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Abstract: Ligandgated ion channels (LGIC) play a central role in Hugtular
communication. This key function has two consequen@eshese receptor channels are
major targets for digidiscovery because of their potential involvement in numerous human
brain diseasegii) they are often found to be the target of plant and animal toxins. Together
this makes toxin/receptor interactions important to drug discovery projects. Therefore,
toxins acting on LGIC are presented and their current/potential therapeutic uses
highlighted.
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1. Introduction and Scope of the Review
1.1. To be Poisonous or Not: The Dose Effect

When thinkng of toxic compounds, researchers often have in mind the famous citation of
Paracelsus (Philippus Theophrastus Aureolus Bombastus von Hohenheim): "The dose makes the
poison” or in its more complete version "All things are poison and nothing is with@manp&olely
the dose determines that a thing is not a poiddh."Although this 16th century concept is now
debated, Paracelsus is still recognized as one of the fathers of "Toxicology" as it is envisioned today.

Medical drugs and toxins are good illstons of this adage. On the one hand, medical drugs are
often perceived as ngmoisonous because of their potential benefit for humans. However, it is now
well known that widely used drugs like Paracetamol Ibuprofen®* can be highly toxic at relatively
moderate dosef2]. On the other hand, toxins are generally perceived as dangerous for humans
because of their possible accumulation in the alimentary chain or their use as biological weapons
(e.g., anatox-a). However, following Paracelsus, lowering the dose might allow to make them
non-toxic. Solving the issue of toxicity would pave the way to turn them into medicine. Initheed,
addition to their use a@n invaluable source of ligands for studying sual or functional properties
of their molecular targetS], these molecules are now increasingly interesting to researchers for their
use asnedicine or cosmetic produd®.

1.2. Toxins as Biological Poisons

The word 'toxin' was first introduced by dwig Brieger as a name for poisons made by infectious
agentg5]. These biological poisons allow the organisms to survive difficult environmental situations
where the toxins are advantageous for prey capture or d¢&n&dant toxins (e.g., nicotine) t@n
function as protection against certain animals. In animals, toxins have similar defense potential and are
also used to capture preyoxicity might, however, be less directly connected with environmental
situations as in the case of fish and shelliist become poisonous after feeding on toxic plants or algae.

Toxins are nowadays usually defined as poisonous substances produced by living organisms
including bacteria, microalgae, plants or fungi. We will use here this definition and therefore restrict
ourselves to natural substances affecting an animal.

1.3. Scope of the Review

The knowledge of toxins acting on the ligand gated ion channels (LGIC) is dispersed and not
homogeneous. Some toxins were isolated and chemically characterized, but poorly stude
LGIC afterwards. Others found very wide applications and are frequently used in research or even as
therapeutic intervention. This-imomogeneity could be due to the fact that the study of toxins acting
on LGIC is the intersection of two relatiyeteparated fields: toxinology on one hand and the study of
the LGIC on the other hand. Another explanation is that many of the toxins described below were
discovered and characterized (and then forgotten?), before the diverse LGIC had been identified. We
therefore decided to construct a list of toxins targeting the LGIC that would be as exhaustive
as possible.
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This compilation of toxins targeting the LGIC should be useful as toxins constitute a relatively
unbiase@ in term of chemical space cover&dourceof ligand structures that can be used: (i) as a
source of inspiration for drug design, as much as hits identified fromtimighghput screening
experiments; (i) in structure/activity relationship studies; (iii) in virtual screening studies. The
structureof a representative member of each family of the liggaietd ion channels has been very
recently solved by Xay crystallography making these studies timely.

2. Toxins Targeting the Ligand Gated lon Channels

LGIC are allosteric proteins (for a recenvieav on the allosteric nature of nicotinic receptors,
see[7]). Indeed, their functioning implies that they are in equilibrium between a few states, switching
from the resting state to an active state with an operchannel, and eventually a desensitizéate.

In this framework, the ligands (agonists, antagonists and allosteric modulators) act by altering the
equilibrium, i.e., they stabilize the state for which they have the highest affililtg endogenous
agonist binds, by definition, in the orthostebinding site. The other ligands, notably toxins, bind
either at the same site (agonists and competitive antagonists), or in other binding sites (allosteric
modulators and nenompetitive antagonists).

LGIC are oligomeric receptors made by the assariatif identical or homologous subuni§j.

The LGIC superfamilly can be subdivided into three families depending on the number of monomers
composing an oligomer: the pentameric, tetrameric and trimeric LGIC.

The pentameric family encompasses the nicotwietylcholine receptorsQ $& K5V . -

/[ 0 @®dmdrkhlaaminobutyric acid t$%$ UHFHSWRUV-. / O -3Ereckptors,

the SerotoninJ-hydroxytryptamine, 5HT3) receptorS-AT3A-( DQG WKH *O\FLQ@H UHFHS:E
[9,10]. The endogenous agontsinding site lies at the interface between subunits (Figure 1). The
location of alternative binding sites has been identified at homologous interfaces (e.g., benzodizepines
for the GABA receptors) and in the transmembrane dofdain

The tetrameric famyl of LGIC consists of glutamate receptors. This LGIC family contains the
.-aminc-3-hydroxyl5-methyt4-isoxazolepropionate AMPA) receptors (GluA34), kainate receptors
(GluK1-5) and N-methyl D-aspartate NMDA) receptors (GIuN1, GIluN2AD, GIuN3A-B). The
agonist binding site of tetrameric LGIC lies inside monomers (Figureh#).agonists and alternative
binding sites are known from biochemical and structural stitids

The trimeric family of LGIC is made by P2X receptors (PZX¥1The knowledge of the binding
site is much more restricted compared to that of pentameric mathéic LGIC: the binding site for
ATP has been tentatively localized in a cavity at the interface between subunits (Figure 3).

Below are listed selected toxins, known to act on the various LGIC, thampoetant for historical
or pharmacological reasenThis series of toxins is complemented by a list presented as an appendix
(Section 5).
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Figure 1. Structure ofpentameridigand-gated ion channels (LGICMuscle type nAChR

is taken as an example. Top left: Topology of the receptor. Top right: Topofi¢he
receptor. Bottom left: Side view of the receptor showing the extracellular, intracellular and
transmembrane domains. Agonist binding sites are located at subunit interfaces in the
extracellular side of the receptor. Bottom right: Longitudinal ceession of the receptor,
showing the pore domain.
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2.1. Nicotinic Acetylcholine Receptors

Nicotinic receptors are arguably the most walbwn LGIC to date. This is probably due to their
very early discovery and the large number of toxins blocking thestotitally, the pharmaceutical
NQRZOHGJH RI WKH FKROLQHUJLF V\VWHP KbaresHy BpadishG Z L
explorers in South America during the 16th century. Indeed, curares were used there by local tribes for
hunting[1]. It was found dung the 19th century that curares block the synaptic transmission at the
level of the neuromuscular juncti¢h3] therefore paralyzing the prey. Similar usage of curares have
also been reported in Africd4], and Malaysig[15]. Toxins had an invaluable cwibution to the
HPHUJHQFH RI WKH QRWLRQ RI /*,& DV Q$&K5 ZKHUH ILUVW G
VXEVWIBRFH"’
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Figure 2. Structure of tetrameric LGIQNMDA receptor is taken as an example. Top left:
Topology of the receptor. Top hg Top view of the receptor. Bottom left: Side view of the
receptor showing the extracellular, intracellular and transmembrane domains. Agonist
binding sites are located in juxtaembrane domains in the extracellular side of the
receptor. Bottom right: Lagitudinal cross section of the receptor, showing the
pore domain.
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Another historically significant toxin targeting the nAChRDB®8ungarotoxin (reviewed in[17]). It
was first used to isolate the nACHR8,19]. The venoms of marine cone snails represent a rich
combinatoriallike library of evolutionarily selected, neuropharmacologically active peptides called
conotoxins (Figure 4,Table 1) that target a wide variety of receptors andclmamnels[20]. The
subtype specific snakéneurotoxins and cone snalbconotoxins are still widely used to probe
receptor structure and function in native tissues and recombinant sy2igms

Nicotine is a highly toxic alkaloid proposed to serve as an insecticide protecting Tobacco plants
[22]. It is the prototypical agonist at nicotinic cholinergic receptors (Figure 5) in comparison to
muscarinic receptorf23]. Tobacco extract was used as an ¢tisgle for centurie§24], perhaps as
early as 169(25]. The effect relies on the presence of nicotine and anabasine (see Section 5).
Moreover, nicotine and anabasine were still in use in the early 20th century (see below). Nicotine is
also important mddally because it is thought to be responsible for tobacco addiction through the
stimulation of D EnAChR on dopaminergic neurons of the ventral tegmental ®&%) ((26].
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Figure 3. A schematic view of trimeric LGIC (P2X receptor). Top left: Topologythod
receptor. Top right: Top view of the receptor. Bottom left: Side view of the receptor
showing the extracellular, intracellular and transmembrane domains. Agonist binding sites
are presumably located at subunit interfaces in the extracellular sides okbc¢hptor.
Bottom right: Longitudinal cross section of the receptor, showing the pore domain.
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Figure 4. Representative protein toxins targeting the nicotinic acetylcholine receptors.

Conotoxin-TxIA Huwentoxin-I

alpha-Cobratoxin  Denmotoxin Candoxin
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Table 1. Dconotoxins acting on nAChRs.

Name Conusspecie Target References
Gl, GIA, geographus Musde nAChR [27]
Gl
MI magus Muscle nAChR [28]
Sl, SIA and striatus Selectivity for the distinct interface)( dr [28,29]
Sl D f the musclaype nAChR
Iml, Imll imperialis Selective forD¥ nAChR but also effective [30]
onD E D E
BulA bullatus Highest potency foD - and D containing [31]
NAChRs
CnlA, CnIB consors Muscle nAChR [32]
Acl.1a, achatinus Muscle nAChR [33]
Acl.1b
El ermineus | Seledive for muscle nAChR, also effectiv [34]
onD E D E
PniB, pennaceus SelectiveforD D E  DAEhR [35,36]
(A10L)-
PnlA
GIC geographus Selective forD E [37]
Mil magnus Selective forD E D E E nAThR [38,39]
PIA purpurascens Seletive for [40]
DE DE DDE E D
PIB purpurascens Muscle nAChR [41]
GID geographus D D E D E [42,43]
AulA, AulB aulicus Selectively blocksD EnAChRs [44]
and AulC
EPI episcopatus SelectiveforD D E D E [45,46]
AnIB anemone D DE [47]
Vcl.l victoriae D D E D D E [48,49]
ArlA, ArlB arenatus D DE [50]
DDEE
PelA pergrandis DD DDETE DE [51]
OmlA omaria D DE [52]
TXIA textile D E [53]
Lpl.1 leopardus DE DDE [54]
SrlA, SrIB spurious D E muscle type nAChRs [55]

26¢€

EErythroidine is isolatedfrom the coral treeErythrina cristagalli. It acts as a competitive
antagonist of nicotinic receptors (it targdis E D EQG UHFHSWRUV DQG KDV
WKH PXVFOH W|[8BJHAtDhQCGconcentrations, they are noncompetitive blockers of possibly
all nicotinic receptors subtypgS7 £59]. Erysodine is a structurally relate&rythrina Alkaloid acting
on D EDQG . nAChR. Both compounds are weak binderdYonAChR explaining tat they are
used to discriminate between different NAChR subtypes although they are relativshiedive.
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Figure 5. Representative alkaloids targeting the nicotinic acetylcholine receptors.
Top: agonists, middle: competitive antagonists, bottom:aoonpetitive antagonists.

Methyllycaconitine (MLA) , is extracted fronbelphiniumspecieg60] and is a potent and highly
VHOHFWLYH . QS$&KB2IDNLWIB [BR)EN BeW/ for this property as a pharmacological
tool in researcl{63]. MLA together with additional alkaloids iDelphinium species rfudicauline,
14-deacetylnudicauling barbini ne and deltaine) have also been found to act on nAChRs blocking

the neuromuscular junctiowhich may be related to thBelphiniumspecies involvement in cattle
poisoning[64,65].
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2.2. GABAA Receptors

The toxins of the GABA receptors are, as for the nACbR different categories (agonists,
antagonists and allosteric modulators) as illustrated by the examples described below.

Dthujone is extracted from the wormwoodrtemisia absinthiunand is found in absinth&6]. It
is a negative allosteric modulator of GABRreceptors (Figure 6) resulting in convulsant activity
[67]. Dthujone also antagonizes 5HT3 recept{®8].

Figure 6. Representative toxins targeting the GABA receptors.

Bicuculline, isolated fromDicentra cucullarig is a competitive antagonist of GABA receptors
causing convulsionf66].

Muscimol is an agonist extracted fro&manita muscarigartly responsible fothe toxic effect of
the mushroonfi66].

Picrotoxin is a ron-competitive antagonists isolated frohenispermaceaeBinding modes for
picrotoxin have been proposed in the ion chai@#1].

2.3. Glycine Receptors

Strychnine is found in the seeds of thergthnine tree $trychnos nuxomicg. Strychnine causes
muscular convulsions and eventually death through asphyxia or sheer exhaustion. It is used as
pesticide, particularly for killing small vertebrates such as birds and ro@&ntshnine participateis
the pharmacological differentiation of receptors responsive to glycine. Indeed, some NMDA receptors
are also activated by glycine but are strychnine insen$it®je

2.4. Serotonin Receptors

The serotonin receptors have very few known tox@mnotoxin GVIIA ( \fconotoxin; a &rge 41
aminoacids conotoxiri73]) andd-tubocurarine.
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d-Tubocurarine is a monequaternary alkaloid obtained from the bark and stems of
Chondrodendron tomentosuh Tubocurarine blocks nAChRs at the neuromuscular junction but also
acts on serotonin receptdi®l]. d-Tubocurarinds the archetypaturare. As neuromuscular blockers,
curares can be used as skeletal muscle relaxants and were mdadaced in anesthesia in 1943)].
Curaresare active only by injection. They arerimdess if taken orally because curare compounds are
too large and too highly charged to pass through the lining of the digestive tract to be absorbed into the
blood. This explains how they can be used to kill prey that will be later ingested.

2.5. NMDA Reeptors

Ageltoxin (agatoxin) are arylamine toxins (thédagatoxins) found in the venom of the spider
Agelenopsis apertd hey paralyze insects by blocking glutamatergic neuromuscular transnjigjon
Ageltoxins are thought to be n@mompetitive channellbckers specific for NMDA receptofg6,77].

Conantokins are found in the venom fro@onusfish hunting snail$78]. The conantokins (G, L, R
and T) form a class of peptides that inhibit competitively NMDA recefit®s30]. Interestingly
conantokins posss a large number ofcarboxyglutamic acid residues (Figure[8)L]. One of the
J carboxyglutamic acid residues is thought to participate in the selectivity of conant{#p. G

2.6. AMPA Receptors

Quisqualic acid is isolated from the seeds Qfuisqualis indica Quisqualic aid is an agonist at
AMPA receptord83]. Quisqualate used to be the prototypical ligand of AMPA receptors, which were
therefore called quisqualate receptors. However, this name has been abandoned as quisqualate also a
at metabotropic glutamate recestf83].

2.7. Kainate Receptors

Kainic acid was first isolated from the red al@@genia simplexwhere it might play a defense
role, [84] and is also found in other algf®5]. Kainic acid is the prototypical agonist defining the
Kainate subtype of glutarteareceptors. The toxin is associated with human poisoning through the
consumption of mussels that eat the algae.

2.8. P2X Receptors

Purotoxin are P2X receptors modulators which were isolated from the venom of the wolf spider
Geolycosa sp [86]. Later, puoxin has been isolated and shown to be acwnpetitive antagonist of
the P2X3 receptors [87]. It was found to be a close homologue to other spider toxins of unknown
function and a more distant homologue to toxins known to bind to other receptorsq@&/gvét, none
of the receptors tested, besides P2X3, were sensitive to purotoxin, which makes it to date the only
toxin specific of P2X receptors [87].
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Figure 7. Representative toxins targeting the glutamate receptors. Top: NMDA receptors;
Middle: AMPA reeptors; Bottom: Kainate receptors.

3. Current and Proposed Medical Use of Toxins Targeting the LGIC

Neurotoxins are great sources of medicine or cosmetic profijctsn addition to their usage as
analgesicqd79], they are now evaluated as potentiahtingent for many pathologig4,6,88]. The
toxins presented below are those that are used in clinic or that entered clinical trials (clinical trials were
monitored using the website clinicaltrial.org). However, for some LGICs, no toxin has reached clinical
trials. Therefore, this section is also complemented with information from patents and recent
preclinical data.

An important characteristic of all the toxins presented below is that they are not used as alternative
strategies because of toxic propert[89]. Instead, the toxins targeting LGIC are used for their
modulating activity.

3.1.nAChR

The nAChR has the largest number of known toxins (Sections 2 and 5). It is probably not surprising
that nAChR also has the largest number of toxins used medicdlyestingly, both agonists and
antagonists are used differently to what is observed for most of the other LGIC.

3.1.1. Agonists

NAChR agonists are considered for their central action and, beyond treatment of tobacco addiction,
the main targeted effect iggnition stimulation.

Three agonists are used to treat tobacco dependéptigine (in eastern and central Eurogép],
Lobeline [91] andNicotine.
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NAChR agonists are also considered in the treatment of neurological disorders. Nicotine is
evaluated forBDUNLQVRQYYV GLVHDVH SKDVH ,, VFKLIRSKUHQLD S|
(phase 1V). Lobeline is evaluated for therapeutic intervention in Attention Deficit Hyperactivity
Disorder (phase Il)Epibatidine has been evaluated for the treatinginpain in phase Il clinical trials
(as ABTF594) and later abandoneécause of adverse effepty. GTS21 (derived from anabaseine) is
evaluated (phase Il) for therapeutic intervention against schizoplfgehia

3.1.2. Competitive Antagonists

Curares derived from dtubocurarine are widely used for local anesthesia asralgmant. The
curare pancuronium is also used for enforcing the death penalty. The reader is referred to the review o
Norman Bisse[1] for a historical perspective on the use of cesa

Cobratoxin is used in traditional medicine in Chif@3] and India. Cobratoxin use has also been
proposed for the treatment of small and 4somall cell lung cancer by blocking thEF nAChRs
[94 08]. Cobratoxin has also been proposed for the tredtaigain[99] and Multiple sclerosigL00].

In terms of the latter pathology, a chemically attenuated version of cobrft®dip also known as
receptin or RRIF8M, is under investigation in a phase Il clinical trial.

Conotoxins hold a significant thegeutic potential that has been reviewed recef@py].
Dconotoxin Vcl.1, which targetdD D AQhRs, has been tested in a phase Il clinical trial
(as ACV1) but the development was later discontinued. It should be noteBd¢babtoxin Vcl.1 has
been proposed to target also thayNe calcium channdll02 A104]. Muscleselective .-conotoxins
(e.g., .-Gl), could represent an alternative to the use of small molecule eunaretic muscle
relaxants, which are used during surgery, but have slower than ideal recovery4&06{

3.1.3. NonrCompetitive Antagorsits

Strychnine used to be prescribed for the treatment of myasthenia until $930@ 30\DVWKHQ
however, encompass very diverse pathologies that were not discriminated before the 20th century
[107]: (i) Myasthenia graviss an autoimmune diseaE7]; (ii) congenital myasthenia syndromes are
associated with genetic alterations, some of them increasing or decreasing nAChR response to ACI
[108]. Using an antagonist like strychnine cannot be beneficial to treat cases of reduced cholinergic
signaling. Sub a treatment could only be beneficial for the cases displaying an increased activity of
the nAChR,i.e., the slow channel congenital myasthenia. Interestingly, quinidine, which acts as a non
competitive antagonist strychnine has a similar effect on museChR[109] 2 is used nowadays to
treat patients with slomehannel congenital myasthenia.

Mecamylamine is a drug introduced in the 1950s as an-hppiertensive agent and is now
(as TC5214) under clinical trials (phase Ill) for the treatment of Major BepeDisorder.

3.2. Other Pentameric Ligand Gated lon Channels

None of the toxins targeting the other pentameric LGIC (GABA, Glycine, Serotonin) have been
used in medical practice. Furthermore, none of the toxins targeting these receptors has enterec
clinical trials.
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For GABA receptors, a patent proposes the use of either the agonist muscimol or the antagonist
bicuculine for the treatment of myopia. Numerous, synthetic compounds targeting the GABA receptors
are on the market, the most significant beiagbliurates and benzodiazepines. These compounds act
by increasing the mean open time of the ion channel.

Among synthetic compounds, anesthetics (e.g., propofol) potentiate Glycine receptors. However,
propofol also acts on GABA receptors. Currently, nagdargets specifically Glycine receptdid.0].

The amineacid taurine, found in energizing sodas is an inhibitor of the Glycine re¢é&pidr

Synthetic antagonists targeting the Serotonin receptersised as antiemitic drugd.2]. Similarly,
naturalcompounds targeting the Serotonin receptors have antiemitic properties, e.g., ginger extracts
and deltad-tetrahydrocannabinol froifGannabis sativa.

3.3. NMDA Receptors

Toxins targeting the NMDA receptors (Figure 7, top) have neither been used medicatgted
clinically. Synthetic compounds targeting the NMDA receptors in clinical use are mainly channel
blockers (Ketamine, Memantine, Amantadine) but also antagonists (Felb&ii&fe)Partial agonists
have also been tested clinically (GLY28 and Acompsate).

Conantokins G and T have been noticed to display antinocicepfi¥®4,115] and antepileptic
properties[4,116]. Some conantokins demonstrate receptors subunit selectivity, which makes them
attractive drug candidat¢t17].

Domoic acidcontainingalgae are used as vermifugal agents in Japanese traditional mgdi&he

3.4. AMPA Receptors

Toxins targeting the AMPA receptors (Figure 7, middle) have neither been used medically nor tested
clinically. The only drug on the market targeting AMPA reoeptis the potentiator Aniracetam (in
Italy and Greece). Drugs targeting the AMPA receptors that entered clinical trials were either
antagonists (e.g., E2007/perampanel advanced in phase Ill) or positive allosteric modulators.

3.5. Kainate Receptors

Kainic acid is used in Chinese and Japanese traditional medicines as an anthelmintic to treat
ascarialig118]. Kainic acid is the onlyokin targeting the kainate receptors (Figure 7, bottom) used as
a treatment, and none have been tested clinically.

3.6. P2X

No drug targeting P2X receptors is on the markef3&®] and only very few clinical trials have
been performed on that target (QE4535 and GSKL.482160, which are not toxins). This observation
can probably be explained by the very recent discovery isffmily of LGIC. However, P2X
receptors are attracting a lot of interest from pharmaceutical companies as shown by the significant
number of patents filled recent[{20]. All of the compounds proposed to target P2X receptors are
antagonists. In agreemntenwith this observation, among toxins targeting the P2X receptors (Figure 8),
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Purotoxin has been proposed for the treatment of pain based on the observation of antinociceptive
activity in animal testing87].

Figure 8. Representative toxins targeting P2¢eptors.

4. Conclusion

One significant observation made during the preparation of this review is that the number of toxins
acting on each family of LGIC is highly variable, ranging from a large number acting on nAChR to
little acting on others like P2Xeceptors (see Sections 2 and 5). Two biological explanations can
be proposed:

Although LGIC are mainly considered for their role at synapses they are also found in organisms
that do not have any synapde1]. Indeed, homologous proteins have been faormtokaryotes for
pentamerid122,123] and tetramerifl24] LGIC but are still to be found for P2X receptors. It can
therefore be proposed that P2X receptors appeared more recently in evolution and that the early
emergence of pentameric and tetramericC@buld have allowed more time for toxin-ewolution.

The physiological roles of the diverse LGIC could also play a role in the imbalance in the number
of toxins targeting the LGICs. Indeed, nAChRs, which are largely targeted by toxins, have a prominent
role at the neuromuscular junction and, as mentioned above, numerous toxins target that function.
Glutamate receptors are also involved in the neuromuscular transduction in invertgi#taiesn
comparison, the role of P2X receptors at the neuromusautatign is limited in that it does not
participate directly in the transmission, but in the neutscular junction development and
regeneratio126], and should therefore be a less critical target for prey capture.

In addition to these biological expldmmns, the asymmetry in the knowledge of toxins targeting
LGIC could also be due to the lack of research on the latter identified P2X receptors compared to the
first identified nicotinic receptors. Indeed, the targeted receptor is not necessarily oberauthé
symptoms and specificity of action may come from other reasons than pharmacologicalegnes,
many toxins can affect receptors present in the CNS whereas they do not reach them physiologically.
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The known interactions therefore largely depend meciic studies on the effect of toxins on LGIC
that are themselves asymmetric.

Given the therapeutic potential of toxins, this observation makes the quest for new toxins targeting
P2X receptors an attractive area of research.

Appendix: List of Toxins Targeting the LGIC
1. Nicotinic Acetylcholine Receptors

1.1. Peptides and Proteins

1.1.1. Conotoxins

Dconotoxins (Table 1) constitutes the largest group of conotoxins that target muscle nAChRs
and/or specific subtypes of neuronal nAChRs in mammals [28pnotoxinscan distinguish amongst
different subunit arrangements and therefore represent valuable pharmacological tools for research an
hold therapeutic promises [127].

Table 1. Dconotoxins acting on nAChRs.

Name ConusSpecie Target References
Gl, GIA, Gl | geographus | Muscle nAChR [27]
MlI magus Muscle nAChR [28]
S, SIA and Sli striatus Selectivity for the distinct interfaced) dr D ®f the [28,29]
muscletype nAChR
Iml, Imll imperialis Selective for¥ nAChR but also effective oD E D E [30]
BulA bullatus Highest potency foD - and D containing NnAChRs [31]
CnlA, CniB consors Muscle nAChR [32]
Acl.1la, Acl.1b achatinus Muscle nAChR [33]
El ermineus Selective for muscle nAChR, also effective bn E D E| [34]
PniB, (A10L)-PnlA pennaceus Selective forD D E DAEhR [35,36]
GIC geographus | Selective forD E [37]
MIl magnus Selective forD E D E E nAThR [38,39]
PIA purpurascens| Selective forD E DE DDE E D D E | [40]
PI1B purpurascens| MusclenAChR [41]
GID geographus | D D E D E [42,43]
AulA, AulB and AulC | aulicus Selectively blocksD EnAChRs [44]
EPI episcopatus | SelectiveforD D E D E [45,46]
AnIB anemone D DE [47]
Vcl.l victoriae D DE D D E [48,49]
ArlA | AriB arenatus D DB DEE [50]
PelA pergrandis D D DDETE DE [51]
OmlIA omaria D DE [52]
TXIA textile D E [53]
Lpl.1 leopardus DE DDE [54]
SrlA, SrIB spurious D E muscle type nAChRs [55]
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Dconotoxinsselectively ardgonize the foetal subtype of the mammalian neuromuscular NAChR. A
few have been identifiedDAs OIVA and OIVB (from C. obscures)DAs PelVA and DAs PelVB
(from C. pergrandis),DA PIVA (from C. purpurascens DA EIVAand DA EIVB (from C. ermineus),

BC PrXA (C. parius),or D5 RVIIIA (C. radiates).

Non- Dconotoxinsact on muscktype nAChRs.\-conotoxin PIIIE (from C. purpurascenshas a
structure similar to that of the voltagated Na+ channddlocking Rconotoxins and acts as a Ron
competitive antagonispérhaps a pore blocker) of the mustyipe nAChR [44] \-conotoxin PIIIF
has also been identified @. purpurascenand \-PrllIE in C. parius.

1.1.2. Snake Neurotoxins

Snake neurotoxins have the same neuromuscular blocking effects than the plant alkaloid
(+)-tubocurarine, but with approximately £8-fold greater affinity and poor reversibility of action. They
are referred to as curaremimetic neurotoxins or postsynaptic neuro{dsible 2) Snake venom
Dneurotoxins are polypeptides of 3 amino acidesidues with 4 disulfide bridges, divided as short
(6062 amino acids, 4 disulphide bridges) and ohgins (6675 amino acids, 5 disulphide bridges).

Table 2.Snakeneurotoxins acting on nAChRs.

Name Source Target Structural Group References
DBungarotoxin | Bungarus Muscle, D Long-chain Dneurotoxin | [128,129]
multicinctus
Nmml Naja mossambicg Muscle shortchain Dneurotoxin | [130]
mossambica
N bungarotoxins | Bungarus genus | D Eand other long-chain neurotoxin [131]
E-containing
NAChRSs.
Dcobratoxin Naja genus Muscle, D long-chain Dneurotoxins | [132]
(e.g.,Naja
kaouthig
Erabutoxin-a. Laticauda Muscle Shortchain Dtoxin
semifasciata
erabutoxin-b Laticauda Muscle shortchain neurotoxin [133]
semifasciata
Toxin- D Naja nigricollis | Muscle shortchain Dneurotoxin

The human proteiynx1l has been proposed to beolutionary related to snake venom toxins
[134,135].1t binds tightly to NAChRs and inhibits their activatidhhas been shown that Lynx1 both
decreases nAChR sensitivity tgdinds and increases desensitization.

Denmotoxin is present in the venonfrom the Colubrid snakeéBoiga dendrophila(Mangrove
Catsnake). It displays remarkable species specificity, being able to interact irreversibly and with high
affinity with chick musclenAChR, but only with low affinity with mouse nAChR36].

Waglerins are polypeptide isolated from the venom of South Asian sa&pidolaemus wagleri
consisting of 2224 amino acids and containing one disulfide briddeese toxins interact with high
affinity with muscletype nAChR[137].
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Weak neurotoxinsform the group of three fingered toxins consisting o682amino acid residues
with five disulfide bridgesharacterized by low toxicity. Toxins of this type were later referred to as
melanoleuca or mistlaneousype or nonconventional toxins (Table 3). They bind to neuronal as
well asTorpedonAChRs, although with low (micromolar) affiniti¢s38].

Acanthophin is found in HDWK DGGHU YHQRPV WKH\ DUHFKDER JLQ QC
HORIRHN] SRVWVI\QDSWLF QHXURWRI[LQV WKDW ELQG WR Q$&K5
bulbar paralysis.

1.1.3.Natural Toxic Peptides from Other Species

Philanthotoxin is found in the venonfrom the Egyptian digger wadphilanthus triangulumand
acts bolh as competitive and noncompetitive antagdii8).

Huwentoxin is a neurotoxic peptide purified from the venom of the Chinese bird spider
Selenocosmia huwend@his family consists of several typdsuwentoxinl is a lethal neurotoxin that
binds to the n€hR and blocks neuromuscular transmission. Huwent®xiohocks neuromuscular
transmission and acts cooperatively to potentiate the activity of Huweritftd®,150].

Table 3.Weak neurotoxins acting on nAChR.

Name Origin Target Other specifications | References

Candoxin Bungarus candidus X and muscle. [139]

CM-11,CM-2 Naja haje haje Muscle [140]
(Egyptian cobra)

CM10, CM12, Naja haje annulifera | Neuromuscular [141]

CM-13b, CM-14 Junction

Cm-9a N. kaouthia

S4C11 N. melanoleucal neurotoxin [142]

Homologue

S5C1, S5C10 Dendioaspis jamesoni| Muscle [143]
kaimosagEastern
Jameson's mamba)

S6C4 Dendroaspis jameson 67% sequence identit
Kaimosae MDPHYV with Bucandin.
mamba)

Jbungarotoxin Bungarus multicinctus post synaptic [144]

action
WTX Naja kaouthia X and musle. [138]
Wntx-5 Naja sputatrix Torpedo [145]
D E Jdgick D

NNA2 the Taiwan cobra (N. | Muscle long-neurotoxin [146]
n. atra) homologue

LSHI Laticauda neuromuscular [147]
Semifasciata blockade
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1.2.Alkaloids

Cytisine from the golden chaitreeis a natural agonist of nicotinic4 2/.3 4*/ .7 receptors. Other
Cytisinelike analogs areaulophylline andtinctorine [151].

Comparing Nicotine with cytisine and caulophylline allowed drawing attention on the efjgi<tof
on activity[152]. This doservation, in turn, paved the way for the proposal that alkaloids bind through
a cation/pi interaction with aromatic residues present in the nAChR orthosteric binding site.

Anatoxin-a is a natural agonist produced by diverse cyanobacteria throughoutotthd [A53].
Anatoxina is a cyanotoxin considered as an environmental issue as it is found in water bodies and
promotes animal deattj$54]. In addition,given thatintoxication due to anatoxia is possible from
drinking water it has been considered tih@buld be used as biological weapéior all those reasons
numerous detection methods have been devel@pes]. Anatoxina has nanomolar affinities for
D E D*&dD homoanatoxin

Epibatidine is a potent nicotinic agonist fronDendrobatid frog Epipedobates tricolgr with
antinociceptive propertigd56]. Epibatidine has selectivityfob E> D E>D >D E JG

Other nicotinic alkaloids fronkEpipedobates tricoloare N-methylepibatidine, Epiquinamide and
nicotine Epiquinamideis VHOHFWLYH IRU QLFRWLQLBUbLHFHSWRUV FRQW

Anabasine is found in variousnatural sources likglant Nicotiana glauca ant Aphaenogaster
fulva, marine wormParanemertes PeregrindAnabaseine is an agoinst fdd E and D nAChR.
Anabaséne which is a potent agonist on muscle and neuroB8lungarotoxinsensitive nicotinic
receptord157], is found in tobacco and is also present in small amounts in tobacco smoke. Anabasine
has been used as an insecticide.

Histrionicotoxin is a toxin isolded from skin secretions of a Colombian frdgendrobates
histrionicus It is a potent nowompetitive antagonist of nAChR. More than 100 toxins have been
identified from the skin secretions of members of the Dendrobatidae family of frogs, especially
Dendobatesand Phyllobates Members of the genuBendrobates(of which there are at least 44
known species) are also known as "poison dart" or "poison arrow"[ft68§

Ferruginine is a rather wealagonistof neuronal type nAChR from plamarlingia ferruginea,
other analogs includgarlingine [159].

Carbamylcholine like acetylcholine activates both nicotinic and muscarinic receptors. The affinity
for nicotinic receptors is inthe order@& E> D E > D

Toxiferines are isolated fronBtrychnosspecies. @oxiferine | (also refered to as toxiferine) is a
guaternary alkaloids and, like tubocurarin, is a curare that acts as a competitive antagonist for nicotinic
receptors, but is relatively nonselective. They were first found very potent to block the nexwiamus
junction [160]. Toxiferine I, among neuronal type nAchR tested was found to bind mainl{yon
subtype[161]. Toxiferines were first used in anesthesia but were abandoned later because their effect
was prolonged over too long periods [162]

Neosurugatoxin a complex alkaloid glycoside isolated from a molluB&bylonia japonicd163],
is a potenticotinic competitive antagonist which blocks both muscle and neuronal nf8C16366].

Ibogaineis found principally in the west africafabernanthe ibogavere it is used in ceremonies of
the Bwiti religion [167]. It was used for its anrfiddictive pr@erties but was later banned for being
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addictive[167]. It is a noncompetitive blocker of nicotinic recept¢t68], and also interacts with
other proteins including NMDA receptois67].

Strychnine is a noncompetitive antagonist 8D Ereceptors but acts as a competitive antagonist at
D receptorg169].

Coaine is found in the plant sourcErythroxylon Cocaand isis a noncompetitive blocker in
particular for D E .7-selective
agonist{170].

Sparteine, a lupin alkaloid extracted frorhupinus luteushas been found to be an antagonist for
D EreceptorsLupin alkaloids are found in wide variety of plants around the world and are generally
toxic [171,172].

Parazoanthoxanthin A is a fluorescent pigment of the group of zoanthoxanthins. It has been
shown that Parazoanthoxanthin A demonstrates a dual actidorpedonAChR; both as a pore
blocker and a competitive antagorikt 3].

1.3. Others

Lophotoxin from various Pseudpterogorgia species, gorgonian soft corals, is a potent and
irreversible antagonist for neuromusctigoe nicotine receptor§l74#77]. Lophotoxin appears
selective towards4 2 and .1 1 /nicotinic receptor$l78]. It was found to react with Trp 190 in the
Dsubunit[179]. Its analogudipinnatin B has similar propertigd.80].

Luffarins (K, L and R) as well a€omentins @, B and C) arenon-specific antagonists extracted
from Australian soft corali8].

2. GABA-A Receptors

Cicutoxin from the leaves oficuta virosacauses convulsion and respiratory paraljssd ).
Cunaniol from the leaves oflibadium sylvestra GABAA antagonist is a potent convuls@til].
Ethanol is apositive modulator of GABA receptof$81].

3. Glycine Receptors

Brucine is a plant alkaloid found in several species, most notably the Strychniné&trgehfios
nuxvomica L). Brucine is structural related to strychnine.
Tutin is a plant toxin found ithe tutu plant (genuSoriaria). It has powerful convulsant effects.

4. Serotonin Receptors

The serotonin receptors have very few known tox@mnotoxin GVIIA ( \fconotoxin; a&rge 41
aminoacids conotoxin [73]) and-tubocurarine (see nAChRS).

5. NMDA

Ibogainesee nAChR.
Ibotenic acid was first isolated from the fungusmanita ibotengutak¢l182,183]. The fungus
Amanita muscaridfly agaric) got its name from its poisonous actions on flies [184].
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Kaitocephalin was isolated from the funguEupenicillium skearii as a glutamate receptor
antagonist, which protected from kainate toxicity [185].

Kaitocephalin was latter found to be an antagonist of NMDA and AMPA receptors and also a weak
antagonist of the KAype receptor GluK2 [186].

Phoneutriatoxin is isolatedfrom the spidePhoneutria nigriventerlt was found to have effect on
Glutamate uptake [187,188] and to be specific of NMDA receptors [189].

6. AMPA

DABA (2,4-diaminobutyric acid) andBOAA (betaN-oxalylaminoL-alanine) are found in the
seeds of the flgpeaLathyrus sylvestrisBoth DABA and BOAA are excitatory neurotoxins acting on
the AMPA-type receptors [184].

Philanthotoxins (alpha, beta, gamma, delta) were fiisblated from the wasgPhilanthus
triangulum Gphilanthotoxin blocks glutamate receptors [190], both AMPA [191] and kainate [192].

Philanthotoxin forms the class of polyamine toxins with argiotoxin, Joro spider toxin and agatoxin.
Polyamine toxins are necompetitive antagonist binding probably at ibn channel [193].

Argiotoxins were first isolatedrom the spideArgiope lobata[194]. Argiotoxin is an inhibitor of
NMDA and kainate receptors [195].

Joro spider toxin was isolated from the Joro spideephilia clavatg196]. Joro spider toxin shows
analgesic properties [197].

Willardiine was first isolated from seeds @fcacia willardiana[198] and latter fromAcacia
lemmoni, Acacia millefolia, and Mimosa asper§t@8]. Willardiine acts as an agonist on the AMPA
and kainate receptof$99].

7. Kainate Receptors

Kainic acid is the first membre of the Kainoids familly of molecules that also encompass notably
Domoic acidandacromelic acid Acromelic acids (A, B and C) are found in the poisonous mushroom
Clitocybe acromelalg$200]. Domoic acid was origally isolated from the red algahondria armata
and was found in the gen®seudonitzschiand the specieNitzschia navissaringica Domoic acid is
associated with Amnesic shellfish poissoning [85]. Domoic acid also activates ANMBA
receptors [201].

Dysiserbaine is a neuroexcitotoxic amino acid isolated from the Micronesian marine sponge
Dysidea herbaceaDysiserbaine is another kainatceptors specific molecule that is structurally
unrelated to Kainoids [85].

Concanavalin Ais a plant lectin isolad from jack beanQanavalia ensiformisj202]. It was
found to be a positive allosteric modulator [203].

8. P2X Receptors

DConotoxin GVIA has first been known to be atipe calcium channel blocker [204]. It was
latter shown to be also a potent inhibitor of P2X3 and P2X2/X3 receptors [205]. The observation that
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they move doseesponse curves to higher ATP concentrations owithaffecting gating kinetics
suggests that it is a n@ompetitive inhibitor [205].

DHemolysin promotes the formation of pore leading to hemolysis [206]. As P2X7 are known to
open large pores their involvement has been tested. It was showblteholysn effect involves
P2X1 and P2X7 [206]. It might be speculated that this cytotoxic activity is related to cell death routes
involving P2X receptors. In a related manri®&yphyromonas gingivaligxicity requires the secretion
of an ATRconsumption enzymi® prevent apoptosis [207].

Endotoxin. Lipopolysaccharides have been shown to increase levels of P2X4/P2X7 expression in
mouse hypocampus [208]. It was suggested that P2X receptors might have a relerabethise [208]
in addition to Tollike receptor 4209]. Indirect effect of LPS could also be through modification of
ATP levels [210].

Maitotoxin was first proposed to act on P2X7 receptors because pores opened by maitotoxin could
not be differenciated from those induced by the agonistAB2 [211]. Thanks to variations in buffers
and antagonists it was latter found that the effect is complementary [212].
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