009;
Strotmeier et
al., 2011;
Tsukamoto et
al., 2005)
BoNT/D GD2 > GTl1b, GD1b | DXY ... VXN (Kroken et al., | SV2A, SV2B ? (Peng et al.,
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PE 2011b; 2011)
Tsukamoto et
al., 2005)
BoNT/DC | GMla>GDla> YWF-loop (Stern et al., Synaptotagmin | Hec (Peng et al.,
GD1b, GT1b Hc-loop 2018; Zhanget |1 2012)
al., 2017a) Synaptotagmin
11
BoNT/E GDla, GQlb, GT1b | E.K.SXWY..G (Kamata et al., | glycosylated Hen/Hee (Dong et al.,
>>GM1 1993; Rummel | SV2A, SV2B 2008;
etal., 2009) Mahrhold et al.,
2013)
BoNT/F GTl1b, GDla >> E.H.SXWY..G (Fuetal., 2009; | SV2A, SV2B, (Fu et al., 2009;
GM3 >>GDlb, Ochanda et al., | SV2C Rummel et al.,
GMI1 1986; Rummel 2009)
et al., 2009)
BoNT/G | GTlb, GDla > G..G.SXWY..G | Hc-loop (Fu et al., 2009; | Synaptotagmin (Rummel et al.,
GD1b> GM3 > Stern et al., | 2007; Rummel
GM1 2018; Willjes et | Synaptotagmin et al., 2004a;
al., 2013) 1I Willjes et al.,

2013)




Table 2. BoNTs block the release of various neurotransmitters from neuronal cells.
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Neurotransmitter and neuropeptides | Cell/model system References

Acetylcholine Mammals
skeletal muscular junction (Burgen et al., 1949; Carpenter, 1967)
urinary bladder (Carpenter, 1967)

cortical synaptosomes
eye muscles

(Wonnacott and Marchbanks, 1976)
(Scott, 1981)

Fish
torpedo electric organ (Dunant et al., 1987)
Invertebrates
aplysia CNS (Poulain et al., 1988)
Glutamate Brain synaptosomes (Sanchez-Prieto et al., 1987)
cerebellar granule neurons (Foran et al., 2003)
sensory nerve terminals in the hindpaw (Cui et al., 2004)
Aspartate Brain synaptosomes (McMahon et al., 1992)
Gamma amino butyric acid (GABA) Brain synaptosomes (Ashton and Dolly, 1988; McMahon et al., 1992)
Glycine Cultured spinal cord neurons (Neale et al., 1999)
Dopamine Brain synaptosomes (Ashton and Dolly, 1988; Maisey et al., 1988)
Adrenaline
Noradrenaline
Serotonin Brain synaptosomes (Najib et al., 1999)

Substance P

Dorsal root ganglia
Urinary bladder explants

(Welch et al., 2000)
(Lucioni et al., 2008)

Calcitonin gene-related peptide (CGRP)

Dorsal root ganglia sensory neurons
Trigeminal ganglion sensory neurons
Urinary bladder

Skeletal neuromuscular junction

(Duggan et al., 2002; Welch et al., 2000)
(Durham et al., 2004)

(Lucioni et al., 2008; Rapp et al., 2006)

(Hassan et al., 1994; Meunier et al., 1996; Sala et
al., 1995)

Nucleotides
ATP
B-NAD

Urinary bladder

(Breen et al., 2006; Lawrence et al., 2010)
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