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ABSTRACT 
 

Pinnatoxins E, F and G are the three most recently discovered isomers of the pinnatoxin 

family. Pinnatoxins belong to the cyclic imine group of toxins that causes a fast-acting, “all or 

nothing” toxic response in rodent bioassays. Symptoms of toxicity and eventual death of 

animals via respiratory depression has been shown to be a result of nicotinic receptor 

antagonism by other members of this toxin group. However, very little information is 

available on the mechanism of action of the pinnatoxins. Therefore, the aim of this thesis was 

to characterise the mechanism of action and relative in vitro toxicity of pinnatoxins E, F and 

G. An in vitro phrenic nerve-hemidiaphragm preparation revealed that all three isomers 

produced a dose-dependent reduction in nerve-evoked twitch responses, with a rank order of 

potency F > G > E. Stimulation of the muscle preparations with a depolarising agent showed 

that there was no direct myotoxic effect of these toxins, indicating a site of action at the 

neuromuscular synapse. Intracellular recordings of spontaneous and evoked electrical events 

in paralysed muscle preparations revealed that pinnatoxins F and G reduced the amplitude of 

miniature and evoked endplate potentials, without affecting the resting membrane potential of 

the muscle fibres or the frequency of spontaneous potentials. This profile of effects is 

indicative of antagonism of post-synaptic muscle-type nicotinic receptors. In order to 

visualise pinnatoxin binding to these receptors, an aminated derivative of pinnatoxin F was 

conjugated to a red fluorophore. The resulting fluorophore-conjugated pinnatoxin retained 

neuromuscular blocking activity and in vivo toxicity, albeit at a level lower than native 

pinnatoxin F. Fluorescent pinnatoxin signals co-localised with motor-nerve fluorescent 

signals in muscle sections from transgenic mice that express a yellow fluorescent protein in 

motor nerve terminals. These signals did not overlap, indicating that the fluorescent 

pinnatoxin was binding to a site adjacent to the nerve terminals. An inhibition of fluorescent 

labeling in the presence of the nicotinic antagonist α-bungarotoxin confirmed that this binding 

site was post-synaptic nicotinic receptors. With the nicotinic receptor antagonist properties of 

the pinnatoxins proven, radioligand binding assays were then employed to study the receptor 

affinity of the pinnatoxins for both muscle-type and α7 and α4β2 neuronal nicotinic receptors. 

Binding studies revealed that all 3 isomers bound with high (picomolar) affinity to muscle-

type and α7 receptors, and with a slightly lower (nanomolar) affinity to α4β2 receptors. The 

neuronal subtypes had an order of potency of F > G > E, with muscle-type receptors showing 

similar affinity for all three isomers. Molecular modeling studies revealed potential ligand-
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receptor interactions that could be responsible for the different binding affinities seen for 

different subtypes of nicotinic receptors. Multiple interactions were seen between the 

pinnatoxin conformers and the muscle-type and α7 receptor models, with fewer interactions in 

α4β2 complexes. In conclusion, this thesis has unequivocally shown that pinnatoxins E, F and 

G are potent nicotinic receptor antagonists, and that this mechanism of action is almost 

certainly responsible for the symptoms of toxicity and cause of death in cases of pinnatoxin 

intoxication. 
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1.1 NICOTINIC RECEPTORS 

 
Acetylcholine receptors (AChRs) are proteins that respond to the release of 

acetylcholine within the nervous system, and can be divided into two main classes based on 

their affinities for natural ligands. Nicotinic acetylcholine receptors (nAChRs) respond to the 

tobacco plant alkaloid nicotine and are ionotropic receptors. Muscarinic acetylcholine 

receptors (mAChRs) respond to muscarine from the mushroom species Amanita muscaria and 

are metabotropic (G protein-coupled) receptors, responding on a slower time-course (seconds-

minutes) when compared to their ionotropic nicotinic counterparts (Albuquerque et al., 2009; 

Dale, 1914; Ishii & Kurachi, 2006). Both classes of cholinergic receptors play vital roles in 

neurotransmission in the central and peripheral nervous systems, with muscarinic receptors 

mediating parasympathetic physiological responses, and nicotinic receptors vital for chemical 

transmission at nerve-muscle synapses, as well as having modulatory roles at a variety of 

other central and peripheral synapses.  

 

1.1.1 Overall structure 
 

Nicotinic acetylcholine receptors are the prototypical members of the ligand gated ion 

channel (LGIC) family of receptors, which includes serotonin, glycine and γ-amino-butyric 

acid (GABA) receptors (Albuquerque et al., 2009; Kalamida et al., 2007; Wonnacott & Barik, 

2007). These pentameric receptors are also known as the Cys-loop receptor superfamily due 

to the presence of 13 conserved amino acid residues flanked by covalently bonded cysteine 

residues, which form a loop that is located between the ligand binding domain and the 

membrane spanning ion channel (Unwin, 2005). To date, 17 different nAChR subunits have 

been isolated: ten α-subunits (α1-10), which are distinguished by the presence of a pair of 

cysteine residues at positions 190 and 191, four β subunits (β1-4) and three muscle-specific 

subunits (δ, ε and γ). These subunits come together to form pentamers that can loosely be 

divided into those that bind the snake neurotoxin α-bungarotoxin (BgTx) 

(homo/heteropentamers of α7-α10 subunits and muscle-type heteropentamers of α1β1ε(γ)δ) 

and those that do not (heteropentamers consisting of various combinations of α2-α6 and β2-

β4) (Figure 1-1). The α8 subunit has only been found in avian species (Schoepfer et al., 

1990).  
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Figure 1-1. Heterogeneity and evolutionary history of nAChR subunits. The phylogenetic tree on the left 

indicates the relationship between the various neuronal and muscle-type subunits found in mammalian and 

avian species, which can be broadly grouped into those that assemble into homomeric neuronal receptors 

(blue), muscle-type receptors (red) and heteromeric neuronal receptors (green). The illustration on the 

right indicates physiologically and pharmacologically relevant receptor assemblies found in the 

mammalian central and peripheral nervous systems. Ca
2+

/Na
+
 indicates the permeability of the nAChR 

subtypes to calcium ions, relative to sodium ions. Adapted from Le Novere et al 2002. 

 

 

A majority of the structural information that is available for nAChRs comes from 

studies using receptor analogues from non-mammalian species. The electric ray Torpedo 

species have electric organs that are particularly rich in nAChRs that are highly homologous 

to muscle-type mammalian nAChRs, and electron microscopy studies (4-5Å resolution) on 

these molecules revealed the crude dimensions and shape of the nAChRs, as well as some 
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finer structural details regarding the ligand binding and membrane spanning domains 

(Beroukhim & Unwin, 1995; Miyazawa et al., 1999; Miyazawa et al., 2003; Unwin, 1995; 

Unwin, 2005). The most detailed atomic structure information has been derived from the 

crystal structures of acetylcholine binding proteins (AChBPs) isolated from glial cells in 

molluscan species Lymnaea stagnalis, Aplysia californica and Bulinus truncatus (Brejc et al., 

2001; Celie et al., 2005a; Hansen et al., 2004; Smit et al., 2001). These soluble proteins are 

homologues of the nAChR extracellular domain that bind nicotinic ligands with high affinity 

and have 15-24% sequence identity with human and other mammalian nAChRs. The highest 

sequence and structural identity is with the α7-10 neuronal nAChR subtypes, as these are 

among the most ancient nAChR subunits in an evolutionary sense (Le Novere et al., 2002). 

Crystal structures of these proteins in complexes with known nicotinic agonists and 

antagonists have provided valuable information regarding the nature of the ligand binding site 

and the conformational changes that nAChRs undergo when activated by ligands.  

In general, each nAChR subunit can be divided into three main domains: the N-terminal 

extracellular ligand binding domain (LBD), the membrane-spanning ion channel and an 

intracellular domain (Figure 1-2) (Unwin, 2005). The LBD consists of a hydrophobic core of 

10 β-sheet strands and one α-helix, with conserved residues lining this hydrophobic core and 

making up a series of loop regions (loops A-F). The extracellular domains of the α-subunits 

also contain a sequence of non-conserved residues known as the main immunogenic region 

(MIR). This MIR serves as an epitope of antibodies and plays a role in the autoimmune 

disease myasthenia gravis (Barkas et al., 1987; Tzartos et al., 1991; Tzartos et al., 1988). 

Each membrane spanning domain contains four α-helices (M1-M4), with the M2 helices 

forming the lining of the ion channel and the M1, M3 and M4 helices forming an outer barrier 

(Miyazawa et al., 2003; Unwin, 2005). The M2 helices form a hydrophobic barrier to 

membrane ion permeability when the channel is in its closed form, but negatively charged 

side-chains lining the vestibule facilitate cation transport when in an open form. Loops M1-

M2 and M2-M3 are also part of the membrane spanning domain, and form important 

interactions with the extracellular domain. The intracellular region is not well resolved in the 

electron microscopy structures, but contains the M3-M4 loop, as well as a curved α-helix 

region known as MA. The five MA helices form an “inverted cone”, with the <8Å, negatively 

charged spaces between the helices forming the only pathways by which ions can pass into 

the cell, thus acting as a selectivity filter for cation transport across the membrane (Unwin, 

2005).  
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Figure 1-2. Structure of nicotinic receptors. The top left image represents a typical muscle-type nAChR 

pentamer when viewed apically. Black ovals represent ACh (and competitive ligand) binding sites. The 

lower left image is the same pentamer when viewed side on, and indicates the pathways for ion flow 

through the ion channel. The enlarged box on the right shows the finer molecular structure of each subunit, 

adapted from Unwin, 2005. The cell membrane is indicated in cartoon format in order to illustrate the 

extracellular ligand binding domain, membrane spanning domain and intracellular domain of each 

subunit. α-helices are shown in yellow and β-sheets in red and blue.  
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1.1.2 Ligand binding domain 
 

The ligand binding domains of nAChRs are located at the interfaces of two subunits, 

one of which is always an α subunit (referred to as the primary or (+) side), with the 

complementary (-) face contributed by δ/γ/ε subunits (muscle-type), β subunits (heteromeric 

neuronal receptors) or other α subunits (homomeric neuronal receptors). The number of 

putative binding sites for ligands at these receptors can range from two in muscle-type and 

heteromeric receptors, to five in the homomeric neuronal receptors that are made up 

exclusively of α subunits (Albuquerque et al., 2009; Wonnacott & Barik, 2007). These ligand 

binding subunit interfaces are lined by highly conserved aromatic and hydrophobic residues 

that are involved in the binding of ligands to the receptors (Dennis et al., 1988; Fu & Sine, 

1994; Galzi et al., 1990; Kao & Karlin, 1986). Loops A, B and C from the primary face and 

loops D and F from the complementary face form the bulk of the ligand binding site, 

interacting through conserved (+) side residues (tyrosine residues Tyr91, 145, 187 and 194, 

tryptophan Trp147 and the double cysteine residues Cys190-191) and less well conserved (-) 

side residues. The differences in binding site residues (mostly the non-conserved, 

complementary face residues) impart ligand specificity to the different nAChR subtypes. An 

interaction between a charged ligand nitrogen atom and the carbonyl oxygen of Trp 147 

appears to be critical for stabilising ligand binding at nAChRs (Romanelli et al., 2007). 

The structures of AChBPs in complex with various nicotinic ligands have revealed the 

molecular details of ligand binding. Agonist bound AChBP structures reveal that ligands bind 

within the aromatic cage made up of tyrosine and tryptophan residues at the subunit interface, 

and that the agonist is fully enveloped by the protein through multiple electrostatic and 

hydrogen bonding interactions (Celie et al., 2004; Hansen et al., 2005). Loop C of the (+) side 

of the binding interface is displaced inwards in agonist bound structures, effectively 

enveloping the ligand and bringing the vicinal disulfide formed by Cys190-Cys191 into 

contact with the agonist. This is referred to as the loop C “closed” position. In contrast, 

competitive antagonist binding results in an outward shift of loop C to an “open” position in 

order to accommodate the bulkier antagonist ligands. Despite this large difference in loop C 

positioning, antagonists interact with similar binding site residues to agonists, with multiple 

interactions apparent involving the conserved aromatic residues of the (+) side of the interface 

(Bourne et al., 2005; Bourne et al., 2010; Brams et al., 2011b; Hansen et al., 2005). Some 
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residues are particularly important in imparting antagonist specificity to nAChRs such as 

Phe187 in α7 receptors, which is crucial for α-bungarotoxin binding to this subtype of nAChR 

but not α2, α3 and α4 containing receptors, which contain non-aromatic residues at this 

position (Gotti et al., 1988; Marinou & Tzartos, 2003; Wilson & Lentz, 1988). 

As well as the main ligand binding domain located at the subunit interfaces, there are 

also a number of allosteric binding sites on nAChRs (Kalamida et al., 2007; Léna & 

Changeux, 1993). Some positive allosteric modulators can bind at/near Lys125 in the 

extracellular domain (Schrattenholz et al., 1993). A steroid binding site is also present and is 

not located at either the ACh binding site or the ion channel, with the precise location of this 

binding site still unclear (Arias et al., 2006). There are also two binding sites for non-

competitive channel blockers: one on the M2 helix within the pore and a second at the 

protein/lipid interface (Arias et al., 2006; Léna & Changeux, 1993). Cations can also 

modulate nAChR function, with Ca
2+ 

potentiating the activity of neuronal subtypes by binding 

to the extracellular domain in a site below the main ligand binding site (Galzi et al., 1996; Le 

Novere et al., 2002; Mulle et al., 1992; Vernino et al., 1992). These allosteric modulators 

mostly affect nAChR function by altering the probability of channel opening by changing the 

energy barrier between the open and closed states, or by affecting desensitisation 

characteristics of the receptors (Bertrand & Gopalakrishnan, 2007; Léna & Changeux, 1993; 

Romanelli & Gualtieri, 2003). 

 

1.1.3. Receptor activation and channel gating 
 

As mentioned in the previous section, large conformational changes occur within loop C 

of the binding site when agonists bind to nAChRs. How these conformational changes in the 

ligand binding site are transduced to changes in the rest of the receptor and result in channel 

opening has been widely studied, again mostly using the non-mammalian Torpedo nAChR 

homologues (Miyazawa et al., 2003; Unwin, 1995; Unwin et al., 2002; Unwin, 2005; Unwin 

& Fujiyoshi, 2012). Mutagenesis studies have revealed the residues that are important in the 

communication of the gating signal between the ligand binding domain and the M2 gating 

domain, and electron microscopy and extensive modelling studies have revealed the changes 

in receptor conformation that accompany channel opening. 
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In the resting (closed channel) form of nAChRs, α-subunits display alternative 

conformations to that of other subunits, with a so called “distorted” β-sheet network. 

Comparison of AChBP structures with and without agonist bound reveal that these α-subunits 

relax into a similar conformation to the non-α subunits when agonists bind (Celie et al., 2004; 

Hansen et al., 2005). When in the open position, the conserved Tyr185 residue from loop C 

does not interact with any residues in the binding site. Lys139 and Asp194, both of which are 

conserved residues, are thus able to form a salt bridge. In agonist bound nAChRs, Tyr185 

moves inwards by as much as 5Å, bringing it close enough to disrupt the Lys/Asp salt bridge, 

resulting in the formation of a hydrogen bond between Tyr and Lys that stabilises loop C in 

the closed form (Mukhtasimova et al., 2005). This step appears to be important in channel 

gating as mutations in any three of these residues impairs channel gating. Displacement of the 

β-strands 7 and 10, which contain Lys139 and Asp194, respectively, is thought to transmit the 

binding site changes to the membrane spanning pore domains. 

The ligand binding domain and the pore domains interface at a zone in which the β-

sheets from the LBD meet the α-helices from the pore domain (Unwin, 2005). The β1-2 loop, 

β8-9 loop and Cys-loop from the binding domain meet with the M2-M3 linker loop from the 

pore domain, and interactions between these loop regions are important for channel opening. 

A salt bridge between the highly conserved Arg209 from the pre-M1 strand and Glu45 from 

the β1-2 loop has been found in X-ray structures of muscle receptor α1 subunits, and this salt 

bridge essentially joins the pre-M1, β1-2 and M2-M3 regions (Dellisanti et al., 2007). This 

Arg/Glu salt bridge is a key component in channel gating, with charge-reversal single mutants 

displaying severely impaired channel gating, but double charge-reversed mutants displaying 

normal channel gating (Lee & Sine, 2005). This salt bridge is energetically coupled to 

residues on the M2-M3 loop, effectively joining the LBD and the pore domain, and providing 

a site for transduction of ligand binding to pore opening. Gating transition models based on 

crystal structures of the bacterial nAChR homologues ELIC (from Erwinia chrysanthemi) and 

GLIC (Gloebacter violaceus) also implicate the movement of the LBD loops as important in 

subsequent M2-M3 loop displacement (Zheng & Auerbach, 2011). 

Conformational changes in the transmembrane domains are required for channel 

opening. Electron microscopy studies in Torpedo nAChRs suggested that, upon channel 

activation, the M2 domains rotate about their long axes, with further modelling studies 

suggesting a simultaneous twisting and tilting of the M2 domains (Cheng et al., 2006; Cheng 
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et al., 2007; Taly et al., 2005). This would move the hydrophobic residues lining the M2 

domains away from each other, expanding the pore and providing a pathway for ion 

conduction. A pore widening of 3Å resulting in a ~8Å pore diameter has been proposed 

(Unwin, 2003). Although only the α-subunits undergo large conformational changes after 

ligand binding, movement of the non-α subunits also contributes to channel gating and pore 

widening (Bouzat et al., 2002; Mitra et al., 2004; Unwin & Fujiyoshi, 2012). This indicates 

the presence of inter-subunit linkages, which would communicate the conformational changes 

from α to non-α subunits and require interactions between neighbouring subunits. Candidates 

for these subunit linkages in Torpedo receptors are a tyrosine residue from the α-subunits (Tyr 

127) and an asparagine residue from the ε or δ subunit (Asn 39 and Asn 41, respectively) 

(Mukhtasimova & Sine, 2007). Mutations of either of these residues impair gating and it has 

been suggested that these residues are associated with each other in the closed channel state, 

but then dissociate during channel opening.  

 

1.1.4. Receptor states 
 

Multiple allosteric states for nicotinic receptors were initially postulated by Bernard 

Katz and colleagues in the 1950s, after the observation of desensitisation of the response of 

motor endplates after prolonged agonist exposure (Del Castillo & Katz, 1957; Katz & 

Thesleff, 1957). The multiple states fit an adapted version of the conformational selection 

allosteric scheme proposed by Monod, Wyman and Changeux (the MWC mechanism) 

(Monod et al., 1965). This scheme postulates that the nAChR undergoes transitions between a 

number of discrete states or conformations, each of which has distinct ligand binding 

properties and ion channel states. Ligand binding modifies the equilibrium between the 

multiple states rather than altering the physiological properties of the states themselves.  

Results from rapid ligand mixing and ion channel flux experiments using both Torpedo 

and mammalian muscle-type nicotinic receptors are consistent with the existence of multiple 

states for nAChRs (Colquhoun & Rang, 1976; Grünhagen & Changeux, 1976; Grünhagen et 

al., 1977; Heidmann & Changeux, 1980; Heidmann et al., 1983; Weber et al., 1975). At least 

four states exist for nicotinic receptors, and can be related using the MWC scheme shown in 

Figure 1-3. The resting state (R) is used to describe the receptor without any ligand bound, 
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and this is the conformation that is stabilised by large nicotinic antagonists such as 

proteinaceous snake toxins (Moore & McCarthy, 1995). The active state (R*) is the channel 

open state and has an intermediate affinity for ACh (Kd ~50µM) and other nicotinic agonists. 

Multiple desensitised states (D) have been proposed, and these states bind agonists (and some 

smaller antagonists such as tubocurarine) with high affinity (Kd values of 10nM-1µM) 

(Changeux & Edelstein, 2005; Léna & Changeux, 1993; Wonnacott & Barik, 2007). Nicotinic 

ligands can thus be described based on the conformational state to which they preferentially 

bind; that is, agonists stabilising the active and desensitized states and antagonists stabilising 

the resting (and sometimes desensitised) states. Kinetic studies of the transitions between the 

different states have revealed an RR* shift on the µs to ms timescale, with shifts to a fast 

and slow desensitised state over the course of milliseconds or seconds to minutes, respectively 

(Changeux, 1990).  

The MWC scheme assumes that all of the possible receptor states exist in equilibrium 

prior to any agonist binding (Monod et al., 1965). It would therefore be expected that 

nAChRs in all proposed conformational states could be detected in the absence of any ligand. 

In the absence of ACh, nAChR channels open with a low, but detectable, probability 

indicative of the presence of the R* open channel state (Jackson, 1984). Around 20% of 

receptors are present in the desensitised state in the absence of ACh also (Heidmann & 

Changeux, 1979a; Heidmann & Changeux, 1979b). Activation of nAChRs by ACh can be 

considered a process in which the probability of channel opening is greatly increased and 

increases with the number of ACh molecules bound, with two ACh molecules required for 

full amplification in muscle-type receptors (Jackson, 1989). This can be illustrated by 

examining the equilibrium constants between states (denoted by E0, E1 and E2 in Figure 1-3). 

Receptors in the absence of ligand open with an E0 of 10
-6

, receptors with a single agonist 

molecule open with an E1 of 10
-3

 and receptors with both agonist binding sites occupied open 

with a probability approaching unity (E2 of ~25) (Jackson, 1986; Jackson, 1989; Ohno et al., 

1996). This increase in channel opening is a consequence of the higher affinity of the open 

states (R*) for agonist relative to the closed state, which are represented by the dissociation 

constants K1 and K2 in Figure 1-3, respectively (Sine et al., 1990; Zhang et al., 1995).  Despite 

the potential of all the states to exist in equilibrium, the picture of nAChR activation and 

desensitisation is simplified somewhat by the observation that desensitisation mostly occurs 

from the di-liganded, open-channel state, and that receptor recovery occurs through the 

desensitised pathway (Auerbach & Akk, 1998; Dilger & Liu, 1992). 
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Figure 1-3. Activation scheme for muscle-type nicotinic receptors, based on the Monod-Wyman-Changeux 

(MWC) scheme for conformational changes in allosteric proteins. Receptors can exist in either a resting 

(R), activated (R*) or desensitised (D) state, and have the ability to bind two agonist (A) molecules. The 

affinities with which these agonists bind to the resting and activated states are represented by K1 and K2 

respectively. The probability of spontaneous receptor activation (RR*) in the un-liganded, mono-

liganded, and di-liganded state are represented by E0, E1 and E2, respectively. All conformations can 

theoretically exist in equilibrium; those that are physiologically and pharmacologically relevant are 

represented in black writing, with the pathways of conformational changes between these states 

represented by black arrows. 

 

1.1.5. Muscle-type receptors 
 

Muscle-type nicotinic receptors are heteropentamers which display a distinct 

stoichiometry depending on stage of development: in fetal muscle (and in Torpedo electric 

organs) the stoichiometry is α12β1γδ, whereas in adult muscle the gamma subunit is replaced 

by an epsilon subunit to give a receptor stoichiometry of α12β1εδ (Figures 1-1 and 1-2) 

(Mishina et al., 1986; Raftery et al., 1980; Witzemann et al., 1987). These subunits are 

arranged in a clockwise (if looking from the synaptic cleft) sequence of αγ(ε)αβδ, with the 

ligand binding sites at the α/γ(ε) and αδ interfaces (Pedersen & Cohen, 1990; Sine & Claudio, 
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1991). The β subunit doesn’t contribute to ligand binding, but is important in receptor 

clustering (Wheeler et al., 1994). The two binding sites display almost the same affinity for 

nicotinic agonists, but display site-dependent differences in antagonist affinity; for example, 

the αγ site has higher affinity for the classic muscle-type nAChR antagonist tubocurarine 

(Ackermann & Taylor, 1997; Sine & Claudio, 1991; Sine et al., 1995b). Fluorescence and 

mutagenesis studies have revealed differences in both structure and amino acid residues 

between these two binding sites that can account for the large differences in antagonist 

affinity, and have shown that these differences are species specific (Chiara et al., 1999; Hann 

et al., 1994; Martinez et al., 2000; Sine, 1993; Sine et al., 1995a). Activation of muscle-type 

receptors results in increased permeability of the membrane to monovalent cations (Na
+
 influx 

and K
+

 efflux), with a small increase (0.2 relative to monovalent cations) in membrane 

permeability to divalent cations such as Ca
2+

 (Adams et al., 1980).  

Transition from the fetal (γ-containing) receptor to the adult (ε-containing) occurs in 

response to neuronal activity through transcriptional activation of the gene encoding the ε-

subunit and subsequent downregulation of γ-subunit expression (Missias et al., 1996; Yumoto 

et al., 2005). Fetal-type receptors are still found in the thymus and eye muscles, and can be 

upregulated in muscle in certain disease states to compensate for the loss of ε-subunits 

(Gattenlöhner et al., 2002; Missias et al., 1996). The switch from fetal to adult type nAChRs 

is accompanied by changes in the functional properties of the channels, such as altered Ca
2+

 

permeability, a decrease in mean channel open time and an increase in mean channel 

conductance (Fischbach & Schuetze, 1980; Koenen et al., 2005; Missias et al., 1997; 

Schuetze & Role, 1987; Villarroel & Sakmann, 1996). Initially diffusely expressed at low 

levels in developing myoblasts, nAChRs in adult muscle are expressed at high levels (10
4
 

µm
2
) and localised to the post-synaptic membrane at the neuromuscular junction (NMJ) 

(Bevan & Steinbach, 1977; Fambrough, 1979; Merlie & Sanes, 1985). This redistribution 

occurs in response to myoblast innervation, with nerve derived growth factors also facilitating 

the transcription of nAChRs in muscle fibre nuclei directly underlying the synapse and 

muscle activity suppressing this transcription in non-synaptic nuclei (Missias et al., 1996). 

One of the most important factors in nAChR clustering is the proteoglycan agrin, which is 

synthesized and released by motor nerves and acts post-synaptically on the muscle-specific 

receptor tyrosine kinase (MuSK). Autophosphorylation of MuSK upon activation promotes 

nAChR clustering through another protein, the receptor-associated protein of the synapse 

(rapsyn) (Apel et al., 1997; Fuhrer et al., 1997; Watty et al., 2000; Willmann & Fuhrer, 
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2002). Phosphorylation of β1 subunits promotes nAChR linkage to the cytoskeleton and 

effective clustering of the other nAChR subunits.  

Two models have been proposed for the assembly of full nAChR pentamers at the 

neuromuscular junction: the sequential model and the heterodimer model (Colombo et al., 

2013; Kalamida et al., 2007). The sequential model involves the formation of αβγ(ε) trimers,  

which is promoted by the chaperone protein calnexin, and is a rate limiting step in nAChR 

assembly (Green & Claudio, 1993; Green & Wanamaker, 1997; Wanamaker & Green, 2005). 

Those trimers capable of binding α-bungarotoxin rapidly incorporate a δ subunit to form 

tetrameric complexes that can bind ACh (Green & Wanamaker, 1998). The addition of the 

second α subunit is the final step in assembly, and is also rate limiting, with glyocosylation 

and disulfide bridging of α-subunit residues required for proper binding site formation and 

receptor assembly (Blount & Merlie, 1990; Green & Wanamaker, 1998). The heterodimer 

model differs in that it predicts the formation of α/δ and α/γ(ε) heterodimers that are capable 

of binding ACh (Blount et al., 1990; Gu et al., 1991; Saedi et al., 1991). These heterodimers 

then assemble with β subunits to form fully functional pentamers. Studies involving the 

expression of α-subunits alone or in combination with other muscle subunits in transfected 

cell lines have revealed that these intermediates are formed, but the heterodimer model is not 

consistent with the observation that the two ACh binding sites appear to be formed at 

different times during the nAChR assembly process (Green & Wanamaker, 1998).  

Mammalian muscle-type nAChRs play possibly the most important role of any of the 

nAChR subtypes; they are responsible for the action of acetylcholine at the neuromuscular 

junction i.e. the chemical transmission of electrical nerve signals to muscle in order to elicit 

muscle contraction (Hughes et al., 2006; Lindstrom, 2003). Because of this important role, 

neuromuscular transmission has evolved to incorporate multiple ways to provide a large 

safety factor for transmission. The safety factor for neurotransmission at the NMJ can be 

defined as the ratio of the amplitude of the endplate potential (EPP) to the difference between 

the resting membrane potential and action potential threshold (Wood & Slater, 2001). The 

EPP is the total depolarisation of a post-synaptic muscle fibre in response to ACh released 

from the motor nerve, and is usually greater than action potential threshold. This is partially 

due to the release of excess levels of ACh from the nerve terminal, raising the concentration 

within the synaptic cleft to millimolar levels (Kuffler & Yoshikami, 1975; Linder et al., 

1984).  This, combined with the fact that muscle-type nAChRs are also present at high levels 
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in the junctional folds of the NMJ, produces an amplification of the nerve signal to a level 

sufficient to depolarise the cell membrane in the vicinity of the motor-endplate, and trigger an 

action potential in relatively large muscle fibres.  This depolarisation is also facilitated by 

large numbers of sodium channels, which are concentrated in the junctional folds of the NMJ 

and further amplify the depolarising signal caused by ACh activation of nAChRs (Martin, 

1994; Ruff, 1992). 

 

1.1.6. Neuronal receptors 
 

Neuronal nAChRs are homomeric or heteromeric assemblies of α2-10 and β2-5 

subunits, and are expressed in both the peripheral and central nervous systems. Despite the 

nomenclature, “neuronal” receptor subtypes are also found in non-excitable cells outside of 

the nervous system such as epithelial cells in the lungs, intestines, kidney and urinary bladder, 

as well as leukocytes, lymphocytes and keratinocytes (Arredondo et al., 2008; Beckel et al., 

2006; Borovikova et al., 2000; Gwilt et al., 2007; Hagforsen et al., 2002; Kawashima & Fujii, 

2000; Kurzen et al., 2004; Wang et al., 2001; Wongsriraksa et al., 2009). Neuronal nAChRs 

can be traditionally divided into two main classes based on their ability to bind the snake-

derived neurotoxin α-bungarotoxin (BgTx) (Albuquerque et al., 2009; Kalamida et al., 2007). 

BgTx-sensitive receptors contain α7-α10 subunits and these can assemble into either 

homopentamers (receptors made up of five α7, α8 or α9 subunits) or combine to form 

heteropentamers (α7/α8 and α9/α10 receptors). α10 subunits are only able to form functional 

receptors as part of the α9/α10 heteropentamer, and expression of this subunit is mostly 

restricted to the inner ear, with some evidence of expression in dorsal root ganglia (Baker et 

al., 2004; Elgoyhen et al., 2001; Haberberger et al., 2004; Lustig, 2006; Sgard et al., 2002). 

Homomeric neuronal receptors are particularly permeable to divalent cations, with a Ca
2+ 

permeability some 10-20 times higher than the Na
+
 permeability (Castro & Albuquerque, 

1995; Patrick et al., 1993; Seguela et al., 1993). 

 BgTx-insensitive nAChRs contain α2-α6 and β2-β4 subunits, which are only able to 

form heteropentameric receptors, usually containing two α and three β subunits. These 

receptors show low affinity for BgTx, but have much higher affinity for nicotine and other 

nicotinic agonists (Kalamida et al., 2007; Wonnacott & Barik, 2007). The α5 and β3 subunits 



CHAPTER ONE: Nicotinic receptors 
 

 

15 

 

are only able to form functional channels when expressed with other functional subunit 

combinations, and are thus thought of as orphan or auxiliary subunits (Groot-Kormelink et al., 

1998; Ramirez-Latorre et al., 1996). The subunit differences between BgTx-sensitive and 

BgTx-insensitive nAChRs mean that there are five putative binding sites on sensitive nAChRs 

(due to containing five α, or primary, subunits), compared to only two for insensitive 

nAChRs. However, it appears that BgTx-sensitive nAChRs only require ACh binding at 

three, non-consecutive sites to elicit stable receptor activation, and receptor function can be 

blocked by an antagonist bound to a single site (Palma et al., 1996; Rayes et al., 2009). 

Heteromeric αβ neuronal nicotinic receptors have an intermediate permeability to divalent 

cations when compared to homomeric neuronal receptors and muscle-type receptors, with a 

relative Ca
2+

/Na
+
 permeability of around 1-1.5 (Patrick et al., 1993).  

Despite the potential for thousands of combinations of subunits and therefore thousands 

of neuronal nAChR receptor variants, these subunits assemble to form only a handful of 

physiologically and pharmacologically relevant nAChR subtypes (Figure 1-1) (Wu & Lukas, 

2011). The most commonly expressed subtypes are α3β4, which are found in sympathetic 

ganglia and other autonomic neurons, α4β2, which account for most of the high affinity 

nicotine binding sites in the central nervous system, and α7, which account for the majority of 

BgTx binding sites in the brain (Albuquerque et al., 2009; Wonnacott & Barik, 2007). 

Although these are the nAChR subtypes that are present at the highest densities in these 

tissues, many other subtypes are also expressed. For example, α3, α5, α7, β2, and β4 subunits 

are all expressed in autonomic neurons and so, as well as the prevalent α3β4 subtypes, there 

are also α7 and α3β2 receptors present, along with variants of these receptors that contain the 

auxiliary α5 subunit (Di Angelantonio et al., 2003; Mao et al., 2006; Rogers et al., 1992; 

Wang et al., 2002). α2-α7 and β2-β4 containing receptors are also heterogeneously expressed 

throughout the mammalian CNS, with the makeup of the receptors indicative of their roles in 

various brain areas (Gotti et al., 2006). In contrast to nAChRs in muscle or the autonomic 

ganglia, CNS nAChRs are mostly pre-synaptic and don’t directly mediate fast excitatory 

cholinergic signaling, although there is evidence of limited peri- and extra-synaptic 

expression of some nAChR subtypes (Brumwell et al., 2002; Fabian-Fine et al., 2001; Hefft 

et al., 1999; Jones & Wonnacott, 2004; Klink et al., 2001).  
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1.1.6.1. α4 containing receptors  

 

As mentioned previously, α4β2 receptors account for ~90% of high affinity nicotine 

binding in the CNS, although α4 subunits can also assemble with β4 subunits to form α4β4 

receptors with a similarly high affinity for nicotine (Barabino et al., 2001; Hamouda et al., 

2009; Moaddel et al., 2005). A stoichiometry of 2-α and 3-β subunits was initially proposed 

for α4 containing receptors, generating two binding sites in a receptor model consistent with 

the muscle-type receptors (Anand et al., 1991; Cooper et al., 1991). However, native α4β2 

nAChRs can exist with two different stoichiometries, α42β23 and α43β22, which can be 

differentiated due to the higher ACh affinity and lower Ca
2+

 permeability of the 2α subunit 

containing subtype when compared to the 3α subunit containing subtype (Moroni et al., 2006; 

Nelson et al., 2003). Although the “alternative” α43β22 stoichiometry was initially detected in 

heterologous expression systems, the α42β23 and α43β22 have both been shown to be 

functionally expressed in the cortex and thalamus of rodent brains (Gotti et al., 2008; Marks 

et al., 1999). The pharmacological and physiochemical properties of α4β2 receptors can also 

be modulated by the auxiliary α5 subunit, with α4α5β2 receptors displaying lower agonist 

affinities, higher Ca
2+

 permeability and faster desensitisation when compared to traditional 

α4β2 (Ramirez-Latorre et al., 1996).  

α4β2 receptors are implicated in many brain pathways, including those linked to 

nicotine administration, reward pathways and dependence (Picciotto et al., 1995; Picciotto et 

al., 1998; Tapper et al., 2004). These roles are most likely due to the modulatory effect that 

α4β2 receptors have on the release of the neurotransmitter dopamine (DA), the main 

transmitter involved in reward pathways in the CNS. DA release is modulated by α4β2 

nAChRs in both the striatum and thalamus (Dani & Bertrand, 2007). This effect is mediated 

by nAChR activation coupled with the activation of voltage operated Ca
2+

 channels, which 

increase Ca
2+

 dependent exocytosis of DA (Kulak et al., 2001; Soliakov & Wonnacott, 1996; 

Turner, 2004). Chronic nicotine exposure results in an increase in nicotine-like binding sites 

in the CNS, with α4 subunits one of the nAChR subunits that is most sensitive to this nicotine 

induced up-regulation (Ke et al., 1998; Peng et al., 1994; Perry et al., 1999). The assembly of 

functional α4β2 receptors is also facilitated by nicotine exposure (Bencherif et al., 1995). This 

nicotine induced increase in receptor number, coupled with the direct agonist effect of 

nicotine on nAChRs, leads to increased levels of DA being released in reward and addiction 

pathways, and explains the addictive effects of nicotine related products such as tobacco 
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(Henningfield & Heishman, 1995). Apart from modulating DA release, α4β2 receptors also 

modulate the release of GABA in both the hippocampus and the ventral tegmental area 

(Alkondon et al., 1999; Klink et al., 2001). This control over inhibitory neurotransmission 

may explain the role that α4β2 receptors play in epilepsy (Raggenbass & Bertrand, 2002; 

Steinlein & Bertrand, 2010). 

 

1.1.6.2. α7 containing receptors 

 

Homomeric α7 nAChRs are expressed at particularly high levels in the hippocampus, 

where they are found pre-synaptically on GABAergic interneurons as well as glutamatergic 

pyramidal cells (Dani & Bertrand, 2007; Kalamida et al., 2007). In the hippocampus, as well 

as other brain areas, pre-synaptic α7 receptors facilitate glutamate release; they are the only 

nAChRs that modulate the release of this neurotransmitter (Jones & Wonnacott, 2004; 

Mansvelder & McGehee, 2000; Patti et al., 2006; Sher et al., 2004). This increased 

neurotransmitter release is due in part to the influx of Ca
2+

 through the highly permeable α7 

channel itself, and also through the initiation of calcium-induced calcium release from internal 

stores (Sharma & Vijayaraghavan, 2003). Nicotine induced activation of α7 nAChRs has been 

shown to enhance hippocampal LTP and improve attention and working memory (Hoyle et 

al., 2006; Welsby et al., 2006; Young et al., 2007). α7 receptors have also been implicated in 

synapse development, nicotine induced seizures and neuronal death pathways (Chan & Quik, 

1993; Freeman, 1977; Hory-Lee & Frank, 1995; Renshaw & Dyson, 1995).  

Although traditionally considered to form only homomeric receptors, the α7 subunit has 

been shown to combine with other subunits to form functional receptors. Heterologous 

expression systems have revealed that α7 subunits can combine with α5, β2 and β3 subunits to 

form functional channels (Girod et al., 1999; Khiroug et al., 2002; Palma et al., 1999). The 

presence of functional heteromeric α7β2 receptors in the mammalian CNS has been shown 

using histological techniques and knock-out mouse models, with natural expression in the 

basal forebrain (Azam et al., 2003; Liu et al., 2009; Moretti et al., 2014).  Interestingly, these 

heteromeric receptors exhibited a high affinity for β-amyloid protein, one of the main markers 

of pathology in Alzheimer’s disease (AD) (Liu et al., 2009). This high affinity for amyloid 
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protein, as well as their location in the Alzheimer’s-related forebrain area, has implications for 

the role of these receptors in the etiology and progression of AD. 

 

1.1.6.3. α6 containing receptors 

 

Receptors containing the α6 subunit are mostly restricted to catecholaminergic neurons 

in the midbrain areas of the CNS associated with pleasure and reward pathways (Azam et al., 

2002; Klink et al., 2001). This implicates α6 containing nAChRs as being potentially 

involved in the dependence and addiction aspects of nicotine self-administration. This subunit 

is mostly co-expressed with β3 subunits, which are thought to be necessary for correct 

assembly and targeting of expression of α6 containing nAChRs (Gotti et al., 2005). These 

subunits come together with other nAChR subunits to form receptors with a complex 

stoichiometry, e.g. α6β2β3 and α4α6β2β3 (Champtiaux et al., 2003).  α6β2β3 receptors, along 

with α4β2 receptors, are responsible for modulating DA release within the striatum (Sher et 

al., 2004). This is both a direct and indirect effect, as α6 containing nicotinic receptors are 

found on both DA nerve terminals in the ventral tegmental area, as well as presynaptically on 

GABAergic interneurons that synapse with the dopaminergic neurons in this area 

(Champtiaux et al., 2003; Drenan et al., 2008; Gotti et al., 2005; Yang et al., 2011). Binding 

studies using the highly selective α-conotoxin class of toxins have revealed the presence of 

α6-containing nAChRs in the striatum and superior colliculus, in addition to the ventral 

tegmental area, where they regulate both DA and GABA release (Endo et al., 2005; Grady et 

al., 2007; Salminen et al., 2004).  

 

1.1.7. Nicotinic receptors in health and disease 
 

1.1.7.1. Cancer 

 

Homomeric nAChRs can activate multiple pathways within cells, owing to their high 

permeability to Ca
2+ 

and the effects that calcium has on second messenger activation such as 

the PKA, PKC and MAPK pathways (Grando, 2014; Wu et al., 2011). These signaling 
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pathways are important in many cell survival and cell death pathways, and dysregulation of 

these pathways can lead to abnormal, or cancerous, cell growth. As such, activation of these 

pathways via homomeric α7 or α9 nicotinic receptor activation has been associated with many 

different cancers including lung, bladder, colon and breast cancers (Chen et al., 2011; Chen et 

al., 2008; Ho et al., 2005; Lee et al., 2010; Lee et al., 2011; Wei et al., 2009). This may be 

due to the role that α7 and α9 receptors play in epithelial cell invasion, migration and 

proliferation, as well as a putative role in angiogenesis (Egleton et al., 2009; Heeschen et al., 

2001; Heeschen et al., 2002). There is also evidence pointing to a role for homomeric 

nicotinic receptors in apoptosis and metastasis (Dasgupta et al., 2006; Paliwal et al., 2010; 

Wei et al., 2009). Nicotine and its many metabolic derivatives from tobacco smoke can act as 

both carcinogenic initiators, as well as promoters of established tumours, by activating the 

nicotinic receptor subtypes found within normal tissues to promote cell transformation and 

eventual tumorigenesis (Gemenetzidis et al., 2009; Hecht & Hoffmann, 1988; Lin et al., 

2010; Mei et al., 2003). Although none have yet made it to the clinic, or indeed to clinical 

trial phase, many nicotinic antagonists have been shown to inhibit cancer cell growth (both in 

vivo and in vitro) in the laboratory (Wu et al., 2011).  

 

 

1.1.7.2. Neurodegenerative disorders 

 

Alzheimer’s disease (AD) is a neurodegenerative disorder characterised by a 

progressive decline in cognitive function, and is the most common cause of dementia 

(Alzheimer's-Association, 2012). Pathological markers of AD include plaques of amyloid-β 

(Aβ) protein, and neurofibrillary tangles made up of aggregated hyperphosphorylated tau 

protein. The observation of neuronal loss, particularly cholinergic neurons, has led to the 

“cholinergic hypothesis” of AD (Coyle et al., 1983; Perry, 1986). The decline in cholinergic 

neurotransmission, particularly in the cortex and hippocampus, is correlated with the severity 

of symptoms and with the decline in cognitive function (Nordberg, 1999; Perry et al., 2000).  

Aβ has effects on multiple aspects of cholinergic neurotransmission including ACh 

synthesis and release (Auld et al., 2002). Nicotinic receptors have also been implicated in the 

Aβ-mediated pathology of AD. Both α7 and α4 nAChR subunits are co-localised with 

neurons that have accumulated amyloid and tau proteins in brain tissue, and α7 receptors are 
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also found within amyloid plaques (Wang et al., 2000a; Wang et al., 2000b; Wevers et al., 

1999). Aβ1-42 binds with high affinity to α7 nAChRs and the recently discovered α7β2 

heteromeric variant (Liu et al., 2009; Wang et al., 2000b). These receptors may act as a 

gateway for amyloid entry and accumulation into neurons, as receptors bound to the Aβ may 

be internalised via endocytotic mechanisms (D'Andrea & Nagele, 2006; Nagele et al., 2002). 

Activation of nAChRs using nicotinic agonists, especially the α7 subtype, has been shown to 

protect neurons against amyloid induced neuronal death, and there is also evidence that 

smokers have a reduced risk of developing AD (Kihara et al., 2001; Lee, 1994; Wang et al., 

1999; Wang et al., 2000b). An increase in nAChR activation therefore appears to be 

beneficial in the treatment, and perhaps prevention of progression, of AD. As such, the most 

widely used treatments for AD to date are acetylcholinesterase inhibitors, which act to 

increase levels of ACh in the CNS in order to counteract the loss of cholinergic 

neurotransmission (Birks, 2006; Dani & Bertrand, 2007). Many selective nAChR ligands 

have been developed in an attempt to improve AD treatment; however none have made it past 

the clinical trial phase of testing (Hurst et al., 2013). 

Parkinson’s disease (PD) is another neurodegenerative disorder in which nicotinic 

receptors and cholinergic neurotransmission are implicated in both etiology and potential 

treatment (Bohnen et al., 2006; Perry et al., 1985). PD is a movement disorder characterised 

by the selective loss of dopaminergic neurons in nigrostriatal pathways. There is extensive 

evidence that there is a decreased incidence of PD in smokers, and long term smoking is a 

main factor in the reduced risk (Chen et al., 2010). It has been suggested that nicotine is 

neuroprotective and can protect against the loss of dopaminergic neurons associated with PD 

(Quik et al., 2009). Nicotine is helpful in evoking the release of dopamine from remaining 

dopaminergic neurons via activation of α4 and α6 containing nAChRs, as nicotine is a more 

efficacious agonist than endogenous ACh (Perez et al., 2010). Nicotine may also contribute to 

counteracting decreases in receptor number due to loss of neurons, by acting as a 

pharmacological chaperone that aids in the assembly and correct stoichiometry of nAChRs 

(Lester et al., 2009; Srinivasan et al., 2011; Xiao et al., 2009). Use of nicotinic therapies as 

neuroprotective agents in PD may be limited by the need to start them before any detectable 

neuronal loss for maximum neuroprotection, unless a reliable marker can be found for PD that 

is present prior to the neuronal degradation (Huang et al., 2009). However, enhanced 

dopamine release and increases in nAChR number as a result of treatment with nicotinic 
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agonists may provide a new avenue for the treatment of PD symptoms after the disease has 

already developed.  

 

1.1.7.3. Epilepsy 

 

A genetically transmissible form of epilepsy known as autosomal dominant nocturnal 

frontal lobe epilepsy (ADNFLE) was linked to point mutations in the genes encoding for 

neuronal nAChRs in the mid 1990s, and represented the first time a human disease had been 

linked to nAChR dysfunction (Steinlein et al., 1995). ADNFLE is an epileptic disease 

characterised by seizures during non-REM sleep (Oldani et al., 1998). The mutation was 

discovered to be a single base substitution in the gene CHRNA4, which encodes for the α4 

subunit, and is a serine-threonine substitution in the TM2 domain.  Since the discovery of the 

role of α4 subunits in ADNFLE, many related epilepsies have been linked to mutations in 

CHRNA4 and also CHRNB2, the gene encoding for the β2 subunit which is often assembled 

with α4 subunits into α4β2 nAChRs (De Fusco et al., 2000; Hirose et al., 1999; Steinlein et 

al., 1997). Due to their frequent co-expression, heterozygous mutations in either of the genes 

can produce epileptic symptoms, but not everyone with the mutations shows clinical 

symptoms, indicating other factors are involved in the etiology of the disease (Steinlein, 2004; 

Steinlein & Bertrand, 2010). When studied using heterologously expressed receptors, it 

appears that the mutant receptors have a higher sensitivity to ACh, with an increase in high 

affinity components of the dose-response curve (Bertrand et al., 2002; Itier & Bertrand, 

2002). Cholinergic nuclei within the upper brainstem project to multiple brain areas and 

control arousal and sleep-cycles, with these nuclei showing higher discharge rates during 

waking and REM sleep, corresponding to higher ACh release in the thalamus, reticular 

nucleus and basal forebrain (Lee et al., 2005; Saper et al., 2005). The abnormal 

synchronisation of neuronal networks that produces seizures in ADNFLE is hypothesized to 

be caused by mutations in CHRNA4 and CHRNB2, leading to hypersensitivity of nAChRs, 

which in turn increases the firing of pyramidal cells and boosts feedback onto thalamic 

neurons. This is coupled with an increase in ACh-evoked GABAergic interneuron firing that 

synchronises the activity of these pyramidal cells. A hyper-synchronised discharge reinforces 

feedback loops within the thalamo-cortical circuits and can lead to invasion of the seizure-like 

discharges into other brain regions.  
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1.1.7.4. Pain/inflammation 

 

The anti-nociceptive properties of nicotine have been known for many decades but it 

was the discovery of the potent analgesic properties of the frog alkaloid epibatidine that 

prompted more extensive research into the potential of nicotinic compounds as pain 

treatments (Badio & Daly, 1994; Spande et al., 1992). Epibatidine itself cannot be used 

clinically due to its high affinity and lack of selectivity at nAChRs, which has led researchers 

to search for more selective α4β2 agonists, as it is assumed that this nAChR with high affinity 

for epibatidine was the mediator of the analgesic effects. Many of these agonists displayed 

high analgesic potency, but were halted in the clinical trial phases by lack of tolerability or 

narrow therapeutic windows (Gao et al., 2010; Jain, 2004; Kesingland et al., 2000). Some of 

these studies also implicated a role for α3 containing nAChRs, but not α7-nAChRs, in the 

analgesic properties of nicotinic compounds. The α9α10 nAChRs have also been studied as 

potential targets in pain due to their role in the inflammatory response in non-neuronal cells 

(Vincler et al., 2006). The highly selective α9α10 antagonists α-conotoxins RgIA and Vc.1.1 

are potent analgesics, indicating a role for nAChR-mediated inflammation in pain pathways.
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1.2. CYCLIC IMINE TOXINS 

1.2.1. Gymnodimine 

1.2.1.1. Structure 

 

Gymnodimine toxins were first isolated after dredge oysters (Tiostrea chilensis) 

collected in 1994 from Fouveaux Straight, New Zealand, displayed an unusual neurotoxic 

response in rodent bioassays used to detect lipid soluble toxins (Seki et al., 1995; Stirling, 

2001).  Soluble extracts of the oysters, as well as other shellfish species from the east coast of 

New Zealand’s South Island, caused a fast acting, aberrant toxicity in the bioassay, resulting 

in the identification and isolation of gymnodimine A (MacKenzie et al., 1996; Seki et al., 

1995; Seki et al., 1996). Two other gymnodimine analogues, gymnodimines B and C, were 

subsequently isolated from cultures of the dinoflagellate producer of gymnodimine A (Miles 

et al., 2000; Miles et al., 2003). Initially thought to be Gymnodinium selliforme, subsequent 

taxonomic analysis revealed the dinoflagellate producer of the gymnodimines to be the new 

species Karenia selliformis (Haywood et al., 2004; Miles et al., 2003; Seki et al., 1995). A 

fourth gymnodimine isomer, 12-methylgymnodimine, has recently been isolated from the 

spirolide producing organism Alexandrium peruvanium (Van Wagoner et al., 2011). 

Gymnodimine toxins have since been found in shellfish from Tunisia (Biré et al., 2002; 

Marrouchi et al., 2010), Australia (Takahashi et al., 2007), Europe and North America 

(Kharrat et al., 2008), South Africa (Krock et al., 2009) and China (Liu et al., 2008; Liu et al., 

2011). 

The structures of the gymnodimine toxins have been studied using NMR and mass 

spectrometry techniques, revealing gymnodimines to be amongst the smallest of the cyclic 

imine toxins (Miles et al., 2000; Miles et al., 2003; Seki et al., 1995; Stewart et al., 1997).   

Gymnodimines contain a 6-membered imine ring spiro-linked to a cyclohexenyl ring within a 

16-membered macrocycle (Figure 1-4). Like most other cyclic imines, gymnodimines contain 

a lactone side-chain attached to the cyclohexenyl ring. Gymnodimine A contains an 

endocyclic unsaturation at C17-C18. In contrast, Gymnodimines B and C contain an 

exocyclic unsaturation at C17-C29 and a hydroxyl group at C18, and are isomeric with each 

other at this position. As the name suggest, 12-methylgymnodimine is an isomer of 

gymnodimine A that contains an extra methyl group at C12. 
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Figure 1-4. Chemical structure of gymnodimine toxins (picture adapted from Cembella and Krock, 2009). 

 

1.2.1.2. Toxicity 

 

Gymnodimines are highly toxic, causing a “fast acting” toxicity when administered via 

intraperitoneal (IP) injection in rodent bioassays (Kharrat et al., 2008; Munday et al., 2004; 

Munday, 2008). Immediately after dosing, animals become hyperactive, followed by slower 

movement and walking with a rolling gait. The animals’ hind legs then become extended and 

paralysed, with complete immobility and a complete lack of response to stimuli not long after. 

Abdominal breathing is then observed, and the respiration rate slows until ceasing altogether. 

Death occurs within 5-15 minutes of IP injection. Among those animals receiving a sub-lethal 

dose of gymnodimine, respiratory distress is evident but animals make a full recovery within 

20-30 minutes. No evidence of organ damage is observed at necropsy. Symptoms of toxicity 

from oral dosing are identical, with the time to death extended. 

Table 1-1 lists toxicity values for gymnodimine A and B via various routes of 

administration. Gymnodimine A has a ratio of toxicity for IP and oral route of around 1:8, 

indicating it is still highly toxic when given via oral gavage (Munday et al., 2004). However, 

animals that voluntarily feed on mouse food containing gymnodimine showed no symptoms 

of toxicity, even when consuming a dose as high at 7.5mg/kg. This indicates that perhaps oral 

gavage over-estimates the oral toxicity of these particular toxins. Gymnodimine A is around 

25-times more toxic when administered intracerebroventricularly, suggesting a central mode 
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of action (Kharrat et al., 2008). Gymnodimine B is less toxic than gymnodimine A, with a 

ten-fold higher LD50
 
value. No toxicity data are available for gymnodimine C or 12-

methylgymnodimine.  

 

Table 1-1. Toxicity of gymnodimine isomers in rodent bioassays by different routes of administration 

 

Toxin Dose (µg/kg)a Route Reference 

   

    

Gymnodimine A 450 (MLD) IP Seki et al. 1995 

 700 (MLD) IP Stewart et al., 1997 

 96 IP Munday 2004 

 97-110 IP Bire et al. 2002 

 80 IP Kharrat et al. 2008 

 100 SC  

 3 ICV  

    

 >1225 (MLD) Gavage Bire et al. 2002 

 755 Gavage Munday 2004 

 >7500 (MLD) Voluntary feeding  

    

Gymnodimine B 800 IP Kharrat et al. 2008 

    
a
 All doses are LD50 values unless otherwise stated 

MLD = minimum lethal dose 

 

1.2.2. Spirolides 

1.2.2.1. Structure 

 

Spirolides were first discovered when unusual seasonal toxicity symptoms were found 

in mouse bioassay testing of scallop and mussel extracts in Nova Scotia, Canada, during 

routine monitoring for lipophilic toxic compounds (Hu et al., 1995). Four novel macrocyclic 

compounds were isolated from the digestive glands of these shellfish and subsequently named 

spirolides A-D (Hu et al., 1995; Hu et al., 2001). The dinoflagellate species Alexandrium 

ostenfeldii (as well as the related A. peruvanium) was found to be the organism responsible 

for the production of spirolides, with a remarkable diversity in the profile of various spirolide 
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isomers produced based on geographical location (Cembella et al., 2000; Cembella et al., 

2001; Otero et al., 2010). Since their discovery, spirolides have been found to have a 

worldwide distribution, with spirolide analogues present in shellfish or in cultures of A. 

ostenfeldii in Scotland (John et al., 2003), the USA (Gribble et al., 2005), Norway (Aasen et 

al., 2005; Rundberget et al., 2011), Spain (Gonzalez et al., 2006), Italy (Ciminiello et al., 

2006; Pigozzi et al., 2008), Denmark (MacKinnon et al., 2006a), New Zealand (Selwood et 

al., 2007), France (Amzil et al., 2007), Ireland (Touzet et al., 2008), Greece (Katikou et al., 

2010) and Chile (Álvarez et al., 2010).  

To date, 16 spirolide analogues have been isolated from shellfish or isolated A. 

ostenfeldii (Figure 1-5). Although all spirolides contain the 6,7 spiroimine moiety and a 

lactone cyclohexenyl side-chain, there are differences in the other ring systems and 

macrocycle side-chains that set the various isomers apart. Spirolides can be divided into four 

main classes based on their chemical structure: Group I contains a 6,5,5 polyether ring system 

and a hydroxyl group at C10 and includes spirolides A, B, C, D, 13-desmethyl-spirolide C, 

13,19-di-desmethyl-spirolide C, 13-desmethyl-spirolide D, 27-hydroxy-13,19-di-desmethyl-

spirolide C, 27-hydroxy-13-desmethyl-spirolide C and 27-oxo-13,19-di-desmethyl-spirolide C 

(Ciminiello et al., 2007; Ciminiello et al., 2010; Hu et al., 1995; Hu et al., 2001; MacKinnon 

et al., 2006a; Sleno et al., 2004). Spirolides C and D and their derivatives have an extra 

methyl group on the imine ring compared to spirolides A and B, which is thought to render 

them resistant to enzymatic and acidic hydrolysis (Christian et al., 2008; Hu et al., 2001). 

Spirolides A and C represent the 2, 3 unsaturated counterparts of spirolides B and D, 

respectively. Group II are identical to Group I except for the presence of the hydrolysed, open 

ring form of the cyclic imine group. This group contains the biologically inactive spirolides E 

and F, which are thought to be shellfish metabolites of spirolides A and B, respectively (Hu et 

al., 1996a). Group III has a 6,6,5 polyether ring system as opposed to the Group I 6,5,5, 

system and a hydroxyl group at C17 instead of C10, and contains spirolides G and 20-

methylspirolide G (Aasen et al., 2005; MacKinnon et al., 2006a; Rundberget et al., 2011). 

Group IV consists of spirolides H and I, and is identical to Group I apart from the presence of 

a 5,6 dispiroacetal ring as opposed to a 6,6,5 or 6,5,5 trispiroacetal ring found in all other 

spirolides (Roach et al., 2009). Spirolide H is the 2, 3 unsaturated counterpart of spirolide I. 
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Figure 1-5.  Chemical structure of spirolide toxins from Alexandrium ostenfeldii (and A. peruvanium). 
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1.2.2.2. Toxicity 

 

Symptoms of spirolide toxicity in rodent bioassays are almost identical to those in 

animals administered gymnodimine, with the fast-acting, “all or nothing” response that is 

characteristic of the cyclic imine toxins (Hu et al., 1995; Hu et al., 1996a; Munday, 2008; 

Munday et al., 2011; Richard et al., 2001). Additional symptoms of spirolide toxicity include 

hunching, lethargy, piloerection and arching of the tail. Animals dosed IP with spirolides at 

toxic concentrations die within 20 minutes of dosing, with those animals that survive beyond 

20 minutes making a full recovery. As with gymnodimines, no organ damage is evident at 

necropsy, with the exception of neuronal damage in the brainstem and hippocampi of mice 

dosed with 13-desmethylspirolide C (Gill et al., 2003). Time to death after spirolide 

administration can be prolonged by the acetylcholinesterase inhibitor physostigmine or 

cholinergic agonists, or shortened by cholinergic antagonists such as atropine (Richard et al., 

2001).  

Toxicity values for spirolide isomers administered via various routes of administration 

in rodent bioassays are given in Table 1-2. All isomers show high toxicity via IP injection 

with the exception of spirolides E and F, with LD50 values as low as 6.9µg/kg for 13-

desmethylspirolide C (Hu et al., 1995; Hu et al., 1996a; Munday et al., 2011; Otero et al., 

2012). Spirolides E and F appear to be biologically inactive, with no toxicity evident even at 

doses exceeding 1mg/mg. Spirolide D shows intermediate toxicity, with an LD100 value of 

250µg/kg. Spirolide A-C, 13-desmethylspirolide C and 20-methylspirolide G are also highly 

toxic when given via oral gavage, but have LD50 values 10-20 times higher than those for IP 

injection. When administered in the rodent’s food supply, there is a further loss of toxicity, 

with LD50 values 5-10 times higher again than those for mice administered spirolides via 

gavage.  The toxicity of spirolides administered via gavage and feeding methods is dependent 

on the state of alimentation of the animals, with higher toxicity seen in animals that are fasted. 

The same rank order of potency is apparent for spirolide isomers, regardless of which route of 

administration is used; namely spirolide C ≈ 13-desmethyl C ≈ 20-methyl G > A > B. The 

higher toxicity of spirolides C, 13-desmethyl C and 20-methyl G when compared to spirolides 

A and B is suggested to be due to the presence of a methyl group on the cyclic imine ring, 

which appears to afford these isomers some protection from detoxification (Christian et al., 

2008). 
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Table 1-2. Toxicity of spirolide isomers in rodent bioassays by different routes of administration 

 

Toxin Dose (µg/kg)a,b Route Reference 

   

    

Spirolide A 37 IP Munday 2011 

 240-550 Gavage  

 1200-1300 Voluntary feeding  

    

Spirolide B 250 (LD100) IP Hu et al. 1995 

 99 IP Munday 2011 

 440 Gavage  

    

Spirolide C 8 IP  

 53-180 Gavage  

 500-780 Voluntary Feeding  

    

Spirolide D 250 (LD100) IP Hu et al. 1995 

    

Spirolide E >1000 (MLD) IP Hu et al. 1996 

    

Spirolide F >1000 (MLD) IP  

    

13-desmethyl C 27.9 IP Otero et al. 2012 

 6.9 IP Munday 2011 

 130-160 Gavage  

 500-1000 Voluntary feeding  

    

13,19-didesmethyl C 32.2 IP Otero et al.  2012 

    

20-methyl G 8 IP Munday 2011 

 88-160 Gavage  

 500-630 Voluntary feeding  

Spirolide H >2000 (MLD) IP Roach et al. 2009 
a
 All doses are LD50 values unless otherwise stated (MLD = minimum lethal dose) 

b
 Gavage and voluntary feeding values represent values from fasted animals (lowest number) and fed 

animals (highest number).  
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1.2.3. Other cyclic imine toxins 

1.2.3.1. Pteriatoxins 

 

Observations that moray eels vomit up the viscera of the Okinawan oyster Pteria 

penguin led to the isolation and description of pteriatoxins A-C (Takada et al., 2001b). 

Pteriatoxins A, B and C were found to be almost structurally identical to pinnatoxins, with a 

6, 7 spiroimine unit, a 6-5-6 polyether ring system and a bicyclic ether moiety, within a 27 

member macrocycle (Figure 1-6). The only difference is in the cyclohexenyl side-chain, 

which in the pteriatoxins consists of a cysteine moiety, a feature not seen in any other 

phycotoxins. It is thus thought that pteriatoxins are shellfish metabolites of a pinnatoxin 

precursor, with nucleophilic conjugation of L-cysteine to an epoxide intermediate (Hao et al., 

2006). Pteriatoxin A is stereochemically homogeneous, whereas pteriatoxins B and C are C-

34 epimers of each other (Hao et al., 2006; Matsuura et al., 2006a). 

Pteriatoxins A-C were only present in small amounts in the Pteria species, but proved to 

be extremely toxic in rodent bioassays. Intraperitoneal administration of pteriatoxin A and 

pteriatoxins B/C in a 1:1 ratio resulted in acute toxicity in mice, with LD99 values of 100 and 

8µg/kg, respectively. 

  

 

Figure 1-6. Chemical structure of pteriatoxins A-C found in shellfish (figure adapted from Cembella and 

Krock, 2009). 
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1.2.3.2. Prorocentrolides 

 

Prorocentrolides are the largest of all cyclic imine toxins currently described, and the 

first isomer to be isolated, prorocentrolide A, was initially isolated from Prorocentrum lima in 

Okinawa (Torigoe et al., 1988). Prorocentrolide B was later isolated from the related species, 

P. maculosum (Hu et al., 1996b). Prorocentrolides contain a 6, 6 spiroimine unit and a 26 

member macrocycle (Figure 1-7). They differ from other cyclic imines in that the link 

between the cyclic imine and cyclohexenyl moieties is condensed, rather than spiro-linked. 

They also contain the longest cyclohexenyl side-chain which consists of 18 carbons and, like 

other cyclic imines, is condensed to a lactone at carbon 27 on the macrocycle. Prorocentrolide 

B differs from prorocentrolide A in that it contains a sulfate unit at the C4 position.  

Prorocentrolide A had a lethality of 0.4mg/kg when administered intraperitoneally in 

mice, but it is unclear whether this is an LD50 or LD99 measurement (Torigoe et al., 1988). 

Prorocentrolide B was also found to cause the characteristic “fast-acting” toxicity associated 

with cyclic imines, although no toxicity values were reported (Hu et al., 1996b). 

 

 

 

 

Figure 1-7. Chemical structure of prorocentrolide A & B from Prorocentrum sp. (figure adapted from 

Cembella and Krock, 2009). 
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1.2.3.3. Spiroprorocentromine 

 

Spiroprorocentromine is the only representative of this eponymous group isolated to 

date, and was originally isolated from laboratory cultures of Prorocentrum species (including 

P. lima) from Taiwan (Lu et al., 2001). Spiroprorocentromine contains a 6, 6 spiroimine unit 

and a 25 member macrocycle and, like prorocentrolide B, has a sulfate side-chain (Figure 1-

8). The presence of only one ether bridge in the macrocycle technically means that it is not a 

polyether toxin, unlike all other cyclic imines. No toxicological data are available for 

spiroprorocentromine. 

 

 

 

 

 

Figure 1-8. Chemical structure of 

spiroprorocentromine from Prorocentrum sp 

(picture from Cembella and Krock, 2009). 

 

 

 

 

1.2.3.4. Portimine 

 

Portimine is the most recently discovered cyclic imine, and was isolated from the 

pinnatoxin producing dinoflagellate Vulcanodinium rugosum from Northland, New Zealand 

(Selwood et al., 2013). Portimine is named for Portodinium honu, a preliminary name for V. 

rugosum. Portimine is unique in that it contains a 5-membered cyclic imine ring, unlike the 6- 

or 7-membered rings of other cyclic imines (Figure 1-9). As with other cyclic imines, this 5-

membered imine moiety is spiro-linked to a cyclohexenyl group, which has an ethenyl side-
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chain much like pinnatoxin G. Portimine contains only 14 carbons in its macrocycle, making 

it the smallest cyclic imine isolated to date. 

The replacement of the usual 6- or 7-membered imine ring with a 5-membered ring in 

portimine has a large impact on the toxicity of this toxin. An LD50 value of 1570µg/kg was 

obtained from rodent bioassays after intraperitoneal injection, indicating much lower toxicity 

than any other cyclic imine. Surprisingly though, portimine exhibited high toxicity towards 

cell lines, with EC50 values of 2.7 and 3.0nM against the murine leukemia P388 cell line and 

monkey kidney Vero cell line, respectively (Dawe & Potter, 1957; Yasamura & Kawakita, 

1963). This was in contrast to pinnatoxin F, which showed no toxicity at concentrations 

>1µM. Caspase activation suggests that portimine may act as an apoptosis inducer. Thus it 

would appear that, although the cyclic imine moiety appears to be the main determinant for 

cyclic imine toxicity, it is clearly dependent on the size of the imine ring. 

 

 

 

Figure 1-9. Chemical structure of portimine from 

Vulcanodinium rugosum, with the unique 5,6 spiroimine unit 

circled (picture from Selwood et al. 2013) 

 

 

 

 

 

1.2.4. Biosynthesis 
 

Cyclic imine toxins, like many other dinoflagellate toxins, can be chemically classified 

as polyether molecules. Polyethers from dinoflagellates can be broadly categorised into three 

main structural classes: ladder frame polyethers, linear polyethers, and macrolide/macrocyclic 

polyethers, the group to which the cyclic imines belong (Kellmann et al., 2010). All of these 

classes of polyethers exhibit characteristics that point to polyketide biosynthesis pathways as 

the biosynthetic route for their formation (Kalaitzis et al., 2010; Rein & Snyder, 2006). 
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Polyketide molecules are produced in a similar manner to fatty acid biosynthesis: the 

successive addition of carboxylic acid units to an acyl chain, with alternative extender units 

allowing structural diversity among the different polyketides. The enzymes responsible, 

polyketide synthases (PKSs), are large multi-domain enzymes that are broadly classed into 

three types (Van Lanen & Shen, 2008). Type I PKSs are thought to be the main enzymes 

involved in the formation of polyketides of dinoflagellate origin, although other enzymes such 

as non-ribosomal peptide synthetases have been shown to also be involved in dinoflagellate 

polyketide synthesis pathways (Kellmann et al., 2010; Rein & Snyder, 2006).  Study of 

dinoflagellate polyketide synthesis pathways has been hindered by the fact that the species 

can be difficult to culture in an axenic state, and, even if culture is successful, they do not 

easily take up isotope labelled precursor molecules, the main tool with which synthesis 

studies are carried out. Large dinoflagellate genomes and unusual gene/chromosomal 

organisation also hamper genetic studies into the enzymes involved in the biosynthetic 

pathways. 

Despite these difficulties, stable isotope studies have provided some evidence as to the 

polyketide nature of the biosynthesis of cyclic imine toxins (MacKinnon et al., 2006b). 

Cultures of A. ostenfeldii that produced 13-desmethyl spirolide C were supplemented with 

stable isotope labelled [
13

C] acetate and [
13

C, 
15

N] glycine precursors, and the incorporation of 

these precursors into the structure of the spirolide determined by NMR spectroscopy. The 

incorporation patterns indicated that glycine was incorporated as an intact unit into the cyclic 

imine group, and that unidirectional acetate condensation formed the rest of the carbon chain. 

The biosynthetic scheme proposed by the authors then included the addition of methyl groups 

from acetate and cyclisation of the imine ring, followed by oxidation of the resulting amine to 

an imine and oxidation of various carbons to form C=C bonds. These carbons could then take 

place in various cyclisation events to form the ring structures evident in the spirolide 

macrocycle, including a Diels-Alder reaction to form the cyclohexenyl group and close the 

linear carbon chain into a cyclic structure. The origin of the oxygen molecules in 13-

desmethyl spirolide was not determined, but may have arisen from either water, molecular 

oxygen or from carbonyl groups present on extender units, as shown for another 

dinoflagellate toxin, okadaic acid (Izumikawa et al., 2000; Murata et al., 1998). 

PKS genes have been found in a number of toxin-producing dinoflagellates related to 

cyclic imine producing species, including Prorocentrum, Karenia, Amphidinium and 

Gymnodinium species, where they are thought to play a role in the biosynthesis of the linear 
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and ladder-type polyether toxins okadaic acid, brevetoxins and the amphidinolides (Snyder et 

al., 2003). Although not proven, the fact that ladder and macrocyclic polyketides share a 

common biosynthetic pathway suggests that the PKS enzymes responsible for the production 

of okadaic acid in P. lima may very well also take part in the biosynthesis of cyclic imine 

prorocentrolide and spiro-prorocentromine toxins isolated from this species (Lu et al., 2001; 

Torigoe et al., 1988). Generation of an expressed sequence tag databank from a spirolide-

producing strain of A. ostenfeldii revealed a number of genes related to toxin synthesis, 

including some putative PKS genes (Jaeckisch et al., 2006). Phylogenomic analysis of the 

sequences of potential PKS genes revealed that they most likely code for Type I PKS 

enzymes, the main enzymes thought to be responsible for dinoflagellate polyketide 

biosynthesis (John et al., 2008; Kellmann et al., 2010).  

 

 

1.2.5. Biological targets 
 

Initially spirolides were reported to act as weak activators of Ca
2+

 channels, with no 

effects on a range of other targets such as glutamate receptors, sodium channels or protein 

phosphatases (Hu et al., 1995). However, no further investigation into this mechanism of 

action has been undertaken. Instead, the focus shifted to the potential action of cyclic imine 

toxins on cholinergic receptors. This potential pharmacological target was initially studied by 

administering A. ostenfeldii extracts to rats after pretreatment with a range of cholinergic 

drugs (Richard et al., 2001). Time to death was shortened in the presence of atropine and 

gallamine, which are both muscarinic antagonists, and time to death was extended in the 

presence of physostigmine and methacholine, which act as indirect and direct muscarinic 

agonists, respectively. Time to death from lethal doses of gymnodimine was also extended 

with physostigmine (Munday et al., 2004). From these data it appeared that spirolides 

mimicked the action of muscarinic antagonists. A cholinergic mode of action was supported 

by transcriptional analysis of the brainstem and cerebellum of rats that received lethal doses 

of 13-desmethyl spirolide C, which revealed a 2-4 fold up-regulation of expression of 

muscarinic receptors 1, 4 and 5 and a 3-fold up-regulation of nicotinic receptor subunits α2 

and β4 (Gill et al., 2003). This effect was species dependent, with no changes seen in the 

expression of any biomarkers in mice. More recently, 13-desmethylspirolide C has been 
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shown to bind competitively to mAChRs and inhibit a muscarinic-dependant Ca
2+ 

signal in a 

human neuronal cell line (Wandscheer et al., 2010). The toxin also caused a reduction in 

membrane-associated M3 receptors, indicating an effect on receptor regulation and 

internalisation.  

Perhaps more important in the toxicity of cyclic imine toxins is their potent antagonism 

of nicotinic receptors, with the symptomology and cause of death in rodent bioassays 

suggestive of blockade of these receptors at the neuromuscular junction and in the central 

nervous system (Munday et al., 2004). Gymnodimine was the first cyclic imine to be 

investigated for this mechanism of action, and was found to cause a dose-dependent reduction 

in nerve evoked twitch responses, miniature endplate potentials and evoked endplate 

potentials in in vitro hemidiaphragm preparations (Kharrat et al., 2008). Gymnodimine also 

bound to and antagonised acetylcholine responses in Xenopus oocytes and myocytes 

expressing muscle-type and α7 nAChRs, as well as displacing radioligands in competition 

binding experiments using HEK cells that expressed α4β2 and α3β2 nAChRs. Gymnodimine 

was found to have a rank order of potency at the various nAChRs of α7>muscle>α3β2>α4β2, 

with IC50 values in the sub- to low-nanomolar range. Further binding studies (mostly at 

muscle-type Torpedo receptors) with gymnodimine and a range of spirolides have confirmed 

that they cause potent antagonism of nAChRs, with 13-desmethylspirolide C identified as the 

most potent non-peptidic nicotinic antagonist known  et al., 2012; Bourne et al., 2010; 

Fonfría et al., 2010; Rodríguez et al., 2011; Rodríguez et al., 2013; Vilarino et al., 2009). 

These binding studies have mostly been aimed at developing new, more sensitive, high-

throughput detection assays for cyclic imines using microplate assays coupled with mass 

spectrometry, fluorescence polarisation and chemiluminescence.  

Cyclic imines bind to a wide range of nAChRs including α7, muscle-type,  α6β3β4α5, 

α3β4, α4β4 and α4β2 (Hauser et al., 2012). Crystallographic studies using ACh binding 

proteins has revealed that this high potency but lack of selectivity is most likely due to the 

interaction of the cyclic imine moiety of the toxins with a tryptophan residue that is conserved 

in all nAChRs (Bourne et al., 2010). Subtle changes in other residues of the binding sites 

would account for the different affinities at the different nicotinic receptors. The importance 

of the cyclic imine moiety is also reflected in the lack of biological activity of those toxin 

isomers that have a ring open form of the cyclic imine (spirolides E and F) or those that have 

had the imine function reduced (dihydrospirolide B and gymnodimine) (Hu et al., 1995; 

Stewart et al., 1997). However, this moiety is clearly not the only prerequisite for toxicity, as 
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spirolide H and portimine both contain cyclic imine groups but have very low toxicity in 

rodent bioassays, indicating a lack of functional potency at nAChRs (Roach et al., 2009; 

Selwood et al., 2013). In the case of portimine, this is likely due to the unusual 5-membered 

imine ring, whereas spirolide H most likely has reduced potency due to the dispiroketal ring 

system replacing the usual spirolide trispiroketal ring.  
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1.3. PINNATOXINS 

1.3.1. Origin and geographical occurrence 
 

Pinnatoxins were initially discovered in the digestive glands of the pen shell Pinna 

attenuata after outbreaks of food poisoning related to these shellfish species in Japan and 

China (Zheng et al., 1990). The toxic extract was initially referred to merely as “pinnatoxin”. 

Pinnatoxin A, the first isomer to be properly identified, was isolated from the related prickly 

pen shell species Pinna muricata (Uemura et al., 1995). Pinnatoxin D was later isolated from 

the same species (Chou et al., 1996). Pinnatoxins B and C took longer to isolate and identify 

due to being present in only small amounts in P. muricata (Takada et al., 2001a). Incidences 

of neurotoxic symptoms during routine monitoring of oysters from Rangaunu Harbour, New 

Zealand, led to the identification of a “Rangaunu Harbor Toxin”. This was later found to be a 

mix of the novel pinnatoxins E and F which were also found, along with pinnatoxin G, in 

Pacific Oysters (Crassotrea gigas) and razorfish (Pinna bicolor) from Franklin Harbor, South 

Australia (Selwood et al., 2010). Since their discovery, pinnatoxins have been found not only 

in shellfish from New Zealand, Australia, Japan and China but also Norway (Miles et al., 

2010; Rundberget et al., 2011), France (Hess et al., 2013), Spain (García-Altares et al., 2014), 

the Cook Islands (Rhodes et al., 2011a) and Canada (McCarron et al., 2012). This apparent 

increase in geographic distribution may not be due to increased occurrence, but is more likely 

due to increased monitoring for this class of toxin. 

Although initially found in shellfish, a dinoflagellate origin for the pinnatoxins was 

proposed. This was due to the observation that the pinnatoxins shared many structural features 

with other dinoflagellate derived cyclic imine toxins and were found in a variety of shellfish 

species, suggesting production by an organism in the water rather than by the shellfish 

themselves (Selwood et al., 2010).  Size fractionation revealed that pinnatoxins were found 

mostly in the 20-45µm fraction, also indicative of a dinoflagellate origin. High concentrations 

of pinnatoxins in sediment samples suggested that the producing organisms were benthic.  

A cyst-forming, thecate dinoflagellate species was subsequently isolated from eel-grass 

beds in Rangaunu Harbor, and found to produce pinnatoxins E and F (Rhodes et al., 2010). 

Pinnatoxin producing dinoflagellates were subsequently isolated from South Australia and 

Japan, and were found to be morphologically identical to the New Zealand species (Rhodes et 
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al., 2011b; Smith et al., 2011). A new species belonging to an undescribed benthic 

dinoflagellate genus was isolated from a Mediterranean lagoon in France and was named 

Vulcanodinium rugosum (Nézan & Chomérat, 2011). This species was found to be 

responsible for pinnatoxin G production in the same location (Hess et al., 2013). Phylogenetic 

and morphological comparisons with the pinnatoxin producers from New Zealand, Australia 

and Japan revealed them to be V. rugosum (Rhodes et al., 2011a). V. rugosum has since been 

found to have a global occurrence, with reports of this species not only in Europe and Oceania 

but also in China (Zeng et al., 2012), Mexico (Hernández-Becerril et al., 2013), Spain (Satta 

et al., 2013) and Hawaii (James & William, 2011; Rhodes et al., 2011a). 

Genetic analysis revealed differences in large subunit DNA, internal transcribed spacer 

DNA and 5.8S rDNA between the New Zealand, Australian, Japanese and French V, rugosum 

isolates (Rhodes et al., 2011a). It is therefore likely that V. rugosum represents a species 

complex, a conclusion also supported by different pinnatoxin profiles for each strain. New 

Zealand isolates exclusively produce pinnatoxins E and F, whereas those from Japan 

exclusively produce pinnatoxin G (Rhodes et al., 2010; Smith et al., 2011). South Australian 

strains produce pinnatoxins E, F and G (with trace amounts of pinnatoxin A also found) 

(Rhodes et al., 2011b). 

  

1.3.2. Structure and chemistry 
 

Extensive NMR, chemical synthesis and mass spectrometry studies have revealed the 

two-dimensional structure and relative stereochemistry of the pinnatoxins (Chou et al., 1996; 

Chou, 1996; Matsuura et al., 2006b; Selwood et al., 2010; Suthers et al., 1998; Takada et al., 

2001a; Uemura et al., 1995). Pinnatoxins most closely resemble the spirolides in structure, 

containing a 6, 7 spiroimine unit (AG ring) and a 6, 5, 6 trispiroketal ring system (BCD ring) 

within a 27 membered macrocycle (Figure 1-10). The main difference with the spirolides is 

the presence of an additional 6, 7 azaspiro bicyclic ether moiety (EF ring). Differences 

between the pinnatoxin isomers lie mostly in the cyclohexenyl side-chain, which differs in 

length and functional groups present. Pinnatoxin A has the shortest side-chain, a C1 

carboxylic acid group. Pinnatoxins B and C have a C2 2-amino acetic acid functional group 

and are diastereoisomers of each other at C-34. Pinnatoxin D contains a C4 γ-ketobutyric acid 

moiety, and appears to be the oxidised form of pinnatoxin E, which has a C4 carboxylic acid 
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group at this position. Pinnatoxin F is most similar to the spirolides in that it contains a 

lactone cyclohexenyl side-chain, the cyclised form of the pinnatoxin E side-chain. Pinnatoxin 

G appears to have the most chemically “simple” cyclohexenyl side-chain; a C2 ethenyl group. 

Pinnatoxins D-F also differ from pinnatoxins A-C and G in that they are lacking the C-28 

hydroxyl group on the E-ring, instead having extra hydroxyl and methyl functional groups on 

the D ring at C-22 and C-21, respectively.  

Pinnatoxins are more chemically stable than the closely related spirolides (Jackson et 

al., 2012; Selwood et al., 2010). No release of fatty acid esters was observed from shellfish 

containing pinnatoxins E and G under base hydrolysis conditions. In water, the lactone ring of 

pinnatoxin F can open to form pinnatoxin E, with the reverse reaction occurring under weakly 

acidic conditions. The imine ring of pinnatoxin A is also highly resistant to ring-opening 

under physiologically relevant acidic conditions.  Like the related spirolides, this is likely due 

to the presence of a methyl group on the imine ring, as spirolide isomers containing a methyl 

group are more resistant to hydrolysis than un-methylated isomers (Christian et al., 2008). 
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Figure 1-10. Chemical structure of pinnatoxin isomers A - G produced by Vulcanodinium rugosum (image 

adapted from Cembella and Krock, 2009 and Selwood et al., 2013) 
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1.3.3. Biosynthesis 
 

Like other cyclic imine toxins, pinnatoxins are thought to be synthesized via a 

polyketide synthesis pathway. This proposal arises from the observation that the pinnatoxin 

carbon backbone could be constructed from C1-C34 in a single chain, with a terminal amino 

group (Kuramoto et al., 2004). A Diels-Alder reaction could then close the carbon chain to 

form the macrocyclic backbone, with the cyclic imine forming through a separate Schiff-base 

mediated cyclisation reaction.  

Pinnatoxins (apart from pinnatoxin F) are the only cyclic imine toxins that have free 

carboxylic acid groups at the cyclohexenyl side-chain, with all other cyclic imine toxins 

having a lactone group at this position. This, along with the fact that the pinnatoxins occur 

with different side chain lengths, may indicate that most pinnatoxins are in fact shellfish 

metabolites of a parent compound(s), rather than all isomers being produced by 

dinoflagellates directly (Cembella & Krock, 2007). It has been proposed that pinnatoxin F and 

G are the precursors to all other pinnatoxins, as well as the structurally related pteriatoxins 

(Selwood et al., 2010). This is supported by the observations that most strains of V. rugosum 

have been found to produce primarily either pinnatoxin F or G, or a mixture of both (Rhodes 

et al., 2010; Rhodes et al., 2011a; Rhodes et al., 2011b; Smith et al., 2011). It is also in line 

with information regarding the production of other cyclic imines, as pinnatoxin F has a 

lactone group at the cyclohexenyl side-chain position like all other cyclic imine families, and 

would thus fit as the initial dinoflagellate derived pinnatoxin isomer. The fact that some South 

Australian V. rugosum isolates produce only pinnatoxin G indicate that this isomer is also 

dinoflagellate derived, despite the lack of the cyclohexenyl lactone side-chain usually found 

in cyclic imines.  

In water, pinnatoxin F readily hydrolyses to pinnatoxin E, which can then be oxidised to 

form pinnatoxin D. In fact, pinnatoxins E and F are readily metabolised to pinnatoxin D in 

both razorfish and Pacific oyster shellfish species (Selwood et al., 2010). Pinnatoxin G 

metabolism to pinnatoxin A is also observed in these species. Putative pinnatoxin G 

metabolites were detected by LC-MS, and may represent intermediates in the pathways for 

formation of pinnatoxins A-C.  Oxidation of pinnatoxin G to a 36, 37-epoxide would result in 

an intermediate that could then go on to form pinnatoxins A-C. This epoxidation reaction is 
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also considered an important step in the production of the related cyclic imine pteriatoxins 

(Hao et al., 2006).  

 

1.3.4. Toxicity 
 

When tested in rodent bioassays, pinnatoxins elicit similar all-or-nothing, “fast acting” 

toxicity symptoms to the other cyclic imine toxins (Munday et al., 2012; Selwood et al., 

2010). Initial periods of hyperactivity are followed 15-20 minutes later by a progressive 

decline in activity, with hind leg extension and abdominal breathing evident. Respiration rates 

severely declined over the following 30 minutes until breathing stopped completely. Running 

movements, exophthalmia and hind leg extension were evident just before death. At sub-

lethal doses, animals became lethargic and showed abdominal breathing but full recovery was 

evident after 1-2 hours. No organ abnormalities were evident at necropsy. 

Toxicity values for pinnatoxins A-G administered via intraperitoneal injection, oral 

gavage and voluntary feeding routes of administration are summarised in Table 1-3. 

Pinnatoxin A-D have only ever been tested via IP routes and were found to have a rank order 

of potency of pinnatoxin B/C (1:1 ratio) > A > D (Chou et al., 1996; Takada et al., 2001a; 

Uemura et al., 1995). Pinnatoxins E, F and G have been more thoroughly studied in toxicity 

tests, and, with the exception of pinnatoxin E, have been found to be highly toxic not only by 

IP injection but also by oral routes of administration. Extracts of V. rugosum from New 

Zealand that contained pinnatoxins E and F (10µg/mg) were found to have a ratio of LD50 

values by IP, oral gavage, and voluntary feeding routes of 1:2.3:6, indicating high oral 

toxicity (Rhodes et al., 2010). Toxicity ratios for South Australian cultures of V. rugosum 

were 1:1.8:4.5 (pinnatoxin E, F and G producing strain) and 1:2.9:7.8 (pinnatoxin G exclusive 

strain) (Rhodes et al., 2011b). This high oral toxicity is also reflected in toxicity studies with 

purified pinnatoxins F and G, in which LD50 values for administration by gavage and 

voluntary feeding were only 2-3 times and 4-8 times higher than those by IP routes, 

respectively (Munday et al., 2012). Pinnatoxin E was nowhere near as toxic via oral routes 

when compared to IP administration (LD50’s of 2800µg/kg and 48µg/kg, respectively). This 

high oral toxicity, especially by voluntary feeding, is unique to the pinnatoxins, as 

gymnodimine and the spirolides are 10-1000 times less potent by oral routes when compared 

to IP injection (Munday et al., 2004; Munday, 2008; Munday et al., 2011). 
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Table 1-3. Toxicity of pinnatoxin isomers in rodent bioassays by different routes of administration 

 

Toxin Dose (µg/kg)a Route Reference 

   

    

Pinnatoxin A 180 (LD99) IP Uemura et al., 1995 

 135 (LD99) IP McCauley et al., 1998 

    

Pinnatoxins B & C
b
 22 (LD99) IP Takada et al. 2001 

    

Pinnatoxin D 400 (LD99) IP Chou et al. 1996 

    

Pinnatoxins E & F
c
 1330 IP Rhodes et al. 2010 

 2330 Gavage  

 5950 Voluntary feeding  

 7600 IP Rhodes et al. 2011 

 22,200 Gavage  

 59,300 Voluntary feeding  

    

Pinnatoxin E 45 IP Selwood et al. 2010 

 57 IP Munday et al. 2012 

 2800 Gavage  

    

Pinnatoxin F 16 IP Selwood et al. 2010 

 14.9 IP Munday et al. 2012 

 30 Gavage  

 50 (fed animals) Voluntary feeding  

 77 (fasted animals)   

    

Pinnatoxin G 50 IP Selwood et al. 2010 

 2000
c
 IP Rhodes et al. 2011 

 5500
c
 Gavage  

 28,000
c
 Voluntary feeding  

 48 IP Munday et al. 2012 

 150 Gavage  

 400 (fed animals) Voluntary feeding  
a
- All doses are expressed as LD50 values unless otherwise specified 

b
- 1:1 ratio of pinnatoxins B and C 

c
 - Cell extracts from Vulcanodinium rugosum  
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1.3.5. Biological targets 
 

Initial reports claimed that the “pinnatoxin” containing toxic extract from Pinna 

attenuata was a Ca
2+

 channel activator due to its effects on in vitro ileum and cardiac 

preparations (Zheng et al., 1990). This mechanism was never confirmed and, as such, 

pinnatoxins had an unknown mechanism of action for many years. The similarities between 

the chemical structures of the pinnatoxins and the spirolides, and the growing wealth of 

information regarding the actions of gymnodimine and the spirolides on nicotinic receptors 

has led to a recent interest in cholinergic receptor antagonism as a pinnatoxin mode of action. 

These studies have, in part, been made possible by improved approaches to synthesising the 

pinnatoxins, as limited availability from natural sources has been cited as a determining factor 

in the lack of mechanistic studies (Aráoz et al., 2011; Beaumont et al., 2010; McCauley et al., 

1998; Nakamura et al., 2008). 

Pure pinnatoxin F and a crude extract of V. rugosum that contained pinnatoxins E and F 

both blocked nerve-evoked compound muscle action potentials (CMAPs) in an in vitro 

hemidiaphragm preparation (Hellyer et al., 2011). There was no effect of pure pinnatoxin F 

on direct (muscle) evoked CMAPs, indicating an effect on the neuromuscular synapse rather 

than a direct effect on the muscle fibres. Around the same time, direct evidence for pinnatoxin 

antagonism of nicotinic receptors was presented in a study that examined the mechanism of 

action of synthetic pinnatoxin A (Aráoz et al., 2011). Pinnatoxin A was found to bind to 

Torpedo nAChRs as well as α7, α4β2 and α3β2 neuronal nAChRs with sub to low nanomolar 

affinities. Pinnatoxin A also inhibited ACh evoked responses in oocytes expressing Torpedo, 

α7 and α4β2 receptors. The imine-ring open form of pinnatoxin A, pinnatoxin A amino-keto 

acid, did not bind to any of the receptors or inhibit ACh responses in receptor-expressing 

oocytes, highlighting the importance of the imine ring in pinnatoxin A nAChR antagonism. 

Pinnatoxin G has also recently been shown to bind to Torpedo receptors with low nanomolar 

affinity (Hess et al., 2013). 
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1.4. CYCLIC IMINES IN HUMAN HEALTH AND 

DISEASE 

1.4.1. Metabolism and threat to human health 
 

Despite the fast acting toxicity and high potency of cyclic imine toxins evident in rodent 

in vivo and in vitro experiments, as well as the fact that none of the cyclic imines are currently 

monitored or regulated by the shellfish industry, no human poisoning incidences have been 

unequivocally linked to any of these toxins (European Food Safety Authority Panel on 

Contaminants in the Food Chain (2010)). Food poisoning resulting from the ingestion of 

Pinna shellfish has been reported in Japan and China and was initially linked to pinnatoxin A 

toxicity, but was later shown to have been caused by bacterial (Vibrio species) contamination 

(Otofuji et al., 1981; Uemura et al., 1995).   Non-specific gastric and cardiac symptoms were 

recorded in individuals who consumed shellfish in Nova Scotia, Canada, at times when 

spirolides were present, but could not be linked to the presence of cyclic imine toxins based 

on the presentation of different symptoms to those observed in rodents (Richard et al., 2001). 

A survey of residents that consumed seafood from Rangaunu Harbour, New Zealand, revealed 

no reports of illness associated with seafood consumption, despite high concentrations of 

pinnatoxins in this area (200µg/kg of shellfish flesh) (McNabb et al., 2012). 

Recent studies have shed some light on this apparent lack of human health problems 

resulting from potential cyclic imine ingestion. Until recently it has been hard to predict the 

efficiency of absorption of drugs and toxins into the human body. The use of intestinal 

epithelial cell lines has increased the ability to determine the passage of drugs/toxins across 

the intestinal epithelium. The permeability of one such cell line, Caco-2 colon 

adenocarcinoma cells, to 13-desmethylspirolide C and 13,19-didesmethylspirolide C was 

investigated and found to be high (Espiña et al., 2011). Permeability coefficients of 19 x 10
-6

 

cm/s for 13-desmethylspirolide C and 12 x 10
-6

cm/s for 13,19-didesmethylspirolide indicated 

intestinal permeability of >90% and >50%, respectively. These spirolide isomers are present 

in the blood only 15 minutes after oral administration to rodents in vivo, and appear in the 

urine and feces after 1 and 24 hours, respectively (Otero et al., 2012).  These data indicate that 

spirolides are indeed readily absorbed from both the rodent and human intestine and therefore 
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there must be another explanation for the apparent lack of oral toxicity seen with human 

consumption of these toxins. 

The lack of toxicity is proposed to be due to extensive hepatic first-pass metabolism. 

This conclusion is supported by another recent study that incubated human liver microsomes 

with 13-desmethyl spirolide C and used liquid chromatography coupled to mass spectrometry 

to identify potential spirolide metabolites (Hui et al., 2012). A total of nine phase 1 

metabolites were identified with a number of spirolide biotransformations observed. These 

included hydroxylation, dehydrogenation, demethylation and carboxylation reactions, with 

13, 19-didesmethyl-19-carboxyspirolide C identified as the major metabolite after 2 hours of 

incubation. This metabolite displayed first order kinetics, indicative of first pass metabolism. 

No phase II metabolites were identified, providing evidence that spirolide metabolism occurs 

mostly via interaction with CYP450 enzymes. This evidence of extensive first pass 

metabolism may explain why spirolides have a low oral toxicity in humans, despite apparent 

high permeability in the human intestine. Observations of the “all or nothing” response in 

rodents, in which animals fully and quickly recover from sub-lethal doses of cyclic imines, is 

also indicative of extensive detoxification and excretion of these toxins in mammalian 

systems (Munday et al., 2004; Munday et al., 2012; Richard et al., 2001). 

In 2010, the European Food Safety Authority Panel on Contaminants in the Food Chain 

(CONTAM) released a report regarding the potential risks to human health regarding the 

consumption of cyclic imine toxins. The lack of chronic toxicity data regarding cyclic imine 

toxins and the large differences in rodent bioassay LD50 values in fed and fasted mice meant 

that an acute reference dose could not be determined. By comparing the estimated human 

exposure to spirolides from shellfish (0.06µg/kg) and the LD50 values determined by oral 

gavage in fasted and fed mice, a margin of exposure value of 1,000-10,000 was generated, 

indicating that levels in the shellfish did not pose a risk to consumers. However, this was 

based on reasonably low reported concentrations of spirolides in shellfish. In regards to 

pinnatoxins, concentrations of up to 160-800µg/kg have been reported in shellfish and this, 

coupled with the high oral toxicity of the pinnatoxins compared to other cyclic imines, may 

indicate that pinnatoxins pose more of a threat to human health than the spirolides (Munday et 

al., 2012). At the time of the EFSA CONTAM report, these data were not available and so no 

recommendations were made regarding the setting of limits for pinnatoxin levels in shellfish 

destined for human consumption.  
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1.4.2. Potential as therapeutic lead compounds 
 

As potent blockers of neuromuscular nicotinic receptors, the therapeutic potential of the 

cyclic imine class of toxins would seem limited. However, if the focus is shifted to their 

potent action on neuronal nicotinic receptors then their potential use in treating neurological 

disease states becomes apparent. α7 and α4β2 neuronal nicotinic receptors have been shown 

to be important in Alzheimer’s disease (AD) (see section 1.1.7.2). Given their high affinity for 

neuronal nAChRs, cyclic imines could potentially provide some neuroprotection in models of 

AD.  

Both gymnodimine and 13-desmethylspirolide C have recently been tested in cortical 

neurons from transgenic 3xTg Alzheimer’s mice and were both shown to be neuroprotective 

(Alonso et al., 2011a; Alonso et al., 2011b). Neither of the toxins showed any neurotoxicity 

against neurons, and both toxins protected neuronal cultures against glutamate induced 

toxicity, as well as reducing levels of tau hyperphosphorylation and intracellular beta-amyloid 

accumulation. These effects were achieved without affecting the levels of either α7 neuronal 

nicotinic receptors or M1 muscarinic receptors, with gymnodimine slightly reducing steady 

state levels of the M2 muscarinic receptor. Although not affecting the levels of ACh 

receptors, gymnodimine and 13-desmethylspirolide C both increased ACh concentrations in 

the neuronal cultures, with evidence of increased synthesis of ACh via ChAT after exposure 

to gymnodimine. The changes in tau phosphorylation caused by these toxins are thought to be 

due to changes in levels of phosphorylated GSK-3β, expression of which was increased by the 

cyclic imines, and ERK1/2, which showed decreased expression after cyclic imine exposure.  

Nicotinic receptors also play a vital role in many cancers, with a wide range of subtypes 

implicated in tumour growth, migration and metastasis (see section 1.1.7.1). As with 

neurodegenerative diseases, the neuronal nAChR subtypes α7 and α4β2 appear to be 

important in the pathology of cancer, opening the possibility of treatment using high affinity 

ligands for these receptors, such as cyclic imines. Pinnatoxin G has been recently shown to 

affect cancer cells in vitro (S. Baird, personal communication). Pinnatoxin G reduced cell 

viability in a range of cancer cell lines, including breast, colon and glioma cells. Cell cycle, 

biochemical and Western blot assays revealed that pinnatoxin was not cytostatic but caused an 

increase in DNA fragmentation, mitochondrial permeability and phosphatidylserine exposure. 

Increased levels of cleaved Caspase 3 and PARP suggest an increase in apoptosis. The 
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susceptibility of the cancer cells to pinnatoxin G appeared to correspond to levels of nAChR 

expression, and a synergistic effect was seen when cells were treated with both pinnatoxin G 

and the non-selective nicotinic antagonist mecamylamine. While these results are promising, 

high concentrations (2-5µM) of pinnatoxin G were required which would limit its usefulness 

in vivo. 

Although the immediate use of cyclic imines as therapeutics in in vivo AD or cancer 

models is limited by the potent neuromuscular blocking actions of these toxins, the results 

from in vitro studies suggest that they could be an important starting point for the synthesis of 

new pharmacological agents with specific action at neuronal nicotinic receptors. The 

observation that derivatives of the isolated 6,6 spiro-imine pharmacophore of gymnodimine 

retain antagonist activity at nicotinic receptors suggests that this moiety may represent a 

potential starting point for newer, more specific nAChR ligands (Duroure et al., 2011).  
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1.5. RATIONALE FOR THE PRESENT STUDY 
  

Algal toxins that accumulate within shellfish and thus enter the human food supply 

are of importance both in regards to human health and also to the economic viability of the 

shellfish industry. The cyclic imine group of toxins has been found in multiple shellfish 

species in locations worldwide, and blooms of the causative dinoflagellates are increasing 

in their number and distribution. While some of the members of this family, namely the 

spirolides and gymnodimines, have been widely studied in order to determine their 

mechanism of action and toxicity profiles, others such as the pinnatoxins have not. The 

pinnatoxins also have a worldwide distribution and are relevant to the shellfish industry in 

both New Zealand and Australia as the pinnatoxin E, F and G isomers, as well as the 

causative dinoflagellate Vulcanodinium rugosum, have been found at multiple sites in 

Australasia. Although no human poisoning incidences have been linked to the pinnatoxins, 

this may be due to the regular monitoring of commercial shellfish beds for toxins and 

halting of production with the detection of toxins such as the pinnatoxins. Shellfish 

collection for personal consumption from non-commercial areas in which pinnatoxins are 

present may therefore still pose a risk to human health. As such, it is important to 

determine the relative potencies of various pinnatoxin isomers, as well as determine their 

mechanism of action in order to better understand their potential risks. As of the 

commencement of this study, very little was known about the mechanism of action of 

pinnatoxins apart from their neuromuscular blocking action (Hellyer et al, 2011). 

Therefore, the overall aim of this thesis was to examine pinnatoxins E, F and G for their 

relative potencies and mechanism of action.  

 

Aims were as follows: 

 

 

1.  To complete full concentration-response curves of the neuromuscular blocking 

activity of pinnatoxins E, F and G using an in vitro phrenic-nerve hemidiaphragm 

preparation (Chapter 2). 
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2.  To broadly assess potential anti-muscarinic effects of pinnatoxins F and G using an 

in vitro rat ileal preparation (Chapter 2). 

 

3.  To use intracellular electrophysiology in order to determine the effects of 

pinnatoxins F and G on miniature and evoked endplate potentials in in vitro 

hemidiaphragm preparations in order to determine a pre- vs. post-synaptic site of action at 

the neuromuscular junction (Chapter 2). 

 

4.  To synthesise a fluorophore-conjugated pinnatoxin F derivative in order to directly 

visualise pinnatoxin binding at the neuromuscular junctions of mice with fluorescent motor 

nerves (Chapter 3). 

 

5.  To use radioligand binding assays in order to examine whether pinnatoxins E, F 

and G exert their toxic effects by binding to muscle-type and neuronal nicotinic receptors 

and the relative potencies of the three isomers at these receptors (Chapter 4). 

 

6.  To use molecular modelling to model the binding of pinnatoxin E, F and G 

conformers to structural models of muscle-type and neuronal nAChRs in order to gain a 

better understanding of receptor-ligand interactions that are important in pinnatoxin 

affinity for various nAChRs (Chapter 5). 

 

 

 



 

52 

 

 

 

 

CHAPTER TWO 

 

Actions of pinnatoxins E, F and G in mammalian 

tissue preparations in vitro 
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2.1. INTRODUCTION 

 
Pinnatoxins are members of the cyclic imine family of toxins, which include spirolides, 

gymnodimine, pteriatoxins, prorocentrolides and spiroprorocentromine.  These fast-acting 

toxins are produced by a variety of dinoflagellates, including Karenia, Alexandrium and 

Prorocentrum species (Molgó et al., 2007).  They are highly toxic when administered in vivo 

in rodent bioassays, causing an “all or nothing” response and death by respiratory depression 

within minutes at toxic doses (Munday, 2008).  The cyclic imine moiety common to all of the 

members of this toxin family is thought to be the main structural determinant for toxicity.  

Binding and functional studies have shown that cyclic imines cause their toxicity by 

antagonizing both muscle-type and heteromeric and homomeric neuronal nicotinic 

acetylcholine receptors (nAChRs) (Bourne et al., 2010; Kharrat et al., 2008).  Recent studies 

also suggest that antagonism of muscarinic ACh receptors (mAChRs) may also play a role in 

cyclic imine toxicity (Wandscheer et al., 2010). 

Pinnatoxin A, the first of the pinnatoxin isomers to be isolated, was discovered in 

extracts of the bivalve mollusc Pinna muricata in Okinawa, Japan (Uemura et al., 1995; 

Zheng et al., 1990).  Pinnatoxins B, C and D were subsequently isolated from the same 

species (Chou, 1996; Takada et al., 2001a).  Routine biotoxin monitoring of Pacific oysters 

(Crassostrea gigas) from Rangaunu Harbour in New Zealand’s sub-tropical north revealed 

the presence of a fast acting toxin, which was later found to be a mixture of novel pinnatoxins 

E and F (Selwood et al., 2010).  Pinnatoxin G was also isolated from C. gigas, collected in 

South Australia. Analysis of sediment samples from Rangaunu Harbour and the French 

Mediterranean coast revealed the dinoflagellate species responsible for pinnatoxin production, 

Vulcanodinium rugosum, strains of which are also found in South Australia, China, Spain, 

Hawaii and Japan (Nézan & Chomérat, 2011; Rhodes et al., 2010; Rhodes et al., 2011b; Satta 

et al., 2013; Smith et al., 2011; Zeng et al., 2012).   

Initial reports claimed that pinnatoxins were activators of calcium channels (Zheng et 

al., 1990).  However, recent work has shown that, like the spirolides and gymnodimine, 

pinnatoxin A also binds to and antagonizes nAChRs of both the muscle-type and 

heteromeric/homomeric neuronal subtypes (Aráoz et al., 2011).  The lack of nAChR 

antagonism by the pinnatoxin A ketone, which lacks the cyclic imine moiety, highlights the 

importance of this structural feature in the toxicity of pinnatoxin A.  Recent studies have 
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shown that pinnatoxins E and F cause an inhibition of the nerve-evoked twitch response in an 

in vitro hemidiaphragm preparation, with no effect on direct muscle stimulation (Hellyer et 

al., 2011).  This is suggestive of antagonism of muscle-type nAChRs at the neuromuscular 

junction.  Pinnatoxin G has also recently been found to bind to nAChRs from the electric eel  

Torpedo species, which are similar in structure to mammalian muscle-type nAChRs (Hess et 

al., 2013). 

In vitro mammalian tissue preparations have been used for many decades to investigate 

agents that act at the neuromuscular junction, as have avian and amphibian preparations. The 

in vitro rat hemidiaphragm preparation was first described by Bulbring almost seventy years 

ago and can be used to study the effects of drugs/natural products on the twitches evoked in 

the muscle by electrical stimulation of the phrenic nerve (Bülbring, 1946). Hemidiaphragms 

can also be used for intracellular recordings of electrical events at the NMJ, with some 

method of paralysis required in order to prevent muscle movement during these electrical 

events and the potential obscuring of graded endplate responses by the muscle action potential 

(Prior et al., 1993). There are several ways of achieving this paralysis including mechanical 

(cutting muscle fibres), pharmacological (specific muscle-type sodium channel blockers such 

as µ-conotoxin) and physiological methods (lowering Ca
2+

 concentrations) (Barstad & 

Lilleheil, 1968; Hong & Chang, 1989; Knight et al., 2003). 

The aim of the current study was to rank the order of potency and to further investigate 

the mechanism of action of pinnatoxins E, F and G. These aims were investigated in rat 

hemidiaphragm preparations in vitro using twitch tension recordings and electrophysiological 

techniques. Muscarinic mechanisms of action were also investigated by generating 

acetylcholine (ACh) concentration-response curves using an in vitro isolated rat ileum 

preparation. Parts of this chapter have been published in Toxicon (Hellyer et al., 2013). 
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2.2. MATERIALS AND METHODS 

2.2.1. Chemicals and toxins 

 
Neostigmine was obtained from AstraZeneca Ltd (Auckland, New Zealand).  Hyoscine 

was obtained from Sigma Life Sciences (St Louis, Missouri, USA). Pinnatoxins E, F and G 

were isolated and purified from algae according to the methods of Selwood et al. (2010), with 

the resulting lyophilised toxin dissolved in 0.1% acetic acid (Pinnatoxin F), isopropanol 

(Pinnatoxin G) or deionised water (Pinnatoxin E), and frozen at -20
o
C before use. 

 

2.2.2. Animals and tissue preparation 
 

All animal procedures were conducted with approval of the University of Otago Animal 

Ethics Committee, in accordance with guidelines.  Young (6-8 weeks) male Sprague-Dawley 

rats were anaesthetised with CO2 and sacrificed by rapid decapitation.  Hemidiaphragms with 

attached phrenic nerves were dissected into Krebs-Hensleit buffer, consisting of (in mM) 120 

NaCl, 2.5 CaCl2, 4.7 KCl, 2.1 MgSO4, 1.2  KH2PO4, 25 NaHCO3 and 11 glucose, which had 

been saturated with 95% O2/5% CO2 prior to use.  Sections of ileum were also dissected into 

this buffer. For hemidiaphragm experiments involving intracellular recording, the 

concentration of CaCl2 was lowered to 0.3mM to prevent muscle contraction (Knight et al., 

2003).  After dissection, hemidiaphragms were then cleaned of extraneous tissue and 

immediately transferred to a holding chamber containing Krebs-Hensleit buffer maintained at 

room temperature and saturated with 95% O2/5% CO2.  

 

2.2.3. Twitch tension experiments 

 
Isolated phrenic nerve-hemidiaphragm preparations were mounted in organ baths (40 

mL volume) and superfused with oxygenated Krebs buffer.  Organ bath temperature was 

maintained at 34-37
o
C.  One end of each preparation was attached to a force transducer in 

order to record muscle tension.  Resting tension was adjusted to 2g for each preparation 

investigated.  The phrenic nerve of each preparation was drawn through the loops of a bipolar 
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electrode connected to a Grass SD9 stimulator (Grass Instruments, West Warwick, RI, USA).  

Each preparation was then left for up to 1 hour to equilibrate.  Following equilibration, motor 

nerve-evoked muscle twitches were recorded in response to square wave pulses of 0.1 ms 

duration and supramaximal voltage (~10-20V) delivered at 0.2Hz.  All waveforms were 

acquired digitally at 10kHz, amplified and displayed on an eMac computer using a PowerLab 

2/25 analogue digital converter (AD Instruments, Sydney).  Recordings were monitored and 

stored using Chart
TM

 analytical software (Version 6-7, AD Instruments, Sydney) for offline 

analysis. 

After maintenance of stable baseline twitch responses (~30 minutes), toxins were added 

directly to the organ bath at various concentrations.  Twitch tension was then monitored for 

up to 2 hours, or until complete abolition of the response was observed.  This was followed by 

a washout period of up to 2 hours, in which fresh buffer was applied every 20-30 minutes.  In 

some preparations, neostigmine (15µM) was also applied at the commencement of this 

washout period.  For KCl response studies, muscle response to the administration of KCl 

(40mM) for 30 seconds was determined both before and after toxin administration. 

 

2.2.4. Intracellular recording 

 
For miniature endplate potential (mEPP) recordings, hemidiaphragms were placed in a 

tissue recording chamber (Kerr Scientific Instruments, Christchurch, NZ) constantly perfused 

at a rate of 1ml/min with oxygenated, low calcium (0.3mM) Krebs buffer maintained at 

34±2
o
C.  For endplate potential (EPP) recordings, the cut-muscle preparation was used 

(Barstad, 1962).  Briefly, 1-2mm of tissue was removed from each end of the diaphragm and 

the muscle subsequently bathed in low potassium (2.5mM) solution for the remainder of the 

experiment.  The phrenic nerve was drawn through the loops of a bipolar electrode connected 

to a Grass S48 stimulator. EPPs were evoked via supramaximal square wave stimulation of 

0.1ms duration, delivered at 0.2Hz.   

 Glass microelectrodes (10 to 20MΩ) filled with 3 M KCl were used to record mEPPs 

and EPPs and resting membrane potentials (RMPs).  Signals were acquired using a Dagan 

BVC-700 amplifier with a 0.1X head stage (Dagan Corporation, MN, USA) and digitised (10 

kHz sampling rate) using a PowerLab 2/25 analogue digital converter.  Signals were 

monitored and stored on an eMac computer using Chart
TM

 analytical software for offline 
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analysis.  The RMP was continuously monitored throughout the recording period. Toxins 

were administered via constant microinjection into the buffer perfusion stream for up to 60 

minutes.  

 

2.2.5. Isolated ileum preparations 
 

Isolated sections of ileum (2-3cm long) were mounted in organ baths (10 mL volume) 

and superfused with oxygenated Krebs buffer.  Organ bath temperature was maintained at 34-

37
o
C.  One end of each preparation was attached to a force transducer in order to record 

agonist-developed tension.  Resting tension was adjusted to 0.5g for each preparation 

investigated.  After mounting, each preparation was then left for up to 1 hour to equilibrate.  

Following equilibration, cumulative ACh concentration-response curves were obtained. 

Acetylcholine (0.3nM to 0.1mM) was added to the bath in increasing concentrations, with the 

contractile response of the ileal preparation to each concentration allowed to plateau before 

the addition of the next. Toxins were added at the completion of the concentration-response 

phase and the preparations left for 30 mins. A second concentration-response curve was then 

obtained after toxin exposure. All waveforms were acquired digitally at 10kHz, amplified and 

displayed on an eMac computer using a PowerLab 2/25 analogue digital converter (AD 

Instruments, Sydney).  Recordings were monitored and stored using Chart
TM

 analytical 

software (Version 6-7, AD Instruments, Sydney) for offline analysis. 

 

2.2.6. Waveform analysis  
 

All waveform analysis was performed offline after the completion of experiments using 

LabChart software (Version 7, AD Instruments).  For tension experiments, twitch tension was 

defined as the difference between baseline and the height of each nerve-evoked spike in the 

trace.  Data were normalised to the average twitch tension developed during the last minute of 

baseline recording.  

MEPP data were analysed using the “Peak Analysis” package in LabChart.  Two 

minutes worth of events were analysed from baseline and after 30 minutes of pinnatoxin 
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exposure. Recordings were filtered using smoothing of 1ms and high pass filtering at 40Hz, in 

order to reduce slow fluctuations in baseline and to remove some electrical noise.  Traces 

were then normalised using the “Auto Levelling” function, with each preparation normalised 

to the individual noise levels present. The “Auto Levelling” function converts the signal to the 

number of standard deviations each sample point is away from the local mean, with a separate 

noise value for each individual trace used to de-emphasise large regions containing only 

electrical noise. This method facilitates the detection of events in signals that have varying 

amplitudes, such as mEPPs. All mEPPs equal to or above 1 standard deviation from this 

normalised trace with rise times of  ≤1.5ms were then counted, had amplitudes measured and 

plotted on frequency histograms (bin size = 0.05mV). MEPP frequency was calculated by 

determining the amount of events during the two minute baseline and post-toxin periods and 

dividing by the time of recording to give events/second (Hz).  

ACh concentration-response curves in the ileal preparations were prepared by 

measuring the contracture at each ACh concentration relative to the resting, unstimulated 

tension.  

 

2.2.7. Statistical analysis 
 

All data are expressed as the mean ± SEM with the exception of mEPP amplitudes, 

which are expressed as mean ± SD.  All graphs were generated and statistical analysis carried 

out using Prism software (GraphPad Inc). 

IC50 values for twitch tension data were calculated by fitting non-linear regression 

curves to data from 30 minutes of toxin exposure.  Post-toxin KCl responses were compared 

to time-matched controls using a one way ANOVA with Dunnett’s post-hoc test.  Mean 

mEPP amplitudes before and after toxin administration were calculated by fitting a Gaussian 

curve to amplitude histograms using non-linear regression and the means were then compared 

using an extra sum-of-squares F test. Paired t-tests were used to compare mEPP frequency 

and RMP data.  Acetylcholine EC50 values in the ileum were obtained by fitting non-linear 

regression curves to ACh concentration-response curves and the EC50 values pre- and post-

toxin exposure were compared using an extra sum-of-squares F test.  Statistical significance 

was determined at a confidence level of p < 0.05. 
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2.3. RESULTS 

2.3.1. Effect of pinnatoxins on twitch tension 
 

Pinnatoxins E, F and G all caused a time and concentration dependent block of the 

nerve-evoked muscle twitch (Figures 2-1 – 2-4). Onset of neuromuscular block was rapid at 

high concentrations, with complete abolition of the twitch response within 15-20 minutes at 

concentrations above 100nM (pinnatoxins F and G) or 250nM (pinnatoxin E).  

Pinnatoxin E-induced neuromuscular block could be fully reversed within 120 minutes 

of washout at all concentrations tested (Figure 2-2B).  In contrast, only low concentrations 

(10-25nM) of pinnatoxins F and G could be successfully reversed by washout, with 120 

minutes washout resulting in responses returning to around 45% and 80% of baseline levels 

after treatment with 25nM and 10nM, respectively (Figures 2-3B and 2-4B).  Muscle twitch 

responses were evident after 30 minutes washout of 10nM pinnatoxin G, with twitch response 

after 10nM pinnatoxin F exposure not returning until 60 minutes after washout was initiated.  

These washout profiles suggest a rank order of potency of pinnatoxin F > G > E. 

2g 

5 mins 

i 

ii 

iii 

Figure 2-1. Example time course of pinnatoxin F (100nM) action on nerve evoked twitch responses in 

the in vitro hemidiaphragm preparation. Start of toxin administration is indicated by the arrow. The 

boxed area shows example twitch waveforms from before (i) and after 10 (ii) and 20 (iii) minutes 

exposure to pinnatoxin F. Vertical and  horizontal scale bars represent 1g and 50ms, respectively. 
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Figure 2-2. Effect of pinnatoxin E on in vitro rat hemidiaphragm responses. (A) Dot plots showing time-

course and concentration-dependence of pinnatoxin E effects on phrenic nerve-evoked hemidiaphragm 

twitch responses. Toxin was added at time point 10 mins. (B) Effects of toxin washout on the abolition of 

the muscle twitch response in the in vitro rat hemidiaphragm preparation by various concentrations of 

pinnatoxin E. Preparations were washed with fresh Krebs buffer every half hour for 120 min. All points 

represent the mean ± SEM of 3–6 muscle preparations.  
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Figure 2-3. Effect of pinnatoxin F on in vitro rat hemidiaphragm responses. (A) Dot plots showing time-

course and concentration-dependence of pinnatoxin F effects on phrenic nerve-evoked hemidiaphragm 

twitch responses. Toxin was added at time point 10 mins. (B) Effects of toxin washout on the abolition of 

the muscle twitch response in the in vitro rat hemidiaphragm preparation by various concentrations of 

pinnatoxin F. Preparations were washed with fresh Krebs buffer every half hour for 120 min. All points 

represent the mean ± SEM of 4–6 muscle preparations.  
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Figure 2-4. Effect of pinnatoxin G on in vitro rat hemidiaphragm responses. (A) Dot plots showing time-

course and concentration-dependence of pinnatoxin G effects on phrenic nerve-evoked hemidiaphragm 

twitch responses. Toxin was added at time point 10 mins. (B) Effects of toxin washout on the abolition of 

the muscle twitch response in the in vitro rat hemidiaphragm preparation by various concentrations of 

pinnatoxin G. Preparations were washed with fresh Krebs buffer every half hour for 120 min. All points 

represent the mean ± SEM of 4–6 muscle preparations.  
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High toxin concentrations that caused a rapid block of the nerve-evoked response had 

no effect on the response of the muscle to the depolarising agent KCl (Figure 2-5).  KCl 

induced tensions generated after 30 minutes of pinnatoxin exposure at 100nM (F and G) or 

250nM (E) were ~90% of pre-toxin tension, and did not significantly differ from time 

matched controls (p = 0.9886). This is in contrast to the complete absence of the nerve evoked 

response at this time point. 

 

 

 

 

 

 

Figure 2-5. Effect of pinnatoxins E, F and G on the response of the phrenic nerve-hemidiaphragm 

preparation to the depolarising agent KCl. KCl (40 mM) was applied for 30s before toxin exposure and 

again after 30 min exposure to 100 nM pinnatoxin F, 100 nM pinnatoxin G or 250 nM pinnatoxin E. None 

of the post-toxin contractures were significantly different to time-matched control, as determined by a one 

way ANOVA with Dunnett’s post-hoc test. Bars represent mean ± SEM of 4–6 muscle preparations. Boxed 

area shows example waveforms of KCl induced tension responses from before (left) and after (right) 

100nM pinnatoxin F.  
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2.3.2. Determination of IC50 
 

In order to evaluate the relative potencies of the three pinnatoxin isomers in the in vitro 

hemidiaphragm preparation, concentration-response curves were generated. These 

concentration-response curves revealed that all three isomers blocked neuromuscular 

transmission in the low-mid nanomolar range, with IC50 values of 53.9nM for pinnatoxin E, 

11.3nM for pinnatoxin F and 19.1nM for pinnatoxin G (Figure 2-6).  This gave a rank order 

of potency of pinnatoxin F > pinnatoxin G > pinnatoxin E, which was in agreement with the 

order of potency obtained from evaluating the washout data. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-6. Concentration response profiles for the effects of pinnatoxins E, F and G on hemidiaphragm 

twitch responses. All points represent the normalized twitch response, expressed as mean % of baseline ± 

SEM of 3–6 muscle preparations. IC50 values were estimated from non-linear regression curves and 

represent the concentration that produced a 50% reduction in the twitch response after 30 min toxin 

exposure. 
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2.3.3. Intracellular electrophysiology 
 

Because pinnatoxins F and G were the most potent in the hemidiaphragm twitch 

preparation, these two isomers were investigated further using intracellular recordings to 

further characterise their neuromuscular blocking effects. 

Intracellular recordings in rat neuromuscular preparations revealed that pinnatoxin F (1-

100 nM) reduced and eventually completely blocked the amplitude of spontaneous miniature-

endplate potentials in a time and concentration dependent manner. Neither the amplitude nor 

the frequency of mEPPs were significantly altered by exposure to 1-2nM pinnatoxin F for 30 

mins (Figure 2-7A) (p = 0.6906 and p = 0.06 for amplitude and frequency, respectively). 

Frequency of mEPPs was not significantly affected by 5nM pinnatoxin F, a concentration that 

significantly reduced the mean amplitude from 0.31 ± 0.09 mV to 0.18 ± 0.11 mV after 30 

minutes exposure (p < 0.0001, Figure 2-7B). Higher concentrations of pinnatoxin F (10-

100nM) completely abolished mEPPs within 20 minutes (data not shown).  

Although there was a slight (5-10%) shift during the course of mEPP recordings, resting 

membrane potential (RMP) was not significantly altered by pinnatoxin F at any concentration 

tested. RMP values for before and after 1-2nM pinnatoxin F and 5nM pinnatoxin F were -59.5 

± 1.7 vs. -54.7 ± 1.4mV (p = 0.09) and -56.9 ± 3.25 vs. -52.0 ± 2.81mV (p = 0.09). 
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Figure 2-6. Effects of pinnatoxin F on electrophysiological measurements recorded from the rat  
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Figure 2-7. Effects of pinnatoxin F on electrophysiological measurements recorded from the rat 

hemidiaphragm motor endplate. Amplitude histograms from before (i) and after (ii) 30 minutes exposure 

to pinnatoxin F at 2nM (A) and 5nM (B) (n = 4-6 fibres from 4-6 muscles). Exposure to 5nM pinnatoxin 

F resulted in a significant reduction in mEPP amplitude. Pinnatoxin F at 2nM (Aiii) and 5nM (Biii) had 

no significant effect on mEPP frequency. (C) Example mEPP recordings from before (Ci) and after (Cii) 

30 minutes exposure to 5nM pinnatoxin F. Vertical and horizontal scale bars represent 1mV and 5s, 

respectively.(D) Example mEPP from before (solid line) and after (dotted line) 5nM pinnatoxin F. 
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Similar results were seen upon treatment of neuromuscular preparations with pinnatoxin 

G (7.5-100nM) (Figure 2-8).  MEPP amplitude was significantly reduced from 0.52 ± 0.19mV 

to 0.32 ± 0.11mV after 30 minutes exposure to 7.5nM pinnatoxin G (p < 0.0001), with no 

change in mEPP frequency (p = 0.8). RMP again remained unchanged after pinnatoxin 

exposure (-59.2 ± 2.10 vs. -54.3 ± 2.16mV, p = 0.1).  Pinnatoxin G at 10 and 100nM 

completely abolished mEPPs within 20 and 10 minutes, respectively (data not shown). 

 

Figure 2-8. Effects of pinnatoxin G on electrophysiological measurements recorded from the rat 

hemidiaphragm motor endplate. (A) Amplitude histograms from before (i) and after (ii) 30 minutes 

exposure to pinnatoxin G at 7.5nM (n = 5 fibres from 5 different muscles). Exposure to 7.5nM pinnatoxin 

G resulted in a significant reduction in mEPP amplitude. Pinnatoxin G had no significant effect on mEPP 

frequency (iii) of the muscle fibre. (B) Example mEPP recordings from before (Bi) and after (Bii) 30 

minutes exposure to 7.5nM pinnatoxin G. Vertical and horizontal scale bars represent 1mV and 5s, 

respectively.  
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Pinnatoxins F and G also reduced the amplitude of nerve-evoked endplate potentials in 

the cut muscle preparation (Figure 2-9).  Both isomers at 25nM caused a reduction and 

eventually complete elimination of the EPP response after 15-30 minutes exposure (n = 6 

muscle fibres from 6 different muscles for each toxin). RMP was again unaffected by toxin 

exposure in this preparation (data not shown). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-9. Effects of pinnatoxins F and G on evoked endplate potentials (EPPs) from the rat 

hemidiaphragm motor endplate. (A) Nerve evoked EPPs recorded before (i) and after 5 (ii) and 15 (iii) 

minutes exposure to 25nM pinnatoxin F. (B) Nerve evoked EPPs recorded before (i) and after 15 (ii) and 

30 (iii) minutes exposure with 25nM pinnatoxin G. Each trace represents a single representative waveform 

from each time point for each toxin. (C) dot plot showing the time course of pinnatoxin F and G inhibition 

of EPP events (n= 6 fibres for each toxin). 
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2.3.4. Effect of pinnatoxins on ACh response in rat ileum 

 
Cumulative ACh concentration-response studies were carried out using isolated rat ileal 

sections in order to investigate potential anti-muscarinic effects of pinnatoxins F and G at 

high concentrations (1µM, Figure 2-10). Non-linear regression analysis of control ACh 

concentration-response curves revealed an EC50 for ACh of 273nM. In the presence of 1µM 

pinnatoxin G, this ACh EC50 was 254nM, a value not significantly different from control 

values (n = 5 preparations). However, pinnatoxin F at 1µM showed competitive antagonism 

against ACh, shifting the concentration-response curve to the right and significantly 

increasing the EC50 value to 742nM (p < 0.0002, n = 4 preparations). The maximum ileal 

contractile response was not changed. The muscarinic antagonist hyoscine was used as a 

positive control, with exposure of the ileum to 10nM hyoscine causing a significant shift in 

the ACh EC50 value to 72µM (p < 0.0001, n = 3 preparations). There was also a reduction in 

the maximum response; however this was likely due to not increasing the concentration range 

of ACh high enough, as the curve appeared to be incomplete. 

 

 

 

 

 

 

 

 

 

 

Figure 2-10. ACh concentration response curves in isolated rat ileum exposed to pinnatoxins F and G and 

hyoscine. Curves were fitted using non-linear regression, and log EC50 values compared using an extra 

sum-of-squares F-test. 
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2.4. DISCUSSION 

 
In the present study, toxicity of pinnatoxins E, F and G were tested using an in vitro 

rodent muscle preparation.  Concentration-response curves revealed a rank order of potency 

for the three isomers as F > G > E, generally consistent with relative potency values generated 

in vivo (Munday et al., 2012; Selwood et al., 2010).  Mouse bioassays revealed a rank order 

of F > G ≈ E when the pinnatoxin isomers were administered intraperitoneally.  However, 

comparing in vivo and in vitro potencies is difficult; many factors can affect the potency of a 

compound in vivo that are not relevant in in vitro tissue preparations.  Despite the difference 

in the rank order of potency, both in vitro and in vivo data agree that pinnatoxin F is more 

potent than pinnatoxin E.  The only structural difference between these two toxins is the 

presence of the lactone ring in pinnatoxin F, which exists in a hydrolysed open ring form in 

pinnatoxin E, suggesting that this lactone ring plays an important role in the antagonist 

potency of pinnatoxin F relative to pinnatoxin E. 

Despite there being some differences in the IC50 values for pinnatoxins E, F and G, all 

were able to block neuromuscular transmission in the low nanomolar range.  This makes them 

much more potent than other classical neuromuscular blocking agents such as tubocurarine 

and α-bungarotoxin (Chang et al., 1975; Gibb & Marshall, 1986; Kharrat et al., 2008; Tsai et 

al., 1987). The only toxin related to the pinnatoxins to have been tested in mammalian in vitro 

preparations similar to those in the present study is gymnodimine, which is produced by the 

dinoflagellate Karenia selliformis and belongs to the same cyclic imine family as the 

pinnatoxins.  Gymnodimine blocks neuromuscular transmission in an in vitro mouse 

hemidiaphragm with an IC50 value of 10.2nM (Kharrat et al., 2008). Thus, the present study 

indicates that pinnatoxins E, F and G lie within the same potency range as other cyclic imine 

toxins.  In those studies, washout of gymnodimine could be achieved, a feature only seen with 

pinnatoxin E here.  In our hands, functional tissue recovery following washout of pinnatoxins 

F and G was slow and incomplete, which may relate to structural similarities with spirolides, 

which also exhibit irreversibility following receptor binding (Bourne et al., 2010). Addition of 

the acetylcholinesterase inhibitor neostigmine had no effect on the washout of pinnatoxin F, 

suggesting high affinity binding. 
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A previous study into the in vitro potency of pinnatoxins E and F showed that both a 

crude mixture of E and F, as well as pure pinnatoxin F, reduced the nerve evoked compound 

muscle action potential in rat hemidiaphragm preparations (Hellyer et al., 2011).  The  

concentrations required for neuromuscular block were much higher than in the present study, 

with 260-520nM pure pinnatoxin only producing a 60-70% block of CMAP response.  

Similar results were seen in twitch tension studies (Hellyer and Kerr, unpublished 

observations).  The potency difference between these results and those in the present study are 

likely due to the fact that the previous study was conducted at room temperature while the 

present study was conducted at 34-37
o
C.  The present results are suggested to be more 

physiologically relevant as an indicator of the potency of pinnatoxins E, F and G and their 

subsequent in vivo toxicity.  

KCl-induced muscle contractions were unaffected after exposure to pinnatoxins E, F 

and G in the present study.  This indicates a lack of direct myotoxic action of the pinnatoxins, 

as well as a lack of a direct effect on the contractile machinery of the muscle fibres.  This is in 

agreement with observations that pinnatoxins E and F decrease the response of in vitro muscle 

preparations to nerve-evoked twitch responses but not direct muscle-evoked twitch responses 

(Hellyer et al., 2011).  Pinnatoxins E, F and G therefore appear to be acting at the 

neuromuscular synapse, rather than on the muscle fibres themselves.  

Intracellular recording of electrical events at the motor endplate can be used to 

determine the site of action of a neuromuscular blocker and whether a neuromuscular 

blocking agent is acting pre-synaptically or post-synaptically.  Miniature endplate potentials 

and evoked endplate potentials are caused by spontaneous and evoked release of ACh, 

respectively (Van der Kloot & Molgó, 1994). The differential effect of toxins on mEPP 

amplitude and frequency are an excellent indicator of the pre- versus post-synaptic actions of 

these toxins.  Agents that alter mEPP frequency without affecting amplitude tend to do so by 

affecting the release of transmitter from the pre-synaptic nerve terminal. In contrast, effects on 

mEPP amplitude with no change in frequency indicate a loss of post-junctional sensitivity to 

released ACh and are almost exclusively limited to those toxins that directly bind to and 

antagonize post-synaptic nAChRs. Reductions in EPP amplitude in conjunction with mEPP 

amplitude reduction are also associated with post-synaptic nAChR blockade.  

Pinnatoxin F and G reduced mEPP and EPP amplitude without any effect on mEPP 

frequency or resting membrane potential, characteristic of a post-synaptic mechanism of 
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action. As far as other dinoflagellate derived toxins are concerned, the only toxin to date that 

shows this characteristic post-synaptic effect on mEPPs is gymnodimine.  At low nanomolar 

concentrations, gymnodimine reduces the amplitude of mEPPs without affecting frequency, 

reduces EPP amplitude, and also binds with high affinity to the muscular nAChR (Bourne et 

al., 2010; Hauser et al., 2012; Kharrat et al., 2008).  Pinnatoxins A and G have recently been 

shown to bind with high affinity to Torpedo nAChRs, which are similar in structure to 

mammalian muscle-type receptors (Aráoz et al., 2011; Hess et al., 2013).  Taken together 

with these observations, the current findings indicate that the neuromuscular blocking effects 

of pinnatoxins E, F and G are due to antagonism of post-synaptic muscle-type nAChRs at the 

mammalian neuromuscular junction. 

As well as acting as antagonists at nicotinic receptors, other cyclic imine toxins have 

been shown to act as antagonists of muscarinic receptors (Wandscheer et al., 2010). There 

have also been reports that muscarinic antagonists accelerate the time to death in rodent 

bioassays with spirolides and that these spirolide compounds upregulate gene expression of 

mAChRs (Gill et al., 2003; Richard et al., 2001). Thus it is postulated that muscarinic 

antagonism may also play a role in the toxicity of spirolides and other cyclic imine toxins.  

Contraction of mammalian smooth muscle in the gastrointestinal tract is mediated by 

muscarinic receptors, mostly of the M2 and M3 subtype (Ehlert, 2003). As such, isolated in 

vitro ileum preparations can be used to assay potential muscarinic antagonists. Pinnatoxin F, 

but not pinnatoxin G, shifted the ACh concentration-response curve in a competitive manner 

in ileal preparations at low micromolar concentrations, suggestive of pinnatoxin F having 

mAChR antagonist properties. This is in contrast to pinnatoxin A, which exhibited very little 

binding affinity at all five mAChR subtypes and only partially displaced a radioligand from 

the M5 subtype (Aráoz et al., 2011). The side chain differences between pinnatoxins A and F 

may explain this; pinnatoxin F contains a lactone ring as opposed to the carboxylic acid group 

of pinnatoxin A. 13-desmethyl spirolide C also contains this lactone ring and acts as a 

muscarinic antagonist, which may suggest that a combination of the cyclic imine moiety and 

the lactone ring is necessary for mAChR antagonism (Wandscheer et al., 2010). However, it 

remains to be seen whether the statistically significant shift in ACh response curves caused by 

pinnatoxin F represents a physiologically significant phenomenon. 
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2.5. CONCLUSION 
 

The results from the in vitro experiments indicate that pinnatoxins E, F and G are 

potent blockers of neuromuscular transmission, with IC50 values in the low nanomolar 

range and a rank order of potency of F > G > E. There was a lack of direct myotoxic effect, 

indicating that pinnatoxins act at the neuromuscular synapse rather than on muscle fibres 

themselves. Pinnatoxins F and G were only able to be washed out at low concentrations, 

suggesting high affinity binding to a site at the NMJ. The observation that pinnatoxins F 

and G reduced mEPP amplitude without affecting mEPP frequency suggests that this 

binding site at the NMJ is muscle-type nAChRs. Pinnatoxin F also exhibited a slight (but 

statistically significant) anti-muscarinic effect. Taken together these data indicate that the 

symptoms of toxicity observed in animals exposed to pinnatoxins F and G in vivo are due 

to potent anti-cholinergic effects, with nicotinic receptor antagonism the probable cause of 

death. Pinnatoxin E likely has a similar mechanism, although the effects of this toxin on 

the diagnostic electrophysiological events were not tested due to its lower potency than the 

other isomers.  
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CHAPTER THREE 

 

In vitro labelling of muscle-type nicotinic receptors 

using a fluorophore-conjugated pinnatoxin F derivative 



CHAPTER THREE: Introduction 
 

3.1. INTRODUCTION 
 

Ligand binding and receptor function can be studied using fluorescent ligands, 

facilitating direct visualization of binding sites and molecular re-organisation during receptor-

gating.  Nicotinic receptors (nAChRs) are pentameric ligand-gated ion channels that mediate 

signal transduction at the neuromuscular junction (NMJ) and have been probed using 

fluorescent ligands for some 40 years.  Fluorescent agonists are most commonly used to drive 

receptors into a desensitized state that can be more easily probed (Auerbach, 2003; Edelstein 

et al., 1997).  Initial attempts involved the creation of fluorescent ACh analogues, through the 

attachment of fluorophores such as dansyl, pyrene, N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) 

(NBD) and 7-diethylaminocoumarin (DEAC) (Barrantes et al., 1975; Cohen & Changeux, 

1973; Jürss et al., 1979; Krieger et al., 2008; Song et al., 2003; Waksman et al., 1976).   

Fluorescent analogues of the natural nAChR agonists epibatidine and anabaseine have also 

recently been described and used for more selective nAChR fluorescent studies (Grandl et al., 

2007; Talley et al., 2006).  

Fluorophore-conjugated natural antagonists have also been utilized, with in many cases 

the highly potent peptidic snake toxin α-bungarotoxin (α-BgTx) conjugated to a wide range of 

different fluorophores including rhodamine, fluoroscein isothiocyanate (FITC), Alexa dyes or 

biotin, for use in immunofluorescence studies with streptavidin-linked fluorophores 

(Anderson & Cohen, 1974; Baier et al., 2010; Bruneau et al., 2005; Qu et al., 1990; Wheeler 

et al., 1994).  Other natural peptidic antagonists used in fluorescent studies include α-

cobratoxin and conotoxins (Hone et al., 2009; Johnson et al., 1990; Yang et al., 2011).  

However, there have been no reports to date of the conjugation of fluorophores to non-peptide 

(i.e. small-molecule) nAChR antagonists. 

Pinnatoxin F (PnTX-F) is a member of the pinnatoxin family, produced by the 

dinoflagellate species Vulcanodinium rugosum (Nézan & Chomérat, 2011; Rhodes et al., 

2011a).  As a member of the cyclic imine group of toxins, PnTX-F contains a 6, 7-linked 

cyclic imine moiety within its chemical structure (Figure 3-1).  This moiety is thought to be 

the key structural requirement for the toxicity of this toxin group, which also includes 

gymnodimines, spirolides, pteriatoxins and prorocentrolides (Molgó et al., 2007).  PnTX-F is 

highly toxic in rodent bioassays, causing death within minutes via respiratory depression 
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(Munday et al., 2012; Selwood et al., 2010).  Such activity is believed to be due to 

pinnatoxin’s ability to bind to and antagonize both muscle-type and neuronal nAChRs.  In 

particular, PnTX-F has demonstrated low nanomolar inhibition of neuromuscular 

transmission in vitro (Aráoz et al., 2011; Hellyer et al., 2013; Hess et al., 2013).  

Previously, we characterised the in vitro toxicity profiles of pinnatoxins E, F and G and 

found that they block neuromuscular transmission and appear to be acting as antagonists of 

muscle-type nicotinic receptors. In order to further explore this potential mechanism of action, 

pinnatoxin F was conjugated to a red fluorescent dye (VivoTag
®

 645) to enable direct 

visualization of PnTX-F binding at the mammalian NMJ.  The biological and physical 

properties of the VivoTag
®
 coupled pinnatoxin were examined using in vitro and in vivo 

toxicity studies and in vitro fluorescent co-localisation studies in muscle sections from thy1-

YFP-H transgenic mice, whose motor nerves express yellow fluorescent protein (YFP) (Feng 

et al., 2000). This chapter has been published in the journal Toxicon (Hellyer et al., 2014).
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3.2. MATERIALS AND METHODS 

 3.2.1. Synthesis of aminated pinnatoxin F derivatives 

 
Pure PnTX-F was isolated from cultured Vulcanodium rugosum cells, following 

previously described procedures (Selwood et al., 2010).  All reactions were monitored by 

LC–MS using a Waters Acquity uPLC (Waters, Milford, MA) coupled to a Waters–

Micromass Quattro Premier triple quadrupole mass spectrometer (Manchester, U.K.). 

1.4 mmoles of 2,2'-(ethylenedioxy)bis(ethylamine) (Sigma-Aldrich, St Louis, MO) was 

added to 0.52 µmoles of dry PnTX-F, and the mixture was then heated to 50°C. The reaction 

was complete after 3 hours.  The product PnTX-F-Sp1 (Figure 3-1) was separated from the 

excess  2,2'-(ethylenedioxy)bis(ethylamine) over a 200 mg Strata-X SPE cartridge 

(Phenomenex, Torrance, CA) using a water/methanol stepwise gradient.  Fractions containing 

PnTX-F-Sp1 were combined and dried under a stream of nitrogen.  A smaller quantity of 

PnTX-F-Sp2 (Figure 3-1) was prepared following this protocol using the diaminopolyether 

4,7,10-trioxa-1,13-tridecanedimine.  

 

3.2.2. Coupling of VivoTag® 645  to aminated pinnatoxin F 

 
VivoTag® 645 (0.65 µmoles; PerkinElmer, Waltham, MA) in 90 µL DMSO along with 

20 µL 5% DMAP in DMSO was added to dry PnTx-F-Sp1 at 20°C.  The dry weight of PnTx-

F Sp1 was unknown due to there being too little to accurately weigh.  However, the reaction 

with the fluorophore appeared to be quantitative, as no other pinnatoxin analogues were 

detected after the reaction.  The reaction was complete after 45 minutes. The tagged product 

PnTX-F–Sp1–VivoTag® (Figure 3-1) was separated from the unreacted VivoTag® 645 over 

a 1 g Strata-X SPE cartridge (Phenomenex, Torrance, CA) with a water/methanol stepwise 

gradient containing 0.1% formic acid.  Fractions containing PnTX-F–Sp1–VivoTag® were 

combined and dried under a stream of nitrogen.  It was determined that there were 0.29 

µmoles of PnTX-F–Sp1–VivoTag
® 

by measuring the UV absorbance at 645 nm and using the 

molar extinction coefficient of VivoTag® 645. All synthesis and coupling procedures were 

carried out by Mr. Andy Selwood and Dr. Roel van Ginkel at Cawthron Institute, Nelson, 

New Zealand. 
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Figure 3-1. Chemical structures of pinnatoxins E and F and their derivatives. PnTx-F-Sp1 and PnTx-F-

Sp2 are aminated pinnatoxin F derivatives and PnTx-F-Sp1- VivoTag® is the fluorophore conjugated 

derivative of PnTx-F-Sp1. 

 

 

3.2.3. In vitro toxicity  

 
All procedures were approved by the University of Otago Animal Ethics Committee 

and conducted in accordance with the New Zealand Animal Welfare Act.  Male Sprague-

Dawley rats (6-8 weeks old) were obtained from the University of Otago Hercus-Taieri 

animal colony and housed for at least one week in the departmental holding facility on a 12hr 

light-dark cycle, with free access to food and water.  Rats were anaesthetised with CO2 and 

sacrificed by rapid decapitation.  Hemidiaphragms with attached phrenic nerves were 

dissected into Krebs-Henseleit buffer, consisting of (in mM) 120 NaCl, 2.5 CaCl2, 4.7 KCl, 

2.1 MgSO4, 1.2 KH2PO4, 25 NaHCO3 and 11 glucose, which had been saturated with 95% 

O2/5% CO2 prior to use.  Hemidiaphragms were then cleaned of extraneous tissue and 

immediately transferred to a holding chamber containing Krebs-Hensleit buffer maintained at 

room temperature and saturated with 95% O2/5% CO2.  

Isolated phrenic-hemidiaphragm preparations were mounted in organ baths (40 mL 

volume) and superfused with oxygenated Krebs-Henseleit buffer.  Organ bath temperature 

was maintained at 34–37°C.  Each preparation was attached to a force transducer in order to 
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record muscle tension, with resting tension adjusted to 2 g.  The phrenic nerve of each 

preparation was drawn through the loops of a bipolar electrode connected to a Grass SD9 

stimulator (Grass Instruments, West Warwick, RI, USA).  Preparations were then left for up 

to 1 h to equilibrate.  Following equilibration, motor nerve-evoked muscle twitches were 

recorded in response to square wave pulses of 0.1 ms duration and supramaximal voltage 

(usually ~10V) delivered at 0.2 Hz.  All twitch response waveforms were acquired digitally at 

10 kHz, amplified and displayed on an eMac computer using a PowerLab 2/25 analogue 

digital converter (AD Instruments, Sydney).  Recordings were monitored and stored using 

Chart
TM

 analytical software (Version 6-7, AD Instruments, Sydney) for offline analysis. 

After maintenance of stable baseline twitch responses, spacer-modified (PnTX-F–

Sp1/PnTx-F-Sp2) or fluorescently labelled pinnatoxin F (PnTX-F–Sp1–VivoTag
®
) were 

added directly to the organ bath at various concentrations.  Twitch tension was then monitored 

for up to 2 h, or until abolition of the response was observed.  This was followed by a 

washout period of up to 2 h, in which fresh buffer was applied every 20-30 min.   

 

3.2.4. In vivo toxicity 
 

A 50 μg sample of PnTX-F–Sp1–VivoTag
® 

was dissolved in 500 μL of methanol, and 

50 μL aliquots of the resulting solution were transferred into glass vials.  Solvent was 

removed from these aliquots under nitrogen, and the dried sub-samples were stored at 20°C. 

The median lethal dose of PnTX-F–Sp1–VivoTag
® 

was determined according to the 

principles of OECD Guideline 425. The test material was dissolved in 1% Tween
®
 60 in 

normal saline.  Aliquots of this solution, made up to a total volume of 1 mL with Tween
® 

60-

saline, were injected intraperitoneally into female Swiss mice of initial body weight 18–22 g.  

The mice were monitored intensively during the day of dosing.  Survivors were examined and 

weighed daily for the following 13 d, after which they were sacrificed, killed and necropsied. 

The weights of liver, kidneys, spleen, heart and lungs were recorded at necropsy.  Tap water 

and food (Rat and Mouse Cubes, Speciality Feeds Ltd, Glen Forrest, Western Australia) were 

available at all times. In vivo toxicity testing was carried out by Dr. Rex Munday at 

AgResearch, Hamilton, New Zealand. 
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3.2.5. Fluorescent labelling 
 

Thy1 YFP-H mice were anaesthetised with pentobarbitone, and transcardially perfused 

with warm heparinised saline followed by warm, fresh 4% paraformaldehyde in 0.1M 

phosphate buffer.  Individual extensor digitus longus (EDL) muscles were dissected out, 

cryoprotected by immersion overnight in 20% sucrose in PBS, then embedded in OCT 

embedding compound and snap-frozen in isopentane cooled by liquid nitrogen, and finally 

stored at -20
°
C.  Muscle samples were then cut into 16 µm-thick transverse sections using a 

Leica 1850 cryostat (Leica Biosystems, Wetzlar, Germany).  Sections were transferred to 

Polysine
®

 microscope slides and allowed to air-dry for 2 min, after which time they were 

stored in a dark slide-chamber containing 1X phosphate-buffered saline (PBS-1X) until 

staining.  Slides were stained with 200 nM or 1 µM PnTX-F–Sp1–VivoTag
®
 for 1 h.  In 

fluorescent binding-inhibition studies, slides were pre-incubated with either 1µM α-BgTx or 1 

µM PnTx-F for up to 1.5 h, followed by treatment with PnTX-F–Sp1–VivoTag
®
 for 1 h.  

Control slides were incubated with PBS for an equal amount of time, prior to labelling with 

PnTX-F–Sp1–VivoTag
®
.  Treated muscles were washed with PBS, and mounted with 

ProLong
®

 Gold AntiFade reagent under a coverslip for confocal microscopy imaging.  

 

  3.2.6. Confocal microscopy 
 

Fluorescent signals in the muscle sections were imaged with the use of a Zeiss 710 

confocal laser-scanning microscope (Carl Zeiss Microscopy, Jena, Germany).  To evaluate the 

motor endplates, two spectral windows using Zeiss ZEN 2009 software were captured.  One 

window included the emission profile of YFP (excited using a 488 nM argon (Ar) laser) and 

the other included the emission profile of the VivoTag
®
 645 attached to PnTx-F (excited 

using a 633 nm helium-neon laser (HeNe) laser).  All imaging parameters (laser intensity, 

gain, averaging, pinhole size) were kept constant throughout imaging.  

Quantification of the fluorescent intensity at stained endplates was carried out via a 

threshold method using Image J (NIH) software in order to determine relative fluorescence in 

the absence and presence of inhibitors of PnTX-F–Sp1–VivoTag
®
 binding.  Briefly, images 

were background-subtracted before a threshold was imposed in order to determine the mean 
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gray intensity of pixels in set regions of interest.  A threshold value was determined for the 

red signal of control sections that give the best signal-to-noise ratio, and this value was then 

imposed on all images and kept consistent over all groups of sections.  Regions of interest 

were defined as endplate regions where there was co-localisation of the green (YFP) and red 

(VivoTag
®

 645) fluorescent signals.  In sections pre-incubated with inhibitors, gain was 

increased to visualize the red signal and identify regions of interest, before being returned to 

baseline values for fluorescent measurements.   

 

3.2.7. Statistical analysis 
 

All data are expressed as the mean ± SEM.  All graphs were generated and statistical 

analysis carried out using Prism software (GraphPad Inc). In vivo LD50 values and 95% 

confidence intervals were calculated using the Acute Oral Toxicity (Guideline 425) Statistical 

Program (AOT425statPgm, version 1.0).  For the fluorescent measurements, mean gray value 

fluorescent intensities were compared using a one-way ANOVA with a Dunnett’s post-hoc 

test.  Statistical significance was determined at a confidence level of p < 0.05. 
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3.3. RESULTS 

3.3.1 In vitro toxicity  

 
Both the polyether spacer-modified PnTx-F derivatives (PnTX-F–Sp1 and PnTX-F–

Sp2) and the fluorescent conjugate (PnTX-F–Sp1–VivoTag
®
) were tested in a rat phrenic-

nerve hemidiaphragm preparation for in vitro neuromuscular toxicity.  As limited amounts of 

each compound were available, toxicity was only assessed at one or two concentrations, and 

in a small number of preparations. 

When tested at 50 nM, PnTX-F–Sp1 and PnTX-F–Sp2 caused a reduction in the nerve-

evoked twitch response in hemidiaphragm preparations (Figure 3-2A).  After 30 min of 

exposure to PnTX-F–Sp1, the hemidiaphragm twitch response was reduced to 24 ± 23% of 

baseline, while PnTX-F–Sp2 reduced the response to 36± 0.8% of baseline.  Both derivatives 

caused a greater than 90% inhibition of the twitch response after 60 minute exposure.  The 

neuromuscular-blocking actions of both derivatives were reversed by a 1 h washout period, 

with the twitch response returning to 75-90% of baseline after this treatment (Figure 3-2B).  

 

Figure 3-2.  Effect of polyether-spacer–PnTX-F derivatives on in vitro rat hemidiaphragm responses.   

(A) Dot plots showing time-course of 50nM PnTX-F–Sp1 or PnTX-F–Sp2 effects on nerve-evoked twitch 

responses.  Toxin was added at time point zero.  Dotted line represents the time course of native PnTx F 

(25nM). (B) Dot plot showing recovery of muscle twitch responses during PnTX-F–Sp1 and PnTX-F–Sp2 

washout.  Preparations were perfused with fresh buffer every 15-20 min for 1 h.  All points represent the 

normalized twitch response, expressed as mean % of baseline ± SEM of 2 muscle preparations. 

A B 
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PnTX-F–Sp1 exhibited slightly higher toxicity and a more favourable washout profile 

than PnTX-F–Sp2 (i.e. slower washout and therefore more favourable for use in fluorescent 

binding studies which include multiple wash steps).  Thus it was chosen for conjugation to the 

VivoTag
®
 645 fluorophore. The resultant PnTX-F–Sp1–VivoTag

®
 was found to have further 

decreased toxicity relative to PnTX-F–Sp1 (Figure 3-3).  PnTX-F–Sp1–VivoTag
®
 at 200 nM 

and 500 nM only reduced the hemidiaphragm twitch response to 92 ± 1.6% and 69 ± 13% of 

baseline, respectively.  Even after 60 min of exposure to PnTX-F–Sp1–VivoTag
®

, 

hemidiaphragms still exhibited twitch responses 35–70% of baseline.  In those preparations 

exposed to 500 nM that showed significant reductions in twitch response, washouts were 

undertaken, and twitch responses subsequently returned to 90% of baseline within 20 min 

(data not shown). 

 

 

 

 

 

 

 

 

 

  

Figure 3-3.  Time-course and concentration-dependence of the neuromuscular-blocking activity of 

fluorescently labelled pinnatoxin F (PnTX-F–Sp1–VivoTag®) in an in vitro rat phrenic nerve-evoked 

hemidiaphragm preparation.  PnTX-F–Sp1–VivoTag® was added at time point zero.  All points represent 

the normalized twitch response, expressed as mean % of baseline ± SEM of 3 muscle preparations. 
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3.3.2. In vivo toxicity 

 
The LD50 of the fluorescent conjugate was 126 μg/kg, with 95% confidence limits 

between 110 and 169 μg/kg.  On a molar basis, this median lethal dose is 66.7 nmol/kg, with 

95% confidence limits between 58.2 and 89.4 nmol/kg (Table 3-1).  These values represent a 

4-fold loss in potency relative to native PnTx-F, which has a median lethal dose of 16-20 

nmol/kg (Table 3-1).  

Symptoms of intoxication from PnTX-F–Sp1–VivoTag
®
 were similar to those recorded 

with other pinnatoxin derivatives.  At lethal doses, mice were initially active, but activity 

subsequently declined, and the animals became immobile, with marked abdominal breathing.  

At this time, respiration rates declined, and death from respiratory failure occurred at 13–25 

min post-injection.  At sublethal (but toxic) doses, mice became lethargic, displaying 

abdominal breathing soon after administration of test substance, but recovered fully by ~1.5 h 

post-dosing.  No deaths were recorded at doses of 100, 79 or 63 μg/kg, although signs of 

toxicity were observed. No adverse effects were seen at a dose of 50 μg/kg. 

 

Table 3-1. Median lethal doses of PnTX-E, -F and PnTX-F–Sp1–VivoTag
® 

by intraperitoneal injection 

 

 

 

 

 

 

 

 

 

 

a
  Figures in brackets indicate 95% confidence intervals. 

Compound                            LD50 (nmol/kg)
a
                               Reference 

 

PnTX-F–Sp1–VivoTag
® 

PnTx F 

 

PnTx E 

 

66.7 (58.2 – 89.4) 

16.6 (12.4 – 19.1) 

20.9 (15.7 – 30.0) 

72.7 (50.6 – 96.0) 

57.4 (40.8 – 74.0) 

 

This work 

Munday et al. 2012 

Selwood et al. 2010 

Munday et al. 2012 

Selwood et al. 2010 
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3.3.3.   Fluorescence microscopy 

 
Expression of YFP in thy1-YFP-H transgenic mice enables direct visualization of motor 

nerves in muscle sections using fluorescence and confocal microscopy.  Such pre-synaptic 

labelling at the NMJ allows utilization of labelled neuromuscular-blocking agents to reveal 

pre- or post-synaptic binding at the synapse.  Fluorescent labelling of muscle sections was 

effected by PnTX-F–Sp1–VivoTag
®
, with the red signals arising from this conjugate co-

localised with green YFP signals in EDL muscle sections (Figure 3-4).  Labelling was 

concentration-dependent, with higher fluorescence intensity achieved when muscle sections 

were stained with 1 µM (38.7 ± 3.0 mean gray units, n = 72 endplates) than with 200 nM 

PnTX-F–Sp1–VivoTag
®
 (26.8 ± 1.3 mean gray units, n = 95 endplates).  

Most red fluorescent signals were closely associated with the green YFP signals, and 

vice versa.  However, some individual red and green signals were observed, with these most 

likely due to unlabelled motor nerves present in the section, or the separation of pre- and post-

synaptic elements during the sectioning process.  At endplates in which both signals were 

present, PnTX-F–Sp1–VivoTag
®
 labelled areas adjacent to the YFP-containing nerve 

terminals, with little overlap of the signals observed.  Almost no diffuse fluorescent signal 

was observed in other areas of the muscle sections, indicating specific binding of PnTX-F–

Sp1–VivoTag
® 

at the endplates.  Taken together, these observations suggest that PnTX-F–

Sp1–VivoTag
®
is binding at the post-synaptic membrane of the NMJ.  
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Figure 3-4.  PnTX-F–Sp1–VivoTag
® 

labelling of endplates in YFP-motor nerve-containing EDL muscle 

from thy-1 YFP-H mice.  (a-f) Localisation of the YFP containing motor nerve endings (green, a & d) with 

the PnTX-F–Sp1–VivoTag
®
 fluorescent signal (red, b & e), with composite images showing relative 

staining (c & f).  The white boxes in the composite images c and f are expanded in images g and h, 

respectively.  Red PnTX-F–Sp1–VivoTag
® 

signals are located in areas adjacent to the YFP motor nerves, 

indicating staining of the post-synaptic density at the neuromuscular junction.  Images a-f were taken with 

a laser scanning microscope at 63x magnification, with images g and h at 300x magnification. Scale bars 

represent 20 µm (a-f) and 5 µm (g and h). 
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Given that pinnatoxins have been shown to bind to muscle-type nAChRs, it was 

assumed that the fluorescent labelling represented labelling of these receptors.  To test this, 

fluorescent binding studies were carried out in the presence of unlabelled α-BgTx, a known 

high-affinity antagonist for muscle-type nAChRs (Figures 3-5 & 3-6).  Pre-incubation of 

muscle sections with 1µM α-BgTx significantly reduced the intensity of the red fluorescent 

PnTX-F–Sp1–VivoTag
®

 signal to 12.7 ± 3.9% (p < 0.001, n = 48 endplates) of levels seen 

with no inhibitor present, indicating that α-BgTx and PnTX-F–Sp1–VivoTag
® 

are binding at 

the same site i.e. muscle-type nAChRs.  Pre-incubation of the muscle sections with 1 µM 

PnTx-F also significantly reduced the intensity of fluorescence to 25.8 ± 7.1% of baseline 

levels (p < 0.001, n = 27 endplates).  In a single muscle section, 1µM PnTx-G also 

significantly reduced fluorescence intensity to 31.4 ± 1.0% of baseline (p < 0.001, n = 6 

endplates). These data confirm that the conjugation of the fluorescent label does not change 

the receptor target of PnTx-F, as PnTX-F–Sp1–VivoTag
® 

and PnTx-F compete for the same 

binding site.  

 

 

 

 

 
  

  

Figure 3-5.  Quantification of the PnTX-F–Sp1–VivoTag
® 

fluorescent signal in the presence and absence 

of α-BgTx and PnTX-F or G. The nicotinic receptor antagonist α-BgTx (1 µM) and PnTX F & G (1 µM) all 

significantly reduced PnTX-F–Sp1–VivoTag
®

 fluorescent signal in thy-1 YFP mouse muscle sections, 

compared with control muscles having no prior exposure to any inhibitors.  Incubation time was 60 min for 

inhibitors and 90 min for PnTX-F–Sp1–VivoTag
®

.  Fluorescent intensity was calculated using a threshold 

method in Image J (NIH).  *** denotes statistical significance at p < 0.001, calculated using a one-way 

ANOVA with a Dunnett’s post-hoc test. 
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Figure 3-6.  Effect of alpha-bungarotoxin (α-BgTx) and pinnatoxin F (PnTX-F) on PnTX-F–Sp1–

VivoTag
®

-labelling of endplates in thy-1 YFP mouse muscle sections.  (a-c) Control sections show intense 

staining of endplates, with red PnTX-F–Sp1–VivoTag
®
 signals adjacent to those of the YFP-containing 

nerve terminals.  (d-f) Pre-incubation of muscle sections for 60 min with 1µM α-BgTx almost abolished 

PnTX-F–Sp1–VivoTag
®

 labelling.  (g-i) Pre-incubation of muscle sections with 1µM PnTX-F reduced the 

red fluorescent PnTX-F–Sp1–VivoTag
®

 signal.  All images were taken with a laser-scanning microscope at 

300x magnification.  Scale bars represent 5µm.  
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3.4. DISCUSSION 
 

Fluorescent labels are important tools in the study of receptors and their interactions 

with various ligands.  Here we describe the synthesis of the first example of a fluorophore-

conjugated small-molecule nAChR antagonist, PnTX-F–Sp1–VivoTag
®
, for use in 

fluorescent-labelling studies at the mammalian NMJ.  PnTX-F–Sp1–VivoTag
® 

efficaciously 

labelled endplates of motor nerves of mouse muscle sections, and retained neuromuscular 

blocking abilities in vitro, as well as displaying in vivo toxicity (albeit with reduced potency 

compared to PnTX-F).   

The initial step in the synthesis of PnTX-F–Sp1–VivoTag
®
 was the addition of an 

amine-capped polyether spacer to the cyclohexene ring of PnTX-F.  The incorporation of this 

spacer unit was deemed necessary as VivoTag
®
645, like many fluorophores, is a large 

molecule (i.e. 1393 g/mol, c.f. 766 g/mol for PnTX-F), so it was important to physically 

separate it from the pharmacologically active portion of PnTX-F, to minimize the chance of 

steric occlusion of key recognition/binding moieties.  Analogous spacer-based approaches to 

small-molecule fluorescent nAChR agonists have been described (Grandl et al., 2007; Krieger 

et al., 2008; Meyers et al., 1983; Waksman et al., 1976), where the potency of the 

fluorophore-agonist conjugate generally increases with the length of spacer in the conjugate.  

Interestingly, dansyl-acetylcholine conjugates have been described which are nAChR 

antagonists when the spacer comprised a 1- or 2-carbon linker, but nAChR agonists when the 

spacer comprised 3-6 carbons, with potency proportional to spacer chain-length (Waksman et 

al., 1976).  The antagonist activity may be due to the dansyl moiety being close enough (in 

these short-spacer conjugates) to the main acetylcholine molecule to prevent the closure of 

loop-C of the nAChR (Brams et al., 2011b). 

For fluorescent antagonist studies using large peptides such as α-BgTx, the spacer is 

less important, given the size of the ligand recognition domain compared to the whole 

molecule.  However, for small-molecule antagonists such as PnTX-F, the addition of a spacer 

is assumed to be more critical, as it allows the fluorescent conjugate to retain as much of its 

nAChR-binding affinity as possible, although this hypothesis was not directly tested in this 

study. 
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The spacer-modified versions of PnTX-F, PnTX-F-Sp1 and PnTX-F-Sp2 proved to 

have reduced in vitro neuromuscular-blocking potency.  At 50 nM, PnTX-F-Sp1 and PnTX-F-

Sp2 reduced twitch responses to 24–36% of baseline after 30 minutes, with almost complete 

recovery after washout.  In contrast, identical preparations dosed with 25nM PnTX-F 

exhibited greater than 90% reduction of twitch responses at 30 minutes and only partial (less 

than 40%) recovery after two hours of washout (see Chapter 2).  The antagonist potencies of 

PnTX-F–Sp1 and PnTX-F–Sp2 are in fact comparable to PnTx-E (the open-ring analogue of 

PnTx-F), which reduces hemidiaphragm twitch responses to around 60% of baseline after 30 

min exposure at 50 nM, and which exhibits ready reversal following washout, even at high 

concentrations. 

The reduction in activity of PnTX-F-Sp1 and PnTX-F-Sp2 may be due to the 

replacement of the lactone side chain of PnTX-F with the spacer.  This is supported by the 

observation that pinnatoxin E (PnTX-E), which has the corresponding acyclic γ-

hydroxybutanoic acid group rather than a lactone group, is less potent than PnTX-F in vivo 

when used in rodent bioassays (Munday et al., 2012; Selwood et al., 2010). This reduction in 

potency is also evident in vitro: PnTX-E has a higher IC50 value than PnTX-F, and its 

neuromuscular blocking effect is more easily reversed by washout (see Chapter 2).  This 

reduction in potency of both PnTX-E and the spacer-modified derivatives suggests that the 

lactone ring, a feature that is also found in the structurally related spirolides (Bourne et al., 

2010), may be important for high affinity pinnatoxin binding.  

Conjugation of the VivoTag
®

 fluorophore to PnTX-F-Sp1 and PnTX-F-Sp2 resulted in 

labelled conjugates with further reduced neuromuscular-blocking activity relative to the 

natural product.  Concentrations of PnTX-F–Sp1–VivoTag
® 

as high as 500 nM produced only 

a ~30% reduction in twitch response over a 30 min test period, with these effects easily 

reversed after a short washout period.  

Reduced potency has been reported in other fluorophore–antagonist conjugate studies.  

For example, conjugation of fluorescein isothiocyanate (FITC) or tetramethylrhodamine-5-

(and-6)-isothiocyanate [(5(6)-TRITC)] to the peptidic antagonist α-BgTx resulted in a 2–100 

fold reduction in potency of the fluorescent conjugate, in vitro and in vivo, relative to the 

native toxin (Anderson & Cohen, 1974).  Similarly, Alexa 488-conjugated α-BgTx displayed 

a 50-fold reduction in potency in radioligand binding studies using a cell line expressing α7 

nAChRs (Shelukhina et al., 2009).  Also, fluorescent conjugates of the naturally occurring 

nAChR agonist epibatidine displayed a decrease in binding affinity of 1–3 orders of 
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magnitude, in addition to a reduced ability to activate a wide range of nAChRs (Grandl et al., 

2007).  

Although sufficient data for full concentration-response curves could not be obtained, it 

is clear that the in vitro potency of PnTX-F–Sp1–VivoTag
® 

is considerably less than that of 

PnTX-F, which blocks the twitch response in an in vitro hemidiaphragm preparation with an 

IC50 of 11 nM (see Chapter 2).  Surprisingly however, the in vivo potency of PnTX-F–Sp1–

VivoTag
® 

is only approximately four times less than that of PnTX-F, and PnTX-F–Sp1–

VivoTag
® 

has
 
a similar LD50 to PnTX-E (Munday et al., 2012; Selwood et al., 2010).  

This in vivo potency profile for PnTX-F–Sp1–VivoTag
®
 is similar to that seen in vitro 

for PnTX-F–Sp1.  It is possible that endogenous in vivo esterase activity is responsible for 

cleaving the ester-like bond between the fluorophore and the spacer of PnTX-F–Sp1–

VivoTag
®
, and suggests that the in vivo toxicity of PnTX-F–Sp1–VivoTag

®
 is in fact due to 

the presence of the PnTX-F–Sp1, rather than PnTX-F–Sp1–VivoTag
®

 itself.  

Despite the fact that spacer-mediated attachment of VivoTag
®

645 gave fluorophore-

labelled analogues of PnTX-F with decreased neuromuscular-blocking activity, the PnTX-F–

Sp1–VivoTag
®
 was nevertheless able to specifically label endplates in thy-1 mouse muscle 

sections in a concentration-dependent manner.  However, as suggested by the in vitro toxicity 

data, staining of muscle sections with 200 nM PnTX-F–Sp1–VivoTag
®
 did not saturate 

binding sites, although a concentration of 1 µM generated ~1.5 times greater intensity of 

staining.  

Only short (10 min) washout periods were used after staining of tissue with PnTX-F–

Sp1–VivoTag
®
, due to the observed rapid reversibility of binding in in vitro toxicity studies.  

This differs from most protocols, which utilise longer and more rigorous washout procedures 

in an attempt to reduce non-specific binding.  However, despite the short washout, PnTX-F–

Sp1–VivoTag
®
 showed very little non-specific binding.  A majority of the red signal from 

PnTX-F–Sp1–VivoTag
®

 was closely associated with the YFP-containing motor nerves and 

red signals that were not associated with green signals were still intensely localised (rather 

than diffuse), most likely indicating endplates that were either separated from the motor nerve 

due to the sectioning procedure, or those with motor nerves that did not contain YFP.  With 

respect to the latter possibility, it is known that the thy-1 YFP-H strain of mice used in the 

current study does not express the YFP transgene in every motor axon, meaning that there 

will be endplates present that are not associated with a YFP-containing motor nerve (Feng et 
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al., 2000). The intensity of staining of both YFP-associated and non-YFP-associated red 

signals were reduced by ~90% in the presence of unlabelled α-BgTx, indicating specific 

binding to nAChRs at the endplates.   

Endplate labelling by PnTX-F–Sp1–VivoTag
®
 was also inhibited by prior incubation of 

muscle sections with native PnTX-F, indicating that the addition of the fluorophore was not 

changing the binding target of the pinnatoxins.  Taken together with the observations that 

labelling could be inhibited by α-BgTx, these data suggest that PnTX-F–Sp1–VivoTag
®
 is a 

specific stain for nAChRs at the motor endplate, and that this is the target of the pinnatoxins 

in their natural state.  This is supportive of recent data showing that PnTX-A both binds to 

and antagonises nAChRs of both the muscle and neuronal subtypes (Aráoz et al., 2011). 

PnTX-G also binds to Torpedo receptors (Hess et al., 2013). It is also in agreement with the 

results presented in Chapter 2 of this thesis, which indicated that PnTx-E, -F and -G are potent 

blockers of transmission at the NMJ, with their effects indicative of nAChR antagonist 

activity.  
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3.5. CONCLUSION 
 

Consistent with the results from prior studies (see Chapter 2), the results obtained 

from the current study provide further evidence of the muscle-type nicotinic receptor 

binding activity of the pinnatoxins. Also, to our knowledge, this study represents the first 

example of a small-molecule nAChR antagonist being conjugated with a fluorophore, to 

allow direct visualisation of nAChR binding.  Although the reduced potency and less 

stable binding characteristics of PnTX-F–Sp1–VivoTag
®
 may limit its use, more potent 

pinnatoxin analogues could be synthesized through extensive experimentation on the site 

of attachment of the fluorophore. The replacement of the pinnatoxin F lactone side-chain 

by the fluorophore is no doubt responsible for some of the reduced potency, and work 

could be done to find other sites on the pinnatoxin molecule to attach the 

spacer/fluorophore to limit the effects on receptor binding and toxicity. This work 

nevertheless constitutes proof of principle and is an important step forward in the creation 

of more potent and specific small-molecule fluorescent antagonists of nAChRs.  
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4.1. INTRODUCTION 
 

Nicotinic acetylcholine receptors (nAChRs) are pentameric ligand-gated ion channels 

belonging to the Cys-loop family of receptors.  These receptors mediate signal transduction at 

the neuromuscular junction (NMJ), and serve modulatory roles in the central nervous system 

(Albuquerque et al., 2009).  To date, 17 different nAChR subunits have been identified and 

cloned: α1-10, β1-4, γ, δ and ε.  These subunits are assembled in various combinations to 

form functional receptors, with both homomeric (α7-9 subunits) and heteromeric neuronal and 

muscle-type combinations possible.  Binding of acetylcholine (ACh) at receptive sites induces 

an allosteric conformational change in the structure of the receptor, widening the pore and 

triggering ion flux and subsequent action potentials.  These sites can also be bound by a wide 

range of competitive antagonists, many of which are natural products (Daly, 2005). 

Muscle-type nicotinic receptors are hetero-pentameric nAChRs which display α12βγδ/ε 

stoichiometry. These receptors contain two agonist-binding sites, located at the interfaces 

between the αδ- and αγ/ε- subunits. Muscle-type nAChRs mediate signal transduction from 

nerve to muscle at the NMJ, amplifying the relatively small currents from motor nerve action 

potentials to a sufficient level to generate an action potential in the muscle (Lindstrom, 2003).  

In depth study of these receptors was made possible due to the recognition that the electric 

organs from Torpedo electric fish species contained vast amounts of nAChRs with an almost 

identical stoichiometry to mammalian muscle-type nAChRs (Huganir et al., 1979; Kistler & 

Stroud, 1981; Sobel et al., 1978). As such, Torpedo receptor preparations are often used in 

binding studies for ligands thought to act at muscle-type nAChRs, with their high density in 

the electric organ providing a vast amount of material (Aráoz et al.  et al., 2012; 

Fonfría et al., 2010; Rodríguez et al., 2011; Rodríguez et al., 2013; Vilarino et al., 2009). 

Mammalian muscle preparations are, by nature, a more accurate representation of binding to 

muscle nAChRs, but are also limited in that they yield much less receptor material, and as 

such are not as widely used anymore. 

Neuronal nAChRs are a mixed population of receptors made up of homomeric and 

heteromeric subtypes, assembled from the α2-10 and β1-4 subunits (Dani & Bertrand, 2007; 

Kalamida et al., 2007). Despite the seemingly large heterogeneity that could arise from such a 

pool of subunits, there are only a few important nAChR subtypes that are assembled and play 
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a role in the mammalian central nervous system, with the majority of these nAChRs acting 

pre-synaptically to regulate the release of other neurotransmitters. The two nAChR subtypes 

that are present in the highest densities in the CNS are the homomeric α7 and heteromeric 

α4β2 receptors. α4β2 receptors are the high affinity nicotine binding sites in the CNS, 

responsible for the addictive properties of nicotine containing products and playing an 

important role in modulating the release of dopamine and γ-aminobutyric acid (GABA) in the 

striatum and hippocampus (Alkondon et al., 1999; Flores et al., 1992; Kulak et al., 2002). α7 

receptors are found in the highest density in the hippocampus and play a role in modulating 

the release of GABA from GABAergic interneurons, as well as glutamate from glutamatergic 

pyramidal cells (Breese et al., 1997; Fabian-Fine et al., 2001; Mansvelder & McGehee, 

2000).  α7 receptors and other homomers differ from hetero-pentameric nAChRs in that they 

display rapid desensitisation and a high permeability to calcium (Broide & Leslie, 1999; 

Castro & Albuquerque, 1995).  

Neuronal nAChRs also differ from each other in that they display distinct 

pharmacological profiles in regards to a variety of natural nicotinic ligands. Homomeric α7 

nAChRs and heteromeric nAChRs were initially referred to as α-bungarotoxin “sensitive” and 

α-bungarotoxin “resistant” subfamilies of nAChRs due to their vastly different affinities for 

the peptidic toxin α-bungarotoxin, isolated from the venom of the krait snake (Bungarus 

multilinctus) (Albuquerque et al., 2009; Kalamida et al., 2007). α-bungarotoxin was also 

found to bind with incredibly high affinity and apparent irreversibility to the muscle-type 

nAChR (Barnard et al., 1977; Fertuck & Salpeter, 1974). As such, α-bungarotoxin can be 

radiolabelled with [
3
H] or [

125
I] and used in binding studies to probe ligand interactions with 

both muscle-type and α7 nAChRs. 

For binding studies involving heteromeric nAChRs, a tritiated version of the natural 

nicotinic agonist epibatidine is often used. Originally isolated from skin extracts of the 

Amazonian frog Epidobates tricolor, epibatidine is one of the most potent nicotinic agonists 

known (Badio & Daly, 1994). Epibatidine displays distinct high and low affinity binding sites 

in the mammalian CNS (Marks et al., 1999; Marks et al., 2007; Whiteaker et al., 2000). It 

binds with high affinity to a variety of heteromeric nAChRs and has the highest affinity for 

α4β2 receptors.  However, it also binds to receptors containing α3 and α2 subunits with sub-

nanomolar affinities (Parker et al., 1998). The low affinity sites (affinity for epibatidine 

>1nM) are made up of bungarotoxin sensitive sites (i.e. α7 receptors) and also a bungarotoxin 
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resistant subset of receptors that contain α4, β4 and β2 and potentially represent different 

receptor stoichiometry to those responsible for high affinity epibatidine binding. 

Radioligand binding studies using radiolabelled α-bungarotoxin and epibatidine have 

been carried out to determine the nAChR binding properties of the cyclic imine toxins, the 

family to which the pinnatoxins belong. Most of these studies have examined interactions of 

the prototypical cyclic imine toxins gymnodimine and the spirolides, most commonly 13-

desmethylspirolide C, with Torpedo nAChRs (to study muscle-type receptors), α7 receptors 

and heteromeric receptors containing α3/α4 subunits (Bourne et al., 2010; Hauser et al., 2012; 

Kharrat et al., 2008). Gymnodimine and 13-desmethylspirolide C bind with high affinity to 

muscle-type, recombinant α7 and α3β2/α4β2 heteromeric receptors, displaying a rank affinity 

order of α7 > muscle-type ≈ α3β2 > α4β2 (Table 4-1).  Newer binding techniques such as 

solid phase microplate assays and fluorescence polarisation assays, which utilise α-

bungarotoxin coupled to either biotin or a fluorophore, have also confirmed the high affinity 

of a number of cyclic imine toxins for Torpedo nAChRs (Fonfría et al., 2010; Rodríguez et 

al., 2011; Rodríguez et al., 2013; Vilarino et al., 2009). 

 

Table 4-1. Inhibition constants for cyclic imine toxins binding to nAChRs. All receptors are human unless 

otherwise stated. Binding to α12βγδ/ α7 and α3β/ α4β2 receptors was assessed using [125I] BgTx and [3H] 

epibatidine, respectively, unless otherwise stated. 

  Gymnodimine Spirolide C 

Study Receptor IC50 

(nM) 

Ki 

(nM) 

Ki  

(nM) 

Kharrat et al., 2008 α1βγδ 

(mouse) 

1.38   

α7  0.33 

α3β2 6.25 

α4β2 15.5 

Bourne et al., 2010 α1βγδ 

(Torpedo) 

 0.23 0.08 

α3β2 0.24 0.021 

α4β2 0.62 0.58 

Hauser et al., 2012 

([
3
H] epibatidine used for all 

binding assays) 

α1βγδ  440 31 

α7  1 0.7 

α4β2 70 96 

α4β2 (rat) 68 120 
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To date, there has only been one radioligand binding study on the interaction of 

pinnatoxins with nAChRs (Aráoz et al., 2011). Pinnatoxin A bound to Torpedo nAChRs and 

recombinant α7, α3β2 and α4β2 nAChRs expressed in HEK cells, with affinities in the low 

and sub-nanomolar range. Similar to other cyclic imine toxins, pinnatoxin A displays a rank 

order of potency of α7 > muscle-type > α3β2 > α4β2. Pinnatoxins A and G have also been 

shown to inhibit the binding of biotinylated α-bungarotoxin to Torpedo receptors in 

microplate binding assays  et al., 2012; Hess et al., 2013). Pinnatoxin G proved to be at 

least four times more potent than pinnatoxin A in these assays.  There have been no studies on 

the interactions of other pinnatoxin isomers (B, C, E and F) with nAChRs.  

Previously, we have determined that pinnatoxins E, F and G are potent blockers of 

neuromuscular transmission in vitro, with intracellular electrophysiology revealing that these 

isomers act as nicotinic receptor antagonists, a mechanism of action confirmed by direct 

visualisation of a fluorescent pinnatoxin F derivative binding to muscle-type nAChRs 

(Chapters 2 and 3). The aim of the current study was to determine their affinity for these 

muscle-type nicotinic receptors and determine the rank order of potency of these three 

isomers using radioligand binding. Due to the fact that other cyclic imines have been shown 

to bind to a wide variety of nAChRs, and that the symptoms of pinnatoxin intoxication in 

rodents include neurological symptoms, radioligand binding assays were also carried out to 

determine the affinities of pinnatoxins E, F and G for homomeric α7 and heteromeric 

neuronal nAChRs.  
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4.2. MATERIALS AND METHODS 
 

4.2.1. Materials  
 

[
125

I] α-bungarotoxin and [
3
H] epibatidine were purchased from American 

Radiolabelled Chemicals Inc (St Louis, Missouri, USA). Unlabelled α-bungarotoxin was 

purchased from Tocris Bioscience (Bristol, UK). Nicotine was purchased from BDH (Poole, 

England). All other compounds were of reagent grade and were purchased from Sigma 

Aldrich (St Louis, Missouri, US). Pinnatoxins E, F and G were purified according to the 

methods of Selwood et al., (2010) at the Cawthron Institute, Nelson, New Zealand. 

Pinnatoxins E and G stock solutions were made up in deionised water prior to dilution. 

Pinnatoxin F stock solutions were made up in 0.1% acetic acid to prevent hydrolysis of the 

lactone ring and subsequent conversion to pinnatoxin E. 

 

4.2.2. Rat cerebral synaptosomal membrane preparations 
 

All of the following membrane preparation steps were carried out at 0-4°C. 

Male Sprague-Dawley rats (~1 year old) were sacrificed by CO2 asphyxiation and rapid 

decapitation, and whole cerebrum membrane preparations (with brain stem and cerebellum 

removed) were obtained.  Cortices were dissected and homogenized in 0.32 M sucrose using 

15 strokes of a hand-held glass/Teflon homogeniser on ice.  The homogenate was centrifuged 

(Beckman Optima Preparative Ultracentrifuge, USA) for 10 min at 1000 x g to remove 

unbroken cells and blood vessels.  The resulting supernatant was centrifuged at 20,000 x g for 

20 min, and the pellet resuspended in ice-cold deionised water and centrifuged for 20 min at 

8,000 x g.  After centrifugation, both the supernatant fraction and buffy coat (the pale “fluffy” 

layer on top of the mitochondrial pellet) were removed and centrifuged for 10 min at 48,000 x 

g.  The pellet was resuspended in Tris-HCl buffer (50 mM, pH 7.4), and then centrifuged for 

10 min at 48,000 x g.  The pellet was immediately frozen and stored at -80°C until used. 

Pellets were used within 3-4 weeks of preparation.   
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4.2.3. Rat skeletal muscle microsomal preparation 
 

The method used to obtain muscle microsomal preparations was adapted from De Meis 

and Hasselbach (1971). Again, all membrane preparation steps were carried out on ice at 0-

4
o
C. Male Sprague-Dawley rats (~1 year old) were sacrificed by CO2 asphyxiation and rapid 

decapitation and hemidiaphragms were obtained. Muscles were cleaned of extraneous tissue 

and frozen at -80
o
C until used. Upon thawing, endplate regions of muscles were isolated and 

dissected out into 0.32M sucrose. These areas were in a long band running along the centre of 

the muscle, and contain most of the endplates present in the muscles. Endplate regions of the 

muscles were crudely homogenized using a Polytron PT10-35 tissue homogenizer (Luzern, 

Switzerland). Following this, the ground tissue was further homgenised using 15 strokes of a 

glass/Teflon handheld homogenizer. The homogenate was centrifuged (Beckman Optima 

Preparative Ultracentrifuge, USA) for 15 minutes at 6,500 x g in order to sediment out the 

myofibrils. The supernatant was then centrifuged for 15 minutes at 10,000 x g to remove 

mitochondria. The resulting supernatant was centrifuged at 44,000 x g for 1 hour.  The pellet 

was then suspended in ice cold deionised water, with dispersal achieved using a combination 

of the Polytron homogenizer and a Sonics VibraCell sonicator. The resuspended membranes 

were centrifuged at 80,000 x g for 90 minutes. The resulting pellet was resuspended/dispersed 

as before into Tris-HCl buffer (50mM, pH 7.4) and frozen at -80
o
C until use. Pellets were 

used within 3-4 weeks of preparation. 

 

4.2.4. Lowry protein assay 
 

The protein content of the cortical synaptosomal and muscle microsomal membrane 

preparations was determined using a Lowry protein assay.  Six dilutions of a protein standard 

(Bovine serum albumin, BSA) were prepared containing from 0.1 to 1.5 mg/ml protein.  The 

standard solutions were prepared in the same buffer (Tris-HCl buffer, 50 mM, pH 7.4) as the 

sample solutions. Samples were tested undiluted and at 1:5 and 1:10 dilutions.  Forty 

microlitres of standard or sample were added into a microtiter plate.  Two hundred microlitres 

of Lowry assay (an alkaline copper tartrate solution) was added into each well. Contents were 

then mixed thoroughly and left for 10 minutes. Twenty-five microlitres of Folin and 
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Ciocalteu’s phenol reagent (FCPR) was added into each well.  The wells were mixed 

thoroughly and left for 30 minutes to allow colour to develop. The absorbance was then read 

at 750 nm in a Benchmark Plus, Spectrophotometer microplate reader (BIO-RAD, CA, USA). 

 

4.2.5. Radioligand binding optimisation 

4.2.5.1. Protein dependence 

 

Various protein concentrations were assessed to determine the optimal protein 

concentration that produced the highest specific counts per min.  This optimal protein 

concentration was determined by comparing total binding and non-specific binding data using 

varying concentrations of protein (20, 30, 40, 50, 60, 80 and 100 µg/well) and a set 

concentration of radioligand.  In [
3
H]-epibatidine binding assays, 0.5 nM [

3
H]-epibatidine was 

used, with 300µM nicotine included to determine non-specific binding. In [
125

I]-α-

bungarotoxin binding assays, 1-2nM [
125

I]-α-bungarotoxin was used, with 1µM cold α-

bungarotoxin included to determine non-specific binding. This non-specific binding is 

characterised by the binding of the radioligand to sites other than the receptors it has high 

affinity for and these sites can include the glass fiber filters used in the assays and also 

adsorption to other sites in the tissue. BSA (0.3%) was included in all [
125

I]-α-bungarotoxin 

experiments in order to reduce non-specific binding.  Specific binding was calculated as the 

difference between the total and non-specific binding.  Assays containing 80-100 µg protein 

produced the highest total specific counts per minute.  Therefore, 80 µg of protein was chosen 

for use in [
3
H]-epibatidine and [

125
I]-α bungarotoxin binding assays. Due to limited [

125
I]-α 

bungarotoxin, no protein dependence curves could be carried out for the muscle-type receptor 

binding assays. For these assays, 50µg of protein was used. Graphs of protein dependence and 

the effect of BSA on non-specific [
125

I]-α-bungarotoxin binding can be found in Appendix A. 

 

4.2.5.2. Saturation binding curves 

 

In order for determination of ligand affinities to be accurate and reliable, radioligand 

binding assays require the use of a particular radioligand at a concentration close to its 

dissociation constant (Kd, a value at which 50% of the receptors are occupied by the ligand).  
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In order to determine the Kd for [
3
H]-epibatidine and [

125
I]-α bungarotoxin, saturation binding 

experiments were carried out. These procedures are detailed in sections 4.2.6.1 and 4.2.6.2 

below.  

4.2.6. Radioligand binding assays 
 

4.2.6.1. [
3
H]-epibatidine binding assays 

 

Saturation binding was determined using [
3
H]-epibatidine (specific activity: 62.2 

Ci/mmol) concentrations ranging from 7.5pM to 16nM. These varying concentrations of [
3
H]-

epibatidine were incubated at room temperature with 80µg of protein for 4 hours, in a final 

volume of 300µl. Following incubation, the binding reaction was terminated by vacuum 

filtration onto Unifilter GF/B glass fibre filter plates (Perkin Elmer, USA) presoaked with 

Tris-HCl binding buffer using a Packard Filtermate-196 cell harvester (Packard Instruments 

Inc.). Membranes were then washed five times (total wash volume of 1.5ml) with ice-cold 50 

mM Tris-HCl buffer to remove unbound radiolabel. Plates were dried at room temperature 

overnight, and then 40 μl of scintillation fluid (Microscint 20; Perkin Elmer, USA) was added 

to each well.  The plates were then sealed (TopSeal
TM

-A; Perkin Elmer, USA) and read using 

a Wallac 1450 MicroBeta scintillation counter (Perkin Elmer, USA). Nicotine (300µM) was 

used to determine non-specific binding.  

Aliquots of each [
3
H]-epibatidine concentration were counted to determine initial 

concentration. The free ligand concentration was then estimated by adjusting the initial ligand 

concentrations for the amount of bound ligand. This method corrects for ligand depletion, a 

problem encountered when using exceptionally high affinity ligands such as epibatidine. 

Ligand depletion theory assumes that a high percentage of the ligand will be bound to 

receptors and thus the “free” ligand concentration will be much lower than that added. 

Correction for this phenomenon is thus necessary to ensure correct concentrations are used in 

Kd calculations.  

For [
3
H]-epibatidine competition assays, 80µg of membrane protein and 0.5 nM 

[
3
H]-epibatidine were incubated in triplicate in a 96-well plate in the presence and absence of 

various concentrations of unlabelled pinnatoxins E, F and G or nicotine.  Samples were 

incubated at room temperature (21-23°C) in a final volume of 300 μl for 4 hours. Following 
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incubation, membranes were harvested as described above for saturation binding assays. 

Unifilter glass filter plates were pre-washed with 900µl of incubation buffer (Tris-HCl, 

50mM) immediately prior to harvesting. Non-specific binding was defined as the amount of 

bound radiolabel measured in the presence of 300 μM nicotine. For studies of differential 

cytisine binding, 100nM of cytisine was added to each well. All experiments were conducted 

in triplicate with n = 3 - 6 individual assays.   

 

4.2.6.2. [
125

I] α-bungarotoxin binding assays 

 

Saturation binding was determined using [
125

I]-α-bungarotoxin (specific activity: 133.6 

Ci/mmol) concentrations ranging from 2.5pM to 10nM. These varying concentrations of 

[
125

I]-α-bungarotoxin were incubated at room temperature with 50µg of protein for 2 hours, in 

a final volume of 300µl. All [
125

I]-α bungarotoxin experiments contained 0.3% BSA in the 

incubation and wash buffer in order to reduce non-specific binding. Following incubation, the 

binding reaction was terminated by vacuum filtration onto Unifilter GF/C glass fibre filter 

plates as described above. Filter plates were pre-soaked with BSA buffer for 1-2 hours at 4
o
C 

prior to harvesting. Membranes were then washed 10 times (total wash volume of 3ml) in ice 

cold BSA buffer. Plates were then dried and counted on a scintillation counter as described 

for epibatidine studies. Cold bungarotoxin (1µM) was used to determine non-specific binding. 

 For [
125

I]-α-bungarotoxin competition assays, 80µg of cortical membrane protein 

or 50µg of muscle membrane protein were incubated with 1nM (muscle) or 2nM (cortex) 

[
125

I]-α-bungarotoxin in triplicate, in the presence and absence of various concentrations of 

unlabelled pinnatoxins E, F and G or cold α-bungarotoxin. As for saturation curve 

experiments, all buffers contained 0.3% BSA in order to reduce non-specific binding.  

Samples were first incubated with the unlabelled inhibitors for 30 minutes at room 

temperature (21-23°C), after which the [
125

I]-α-bungarotoxin was added and the samples 

incubated for a further 2 hours. Following incubation, membranes were harvested as 

described above for saturation binding assays. Non-specific binding was defined as the 

amount of bound radiolabel measured in the presence of 1μM cold α-bungarotoxin. All 

experiments were conducted in triplicate with n = 3 - 6 individual assays.   
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4.2.7. Data analysis  
 

All binding experiments were analysed using non-linear regression in Prism 

(GraphPad Software Inc., CA, USA).   Kd, IC50 and Hillslope values were obtained from non-

linear regression curves from Prism using the following equations: 

For IC50 and Hillslope values: 

ONE-SITE COMPETITION MODEL: 

 

 50logIC -X .Hillslope

Top-Bottom
Y Bottom

1+10

 
   

 
 

 

X is the log concentration of the unlabelled ligand. 

Y is the response in specific counts per minute (c.p.m).  

Top and bottom describe the plateaus at either end of the sigmoidal concentration-

response curve. Top was constrained to a value of 100.  

Log IC50 is the log of the X value when the response is 50% inhibited. 

Hillslope describe the steepness of the inhibition curve.  

 

TWO-SITE COMPETITION MODEL: 

   50X logIC 1

Fraction 1
Part 1 Top Bottom *

1 10 

 
     

 

   50X logIC 2

1 Fraction 1
Part 2 Top Bottom *

1 10 

 
     

 

Y = Bottom + Part 1 +Part 2
 



CHAPTER FOUR: Materials and Methods 

 

105 

 

X is the log concentration of the unlabelled ligand. 

Y is the response in specific c.p.m.  

Top and bottom describe the plateaus at either end of the sigmoidal concentration-

response curve. Top was constrained to a value of 100.  

logIC501 and logIC502 are the logIC50 values for the high and low affinity sites, 

respectively. 

   

Kd values: 

 ONE-SITE TOTAL AND NON-SPECIFIC BINDING 

 
 
 
 

X
Specific = Bmax*

X+Kd
  

Non specific = NS*X + Background   

<Total>Y=specific + non specific   

<Nonspecific>Y= non specific   

Bmax is the maximum specific binding.  

Kd is the equilibrium binding constant, the concentration needed to achieve a half-

maximum binding at equilibrium. 

NS is the slope of nonspecific binding in Y units divided by X units. 

Background is the amount of nonspecific binding with no added radioligand. This was 

constrained to zero. 

TWO-SITE TOTAL AND NON-SPECIFIC BINDING 

 
 
 

X
Specific 1=BmaxHi*

X+KdHi   
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X
Specific 1=BmaxLo*

X+KdLo  

Non specific=NS*X + Background   

<Total>Y=Specific1 + Specific2 + Non specific   

<Non specific>Y=Non specific   

BmaxHi and BmaxLo are the maximum specific bindings to the high and low affinity 

sites, respectively. These are expressed in the same units as Y.  

KdHi and KdLo are the equilibrium binding constants for the high and low affinity 

sites, respectively. These are expressed in the same units as X.  

 

KI values:   

CHENG-PRUSOFF EQUATION (CHENG AND PRUSOFF, 1973).  

  

50

d

IC
Ki=

[radioligand]
1+

K

  

For IC50 and Kd values, an extra sum-of-squares F-test was used to assess whether the two-site 

model was a significantly better fit than the one-site model. This test is based on the ratio 

between the sum-of-squares and the degrees of freedom for each model. An F ratio of more 

than 1 indicates that the more complicated model (i.e. two-site) is correct due to the relative 

increase in sum-of-squares being greater than the relative increase in degrees of freedom. The 

P value gives the chance that the data randomly fits the more complicated model, with a low 

P-value indicating that this chance is low and thus the complicated model is a better fit. 
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4.3. RESULTS 

4.3.1. Saturation binding curves 

4.3.1.1. [
3
H]-epibatidine 

 

Saturation studies were carried out in order to determine the binding characteristics of 

[
3
H]-epibatidine to neuronal nicotinic receptors in rat cortical synaptosomal preparations 

(Figure 4-1A). As expected, non-specific binding (NSB, determined in the presence of 

100µM nicotine) increased in a linear fashion with increasing [
3
H]-epibatidine concentration. 

NSB never exceeded 50% of total binding, even at the highest [
3
H]-epibatidine 

concentrations. Analysis of aliquots of each concentration and comparison with binding data 

allowed for determination of ligand depletion. Ligand depletion decreased with increasing 

[
3
H]-epibatidine concentration. At low [

3
H]-epibatidine concentrations ligand depletion was 

as high as 80%, and this decreased to only 3-4% at the highest concentrations. This depletion 

was taken into account when plotting saturation binding curves, with [
3
H]-epibatidine values 

corrected for depletion at each concentration.  

Analysis of the saturation binding data by non-linear regression resolved two binding 

sites (one-site versus two-site; F (2,105) =13.01; p < 0.0001; Figure 4.1B). Kd values for the 

high affinity and low affinity sites were 6.69 ± 8.95pM and 0.79 ± 0.4nM, respectively. The 

high affinity site accounted for 28.1% of binding sites. The Kd value for the high affinity site 

is in agreement with Kd values for high affinity [
3
H]-epibatidine binding to α4β2 nAChRs 

obtained in prior studies (Marks et al., 2006; Marks et al., 2007; Parker et al., 1998).  
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Figure 4-1. Saturation binding curves for the interaction of [
3
H]-epibatidine with nicotinic receptors in a 

rat cortical synaptosomal membrane preparation. (A) Total, nonspecific binding (NSB) and specific 

binding, expressed in counts per minute (cpm) (B) Normalised specific binding of [
3
H]-epibatidine. The 

inset shows the Scatchard plot for the binding data, showing two binding sites. Homogenates were 

incubated with varying concentrations of [
3
H]-epibatidine for 4 hours at room temperature. All 

concentrations of [
3
H]-epibatidine were corrected for ligand depletion. NSB was determined at each 

concentration by including 100µM nicotine. All points represent mean ± SEM of five individual 

experiments, each performed in triplicate. Non-linear regression analysis was used to determine Kd values.  
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4.3.1.2. [
125

I]-α-bungarotoxin 

 

[
125

I]-α-bungarotoxin saturation studies were carried out in order to determine the 

binding characteristics at both homomeric neuronal nicotinic receptors in rat cortical 

synaptosomal preparations and muscle-type nicotinic receptors in muscle microsomal 

preparations (Figures 4-2A and B, respectively). Despite the inclusion of 0.3% BSA, non-

specific binding (NSB, determined in the presence of 1µM cold α-bungarotoxin) was high 

over all concentrations tested. NSB accounted for up to 90% of total binding at the highest 

[
125

I]-α-bungarotoxin concentrations, with lower concentrations exhibiting 70-80% NSB.  

Analysis of the saturation binding data for both cortical and muscle homogenate 

saturation binding curves by non-linear regression resolved one binding site (a two-site fit 

was ambiguous and thus the one-site model was preferred). Kd values for the neuronal and 

muscle-type nAChRs were 0.82 ± 1.4nM and 0.50 ± 0.73nM, respectively. The binding data 

were quite variable, with large variance seen in both the binding curves and the calculated Kd 

values.  
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Figure 4-2. Saturation binding curves for [
125

I]-α-bungarotoxin interacting with nicotinic receptors in rat 

membrane preparations. (A) Total, nonspecific binding (NSB) and specific binding in rat cortical 

synaptosomal membrane preparations, expressed in counts per minute (cpm) (B) Total, nonspecific binding 

(NSB) and specific binding in rat muscle membrane preparations, expressed in counts per minute (cpm). 

Homogenates were incubated with varying concentrations of [
125

I]-α-bungarotoxin for 2 hours at room 

temperature. NSB was determined at each concentration by including 10µM α-bungarotoxin. All points 

represent mean ± SEM of 2-3 individual experiments, each performed in duplicate. Non-linear regression 

analysis was used to determine Kd values.  
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4.3.2. Competition experiments 

4.3.2.1. Heteromeric neuronal nAChRs 

 

Under standard assay conditions, pinnatoxins E, F and G produced concentration-

dependent inhibition of [
3
H]-epibatidine binding to nAChRs in a rat cortical synaptosomal 

membrane preparation (Figures 4-3, 4-4). A competition binding curve was also generated for 

nicotine, to use as a positive control (Figure 4-3A). Nicotine displayed one-site binding (one-

site vs. two-site: F(2,58) = 1.32, p = 0.2756) with an IC50 value of 120nM. Nicotine is known to 

have higher affinity for α4β2 nAChRs than other subtypes and it may be assumed that this 

one-site binding corresponds to competition with [
3
H]-epibatidine for α4β2. Thus, if the Kd 

for high affinity [
3
H]-epibatidine binding (presumably to α4β2) obtained from saturation 

binding experiments is used, a Ki value of 2.35nM is obtained. This value is similar to those 

Ki values for nicotine obtained in prior studies (Anderson & Arneric, 1994; Jensen et al., 

2003; Kem et al., 1997; Xiao & Kellar, 2004).  

Pinnatoxin E competition binding curves conformed to a two-site binding model (one-

site vs. two-site: F(3,69) = 5.27, p = 0.0025) with IC50 values of 1.01nM and 533nM for the 

high and low affinity sites, respectively. However, the high affinity site only accounted for 

3.5% of total pinnatoxin E binding sites. Pinnatoxin F binding curves also conformed to a 

two-site binding model (one-site vs. two-site: F(3,81) = 27.0, p < 0.0001) with IC50 values of 

45.6pM and 157nM for the high and low affinity sites, respectively. Pinnatoxin F binding to 

the high affinity site accounted for 14.5% of total binding. Pinnatoxin G binding curves 

conformed to a two-site binding model (one-site vs. two-site: F(2,70) = 16.8, p < 0.0001)  and 

showed similar affinity to pinnatoxin F for the high affinity site, with an IC50 value of 

42.8pM. Pinnatoxin G affinity for the lower affinity site was more similar to that of 

pinnatoxin E, however, with an IC50 value of 411nM. The high affinity binding site accounted 

for 21.6% of pinnatoxin G binding. 
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Figure 4-3. Competitive inhibition of [
3
H]-epibatidine binding by (A) nicotine, (B) pinnatoxin E, (C) 

pinnatoxin F and (D) pinnatoxin G to nicotinic receptors in a rat cortical synaptosomal membrane 

preparation. Data are expressed as percent of specific [
3
H]-epibatidine binding and all points represent 

mean ± SEM of six individual experiments, each performed in triplicate. Concentration-inhibition curves 

were fit using non-linear regression analysis, and in all cases except nicotine were found to best conform to 

a two-site binding model (as determined by comparing one-site vs. two-site model using an extra sum-of-

squares F test).  
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Due to the heterogeneity of binding of both the radioligand and the pinnatoxins, it is 

difficult to calculate Ki values for pinnatoxin E, F and G binding to heteromeric receptors i.e. 

which Kd value for [
3
H]-epibatidine binding should be used for the low and high affinity 

pinnatoxin binding sites. However, differential binding assays with a high affinity ligand for 

one of the [
3
H]-epibatidine binding sites (namely the α4β2 receptors) can aid in determining 

which, if any, of the pinnatoxin binding sites is the α4β2 site. Cytisine is an agonist of 

nicotinic receptors, with high selectivity and a sub-nanomolar affinity for α4β2 receptors. 

Inclusion of unlabelled cytisine at a high concentration in the competition assays was 

employed to essentially “mask” α4β2 binding sites by preoccupying them with cytisine, 

resulting in changes to one of the sites represented in the competition-binding curves. 

[
3
H]-epibatidine competition-binding assays were carried out in the presence of a 

saturating concentration of cytisine (100nM) and various concentrations of pinnatoxins F and 

G, to determine if either of the pinnatoxin binding sites corresponded to α4β2. Inclusion of 

100nM cytisine resulted in a reduction in overall specific binding to around one-third of that 

in the absence of cytisine (data not shown). This suggests that, in these assays, a large 

proportion of [
3
H]-epibatidine binding is at the α4β2 receptors. Normalisation of the 

competition-binding data in the presence of cytisine allowed for the comparison of the 

binding curves with those obtained in the absence of cytisine (Figure 4-4). Unexpectedly, the 

binding curves still displayed two-site binding. However, for pinnatoxin F, the two-site model 

was only slightly more favoured than the one-site model, with a p value approaching that of 

the threshold for significance (one-site vs. two-site: F(3,43) = 2.87, p < 0.047). The IC50 value 

for the high affinity site was 32.7pM, which is similar to the 45.6pM value obtained in the 

absence of cytisine. However, the IC50 for the low affinity site was increased almost 10-fold, 

from 157nM in the absence of cytisine to 1.40µM with cytisine present. The relative 

proportion of binding sites was also altered, with the high affinity site increasing from 14.5% 

of total binding to 33.9%. Pinnatoxin G binding curves were similarly affected. The IC50 for 

the high affinity site was 33.5pM, remaining similar to that in the absence of cytisine 

(42.8pM). The IC50 for the low affinity site more than doubled, from 411nM in the absence of 

cytisine to 1.01µM with cytisine present. The relative proportion of the high affinity binding 

site was also increased from 21.5% to 29.0%.   
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Figure 4-4. Competitive inhibition of [
3
H]-epibatidine binding by (A) pinnatoxin F and (B) pinnatoxin G, 

to nicotinic receptors in a rat cortical synaptosomal membrane preparation in the presence of 100nM 

cytisine. Data are expressed as percent of specific [
3
H]-epibatidine binding and all points represent mean 

± SEM of four individual experiments, each performed in triplicate. Concentration-inhibition curves were 

fit using non-linear regression analysis, and in all cases were found to best conform to a two-site binding 

model (as determined by comparing one-site vs. two-site model using an extra sum-of-squares F test).  
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It should also be noted that at the concentration of [
3
H]-epibatidine used in the 

competition binding assays (0.35nM), ~100% of the high affinity [
3
H]-epibatidine binding 

sites (α4β2 receptors, Kd 6.69pM) would be occupied, whereas only a small proportion of the 

low affinity sites (Kd 0.79nM) would be. In the context of the pinnatoxin binding curves, this 

would mean that the binding site that is present in the highest proportion (i.e. the low affinity 

pinnatoxin site) would be equivalent to the high affinity [
3
H]-epibatidine binding site. This is 

supported by the data obtained from the binding curves in the presence of cytisine, in which 

total binding was drastically decreased, the proportion of the high affinity site increased and 

the proportion of the low affinity pinnatoxin site decreased, and there were changes in IC50 

values for this site. Given this evidence, it can be assumed that the low affinity pinnatoxin 

binding site corresponds to α4β2 receptors (the high affinity [
3
H]-epibatidine site) and Ki 

values can then be calculated (Table 4-2).  

 
 

 

 

Table 4-2. Inhibition constants for pinnatoxins E, F and G binding to heteromeric neuronal nAChRs in rat 

cortical synaptosomal membrane preparations. 

 

 

 High affinity site Low affinity site 

 IC50 Ki IC50 Ki 

Pinnatoxin E 1.01nM 0.7nM 533nM 10.5nM 

     

Pinnatoxin F 45.6pM 31.6pM 157nM 3.08nM 

     

Pinnatoxin G 42.8pM 29.7pM 411nM 8.06nM 
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4.3.2.2. α7 homomeric neuronal nAChRs  

 

Pinnatoxins E, F and G produced concentration-dependent inhibition of [
125

I]-α-

bungarotoxin binding to α7 neuronal nAChRs in a rat cortical synaptosomal membrane 

preparation (Figure 4-5). A competition binding curve was also generated for unlabelled α-

bungarotoxin, as a positive control (Figure 4-5A). α-bungarotoxin displayed two-site binding 

(one-site vs. two-site: F(2,70) = 25.98, p < 0.0001), with IC50 values of 39.3pM and 743nM for 

the high and low affinity sites, respectively. The high affinity site accounted for 29.2% of all 

α-bungarotoxin binding. 

Pinnatoxin E competition binding curves conformed to a one-site binding model (two 

site model was ambiguous), with an IC50 value of 224pM. However, pinnatoxin E was only 

able to displace ~30% of [
125

I] α-bungarotoxin binding, even at the highest concentrations 

tested. Pinnatoxins F and G binding curves also conformed to a one-site binding model (F(2,55) 

= 0.87, p = 0.42  and F(2,58) = 0.60, p = 0.55, respectively), with IC50 values of 86.2pM and 

126pM, respectively. Pinnatoxin F only displaced ~40-50% of [
125

I] α-bungarotoxin binding, 

with pinnatoxin G displacing ~30-40%. 

Using the Kd value for α-bungarotoxin obtained from saturation binding experiments 

and the concentration of radioligand used (2nM), Ki values were determined for α-

bungarotoxin and pinnatoxins E, F and G using the Cheng-Prusoff equation (Table 4-3). 

 

Table 4-3. Inhibition constants for pinnatoxins E, F and G binding to homomeric neuronal nAChRs in rat 

cortical synaptosomal membrane preparations. 

 High affinity site Low affinity site 

 IC50 (pM) Ki (pM) IC50 (nM) Ki 

(nM) 

α-bungarotoxin 39.3 11.4 743 216 

     

Pinnatoxin E 224 65.1   

     

Pinnatoxin F 86.2 25.1   

     

Pinnatoxin G 126 36.6   
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Figure 4-5. Competitive inhibition of [
125

I]-α-bungarotoxin binding by (A) α-bungarotoxin, (B) pinnatoxin 

E, (C) pinnatoxin F and (D) pinnatoxin G to α7 homomeric nicotinic receptors in a rat cortical 

synaptosomal membrane preparation. Data are expressed as percent of specific [
125

I]-α-bungarotoxin 

binding and all points represent mean ± SEM of six individual experiments, each performed in duplicate or 

triplicate. Concentration-inhibition curves were fit using non-linear regression analysis, and in all cases 

except α-bungarotoxin were found to best conform to a one-site binding model (as determined by 

comparing one-site vs. two-site model using an extra sum-of-squares F test).  
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4.3.2.3. Muscle-type nAChRs  

 

Pinnatoxins E, F and G produced concentration-dependent inhibition of [
125

I]-α-

bungarotoxin binding to muscle-type nAChRs in a rat muscle microsomal membrane 

preparation (Figure 4-6). A competition binding curve was again also created for unlabelled 

α-bungarotoxin as a positive control (Figure 4-6A). As with binding to α7 receptors, α-

bungarotoxin displayed two-site binding (one-site vs. two-site: F(2,67) = 14.65, p < 0.0001), 

with IC50 values of 14.9pM and 1.09µM for the high and low affinity sites, respectively. The 

high affinity site accounted for 36.5% of all α-bungarotoxin binding. 

Pinnatoxin E competition binding curves conformed to a two-site binding model (F(2,74) 

=85.6, p < 0.0001), with IC50 values of 51.8pM and 26µM for the high and low affinity sites, 

respectively.  As with α7 binding, pinnatoxin E was not able to completely displace [
125

I] α-

bungarotoxin binding, with only ~60% displacement even at the highest concentrations of 

pinnatoxin E tested.  Pinnatoxins F and G binding curves also conformed to a two-site binding 

model (F(2,60) = 101.6, p <0.0001  and F(2,67) = 47.04, p < 0.0001, respectively ), with IC50 

values of 44.1pM and 3.8µM for pinnatoxin F and 48.3pM and 4.6µM for pinnatoxin G 

binding to the high and low affinity sites, respectively.  Like pinnatoxin E, pinnatoxins F and 

G only displaced ~70% of [
125

I] α-bungarotoxin binding.  Ki values were determined for high 

affinity pinnatoxin E, F and G binding and are presented in Table 4-4. 

 

Table 4-4. Inhibition constants for pinnatoxins E, F and G binding to muscle-type nAChRs in rat muscle 

microsomal membrane preparations. 

 

 High affinity site Low affinity site 

 IC50 (pM) Ki (pM) IC50 (µM) Ki (µM) 

α-bungarotoxin 14.9 4.97 1.09 0.36 

     

Pinnatoxin E 51.8 17.3 26 8.67 

     

Pinnatoxin F 44.1 14.7 3.8 1.27 

     

Pinnatoxin G 48.3 16.1 4.6 1.53 
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\  

 

Figure 4-6. Competitive inhibition of [
125

I]-α-bungarotoxin binding by (A) α-bungarotoxin, (B) pinnatoxin 

E, (C) pinnatoxin F and (D) pinnatoxin G to muscle-type nicotinic receptors in a rat muscle microsomal 

membrane preparation. Data are expressed as percent of specific [
125

I]-α-bungarotoxin binding and all 

points represent mean ± SEM of six individual experiments, each performed in duplicate or triplicate. 

Concentration-inhibition curves were fit using non-linear regression analysis, and in all cases were found 

to best conform to a two-site binding model (as determined by comparing one-site vs. two-site model using 

an extra sum-of-squares F test).  
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4.4. DISCUSSION 
 

Administration of pinnatoxins causes a rapid onset of toxic symptoms in rodents, 

eventually resulting in death from respiratory depression (Munday et al., 2012; Selwood et 

al., 2010). Recently, antagonism of nicotinic receptors at the neuromuscular junction by 

pinnatoxins E, F and G has been demonstrated in vitro, confirming that these toxins, as with 

other anti-cholinergic agents, act to disrupt nicotinic cholinergic transmission at the 

neuromuscular junction, paralyzing muscles important in respiration, such as the diaphragm 

(Hellyer et al., 2013). The current study demonstrated high affinity pinnatoxin E, F and G 

binding to muscle-type nicotinic receptors, with Ki values of 17.3pM, 14.7pM and 16.1pM, 

respectively. This relatively equal potency of the three isomers is in contrast to data from both 

in vitro hemidiaphragm preparations and in vivo mouse bioassays, which show an order of 

potency of pinnatoxin F > pinnatoxin G > pinnatoxin E (Hellyer et al., 2013; Selwood et al., 

2010). However, the in vitro potencies cannot be directly compared because the IC50 curves 

were generated at a specific time point, namely 30 minutes, and the relative potencies of the 

isomers will change depending on which data points are used to determine potency values. 

The in vivo data are also difficult to compare, as in vivo toxicity is potentially mediated by 

more than one receptor subtype, which is discussed below. Despite this, it appears the high 

affinity binding of pinnatoxins E, F and G to muscle-type nicotinic receptors is an important 

factor in the toxicity of these compounds. 

Although the cause of death from pinnatoxin intoxication seems to be reliant on 

impaired neuromuscular transmission, there are also neurological symptoms that manifest in 

animals exposed to pinnatoxins, such as an initial period of hyperactivity (Munday et al., 

2012; Selwood et al., 2010). This indicates a direct effect of the pinnatoxins on the central 

nervous system and, as such, pinnatoxin binding to neuronal receptors was also investigated. 

Pinnatoxins E, F and G all displayed high affinity binding to α7 homomeric receptors, with a 

rank order of potency of F > G > E. These receptors are one of the most common subtypes of 

neuronal nAChRs, and are found in high amounts in the hippocampus, where they modulate 

the release of both GABA and glutamate (Dani & Bertrand, 2007; Lindstrom, 2003). An 

interruption of either excitatory glutamatergic signaling or inhibitory GABAergic signaling 

could account for the hyperactivity seen in rodents exposed to pinnatoxins. Furthermore, other 

nAChRs such as the widespread α4β2 nAChR subtype play a role in modulating 
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neurotransmitter release in the central nervous system, and pinnatoxin E, F and G bound to 

these receptors also, although with lower affinity than at α7 receptors (Ki: 3-10nM at α4β2 vs. 

25-65pM at α7). Gymnodimine, a closely related cyclic imine toxin, was found to be highly 

toxic when administered via the intracerebroventricular route, and also bound to homomeric 

and heteromeric nAChRs (Kharrat et al., 2008). This indicates that high affinity binding of 

pinnatoxins E, F and G at neuronal nAChRs may play a role in their in vivo toxicity. 

In binding studies for heteromeric receptors, [
3
H] epibatidine displacement curves for 

pinnatoxins E, F and G displayed two-site binding profiles, as did saturation binding curves 

for the radioligand. Through the use of differential cytisine inhibition, the low affinity 

pinnatoxin site (Ki of 3-10nM) was found to most closely correspond with α4β2 receptors, 

which also matched closely with the characteristics of the high affinity epibatidine binding 

site.  The high affinity pinnatoxin site (Ki values of ~30pM for pinnatoxins F and G) was not 

affected by the presence of cytisine, and thus does not correspond with the known high 

affinity heteromeric cytisine binding sites. Presumably, this high affinity binding site 

corresponds to the low affinity site seen in [
3
H] epibatidine saturation curves (Kd = 0.79nM). 

At the concentration of [
3
H] epibatidine used in the competition studies (0.35nM) this binding 

site would account for very little [
3
H] epibatidine binding, which would explain the high 

affinity pinnatoxin sites only accounting for ~20% of total binding. These high affinity sites 

may in fact be α7 receptors, as the Ki values for pinnatoxins F and G are similar to those 

generated in [
125

I] α-bungarotoxin competition assays (30-32pM vs. 26-35pM). Epibatidine 

has been shown to bind to α7 receptors, with Ki values > 1nM (Marks et al., 2006; Marks et 

al., 2010). Alternatively, they could represent binding to α3 containing receptors, which have 

an intermediate affinity for epibatidine of ~0.3nM (Parker et al., 1998). However, this is 

unlikely due to the relatively low abundance of α3 containing receptors, as opposed to the 

highly expressed α7 subtypes. 

Pinnatoxin F had a higher affinity for both neuronal subtypes than pinnatoxins E and G, 

despite having similar affinity for the muscle-type receptors. Pinnatoxin G also displayed 

higher affinity for neuronal receptors than pinnatoxin E. This order of potency at neuronal 

receptors matches well with in vivo LD50 values, which show a rank order of potency of F > G 

> E, again suggesting that binding to neuronal nAChRs plays a role in pinnatoxin toxicity 

(Munday et al., 2012; Selwood et al., 2010). In regards to isomer affinity profiles against the 

various receptors, each of the pinnatoxins displayed an affinity profile of muscle-type > α7 > 

α4β2. This is similar to the affinity profile for pinnatoxin A, except for the fact that 
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pinnatoxin A showed an 8-fold higher affinity for α7 receptors than muscle-type receptors 

(Aráoz et al., 2011). This α7 > muscle-type > α4β2/α3β2 affinity profile is also common 

amongst other cyclic imine toxins, such as gymnodimine and 13-desmethylspirolide C 

(Bourne et al., 2010; Hauser et al., 2012; Kharrat et al., 2008).  

One of the interesting features of the competition binding graphs for both muscle-type 

and α7 receptors was the fact that the pinnatoxins did not displace all [
125

I] α-bungarotoxin, 

with only ~60% displacement from muscle-type and ~30% displacement from α7 receptors. 

Cold bungarotoxin, on the other hand, fully displaced [
125

I] α-bungarotoxin, with a two-site 

binding curve. The high affinity bungarotoxin site corresponds well with the pinnatoxin 

binding site, as the high affinity bungarotoxin site accounted for ~35-40% of total binding in 

muscle and brain which is almost identical to the amount of displacement seen in pinnatoxin 

competition curves. High affinity bungarotoxin binding in muscle and brain homogenates is 

almost certainly to the high affinity nicotinic receptors present in each preparation i.e. muscle-

type receptors and α7.  

The second, low affinity bungarotoxin site is more difficult to explain, mostly due to the 

lack of two binding sites in [
125

I] α-bungarotoxin saturation curves.  It is possible that this 

second binding site represents a "semi-specific" binding site i.e. a non-specific binding site for 

[
125

I] α-bungarotoxin that relies on a certain moiety in the bungarotoxin molecule and thus 

will more readily be displaced by excess cold α-bungarotoxin, but not by the pinnatoxins.  

This would mean that all specific muscle-type/α7 [
125

I] α-bungarotoxin binding (30-40% of 

total binding) was being displaced by the pinnatoxins, and that they are full antagonists at 

these receptors. Multiple binding sites for [
125

I] α-bungarotoxin have been observed 

previously in both brain and muscle (Almon & Appel, 1976; Lukas, 1984; Meeker et al., 

1986). However, there was no evidence that these sites were cholinergic in nature. If these 

low affinity sites are in fact some kind of low affinity nicotinic binding site for bungarotoxin, 

they are clearly not required to mediate pinnatoxin toxicity, as high concentrations of 

pinnatoxins that caused only a 40-50% reduction in [
125

I] α-bungarotoxin binding can cause a 

complete antagonism of muscle-type receptor function as evidenced by an abolition of muscle 

twitch in vitro (Hellyer et al., 2013). It is more likely that these sites are in fact some type of 

artifact of the binding assays themselves, and pinnatoxins E, F and G are able to displace 

100% of high affinity [
125

I] α-bungarotoxin binding to muscle-type and α7 nAChRs. 

 



CHAPTER FOUR: Conclusion 

 

123 

 

4.5. CONCLUSION 
 

The aim of the current study was to use radioligand binding techniques to determine 

the affinities and relative potencies of pinnatoxins E, F and G at both muscle-type and 

neuronal nicotinic acetylcholine receptors. Consistent with previous observations that 

pinnatoxins E, F and G appear to block transmission in the neuromuscular junction by 

antagonizing post-synaptic nicotinic receptors, all three pinnatoxin isomers displayed high 

affinity binding to muscle-type nAChRs, as evidenced by their ability to displace iodinated 

α-bungarotoxin binding in muscle microsomal homogenates. Pinnatoxins E, F and G also 

displaced iodinated α-bungarotoxin and tritiated epibatidine binding in rat brain 

synaptosomal preparations, which indicates that the pinnatoxins also bind to α7 

homomeric nAChRs and heteromeric nAChRs in the central nervous system. The three 

isomers had similar affinities at muscle-type receptors, but a rank order of potency at the 

neuronal receptors of F > G > E, which is similar to that seen in vivo. This suggests that, 

while antagonism of muscle-type receptors is an important factor in pinnatoxin toxicity 

and contributes to the eventual death via respiratory depression, binding to neuronal 

nAChR subtypes is also an important determinant of pinnatoxin potency. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 



 

124 

 

 

 

CHAPTER FIVE 

 

Molecular modelling of pinnatoxin E, F and G 

interactions with nicotinic receptors 

 

 

 

 

 

 

 

 



CHAPTER FIVE: Introduction 
 

125 

 

5.1. INTRODUCTION 
 

The three-dimensional structure of a protein is crucial in determining the function of 

that protein and the way in which it interacts with ligands and modulators. The 3D structure 

can be determined experimentally using structural determination methods such as X-ray 

crystallography or nuclear magnetic resonance spectroscopy. However, these methods are 

limited by their inherent costs, the time taken to undertake such experiments and experimental 

challenges such as a lack of resolution or the difficulty/inability to crystallise certain proteins 

(Lundstrom, 2006; Scapin, 2006). As such, other methods are required in order to determine 

the structure of proteins of interest, especially in the pharmaceutical industry, where the 

molecular interaction of drugs and other pharmacologically active agents with receptor 

proteins is of vital importance in regards to their affinity and efficacy (Schafferhans & Klebe, 

2001). 

Molecular modelling is a technique in which homology models of proteins are built 

using computational methods in order to provide the required structural information (Arnold 

et al., 2006; Sanchez & Šali, 1997; Schafferhans & Klebe, 2001). Models are built using 

experimentally determined protein structures as templates, with the choice of template protein 

(if available) and its homology to the protein of interest crucial in building an accurate model. 

Comparative modelling can be achieved via two main methods, which can be broadly 

classified as a manual method and an automatic method (Dutertre & Lewis, 2004; Eswar et 

al., 2006). The manual method builds each domain of the protein based on a series of 

experimentally derived templates, and requires four main steps: (1) optimisation of the 

alignment between the template and target protein sequences (manually or using an automated 

program, or a mixture of both), (2) assignment of the coordinates of structurally conserved 

regions, (3) identification of any insertions or deletions in the target protein and the 

assignment of either random loops or loops determined from a structural database and (4) 

refinement of the modelled structure using energy minimization/dynamic simulations. The 

automated method is different in that it generates the whole target protein structure based on 

the homologous template, but contains similar steps to the manual method (sequence 

alignment, building of the model and refinement of the model), albeit under the control of an 

automated modelling program. Once the protein models are built, ligand interactions can be 

ascertained by ligand binding simulations using docking software (Schafferhans & Klebe, 

2001; Verdonk et al., 2003). 
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Structural information regarding the nicotinic receptor proteins was initially limited 

because these lipid-associated membrane protein complexes could not be crystallised due to 

solubility issues. These problems were solved by utilizing non-mammalian sources of 

nAChRs and analogous proteins. Electron microscopy images of helical tubes grown from 

Torpedo marmorata post-synaptic membranes provided the first structural insights into the 

whole pentameric nicotinic receptor structure, and, by comparing the open and closed 

structures, provided insight into the channel gating mechanisms (Unwin, 2005; Unwin & 

Fujiyoshi, 2012). However, the resolution of these images (4 – 6Å) limited their use in 

structural studies. The real breakthrough came with the discovery of acetylcholine binding 

proteins (AChBPs) from the molluscan species Aplysia californica, Lymaea stagnalis and 

Bulinus truncatus (Brejc et al., 2001; Celie et al., 2005a; Hansen et al., 2005; Smit et al., 

2001). Although they are not ion channels, AChBPs display high affinity for nicotinic ligands 

and, more importantly, are soluble. Because of this solubility, high resolution (~2Å) crystal 

structures can be obtained. AChBPs display high sequence homology (~25%) with nAChRs, 

most notably α7 neuronal receptors, with even higher sequence identity (60-70%) if only the 

loops forming the ligand binding domains are considered (Fruchart-Gaillard et al., 2002). 

More recently, chimeric constructs of AChBPs with α7 ligand-binding domains have been 

reported, providing structures with even higher sequence identity for use as scaffolds in 

molecular modelling studies (Li et al., 2011; Nemecz & Taylor, 2011). 

Subsequently, many crystallographic structures have been obtained of AChBPs in 

complex with a variety of ligands. These include small agonist molecules such as ACh and 

epibatidine (Brams et al., 2011a; Hansen et al., 2005), organic antagonist molecules such as 

tubocurarine and methyllycaconitine (Brams et al., 2011b) and large peptidic antagonists such 

as α-cobratoxin and a variety of α-conotoxins (Bourne et al., 2005; Celie et al., 2005b; Ulens 

et al., 2006). These crystal structures represent the AChBPs with a variety of degrees of 

closure of the C-loop, an important structural determinant in the translation of ligand binding 

to channel gating. In fact, the degree of C-loop closure is closely correlated with the mode of 

action of a ligand, with agonist binding associated with loop closure and antagonist binding 

associated with the loop remaining in an “open” configuration (Brams et al., 2011b). C-loop 

closure can be incorporated into modelling studies by generating an ensemble of model 

protein structures with differing levels of C-loop closure, and then using this ensemble for 

ligand docking studies (Sander et al., 2010). This method reduces bias based on using a 

template with a set C-loop closure distance, and was shown to accurately predict C-loop 
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closure when the computational ligand binding was compared with experimentally 

determined structures.   

The availability of AChBP crystal structures has led to a plethora of three-dimensional 

nicotinic receptors being built by homology modelling, using the AChBPs as templates. The 

subtypes previously described in the literature include: human, rat and chick α7, heteromeric 

human and rat α4β2, α3β2, and α3β4, human α4β4 and Torpedo, human and mouse muscle-

type receptors (Costa et al., 2003; Dutertre & Lewis, 2004; Everhart et al., 2003; González-

Cestari et al., 2009; Henderson et al., 2010; Iorga et al., 2006; Le Novere et al., 2002; Pedretti 

et al., 2008; Samson et al., 2002; Schapira et al., 2002; Sine et al., 2002; Taly et al., 2005; 

Willcockson et al., 2002). These structures have been used to study changes to nicotinic 

receptor structure during gating and also to computationally mimic ligand binding of a variety 

of nicotinic ligands such as acetylcholine, nicotine, metocurine, tubocurarine, α-bungarotoxin, 

cobratoxin and a number of conotoxins.  

In regards to cyclic imine research, there are high resolution (2.4-2.5Å) crystal 

structures available of the Aplysia californica AChBP in complex with both gymnodimine 

and 13-desmethylspirolide C (Bourne et al., 2010). These crystal structures revealed the 

molecular determinants for high affinity cyclic imine binding at the AChBP interface, which 

can be informative as to the analogous interactions at various nAChRs. High affinity cyclic 

imine binding was associated with multiple binding interactions throughout the subunit 

interfaces. Stabilised conformers had a hydrogen bond between the nitrogen of the toxin 

cyclic imine moiety and the carbonyl oxygen on residue Trp 147 from the primary subunit of 

the binding pocket which provided a central “anchor” for toxin binding, with other 

substituents ideally positioned to interact with other aromatic residues of the central binding 

pocket.   

The crystal structures of the Aplysia AChBP in complex with gymnodimine and 13-

desmethylspirolide C were used to build homology models of human α7, human α4β2 and 

Torpedo muscle-type receptors in order to facilitate computational modelling of pinnatoxin A 

interaction with nicotinic receptors (Aráoz et al., 2011). Pinnatoxin A, much like the other 

cyclic imine toxins, was anchored by a hydrogen bond at the cyclic imine nitrogen atom and 

interacted with a number of aromatic residues from both the primary and complementary 

faces of the binding pocket. Pinnatoxin A bound in a similar fashion to all three homology 

models, with differences due to the variability in amino acid sequences between the different 
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subtypes. These differences afforded stronger interactions with the α7 subtype compared with 

the α4β2 subtype, with the muscle-type receptors exhibiting an intermediate interaction 

profile. The differences in ligand-receptor interactions evident in the homology models 

correlated with the experimentally determined binding affinities and functional potency of 

pinnatoxin A at the different receptors (Aráoz et al., 2011). 

Overall, the evidence suggests that molecular modelling is a powerful method for 

determining the structural requirements for ligand-receptor binding and can be used as a 

predictor of ligand potency at different subtypes of receptors.  The aim of the current study 

was to investigate ligand-receptor interactions of pinnatoxins E, F and G and a variety of 

nAChRs to determine if molecular determinants for binding could be identified, and to 

investigate the differences between receptors that may account for different pinnatoxin 

affinities. To this end, homology models of α7, α4β2 and muscle-type nAChRs were built 

from an AChBP template, and pinnatoxins E, F and G docked into these homology models.  
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5.2. MATERIALS AND METHODS 
 

5.2.1. Model building 
 

Homology models of rat α7 and α4β2 pentamers and αε and αδ dimers were built using 

the modelling software Modeller 9 (version 10, University of California San Francisco).   The 

crystal structure of the acetylcholine binding protein from Aplysia californica in complex with 

13-desmethylspirolide C (PDB code: 2WZY) was chosen as a template, based on the 

structural similarities between the pinnatoxins and spirolides. Sequence alignments from 

Bourne et al. (2010) were used as a reference in order to align the template and target amino 

acid sequences. The sequence alignments used to build the current models are available in 

Appendix 2. The standard Modeller “AUTOMODEL” function was used to build the α7 and 

α4β2 homology models. For each receptor, 100 models were built and the model with the best 

(lowest) molpdf score was used for docking studies. Molpdf is a scoring function based on 

violations of restraints of the models; the lower the restraint violations, the lower the molpdf 

score and the better the model. 

For the αε and αδ dimers, the ability of Modeller to build models in the presence of 

bound ligands was used, with the hetero-atoms corresponding to the bound 13-

desmethylspirolide C in the template included in the model building procedure. This is due to 

αε and αδ dimers having a large insert in loop F, which can occlude the binding site if not 

controlled for. The addition of the bound ligand in the template prevents loop F from 

positioning in the main binding site. One hundred models were built using this procedure. 

However, loop F is thought to be highly flexible and, as such, after the initial models were 

built, the Modeller “LOOP MODEL” function was used to refine the structures of the dimers. 

The initial model with the best molpdf score was chosen and 50 loop models were constructed 

using the “very slow” loop refinement method.    
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5.2.2. Conformer generation 

 
Initial chemical structures of pinnatoxins E, F and G were generated using MacroModel 

software (version 10.4, Schrödinger Inc, LLC). To reduce problems associated with the 

generation of conformers from flexible macrocyclic ligands, a recent method employed by 

Aráoz et al. (2012) was adopted. Gymnodimine, spirolides and pinnatoxins all share common 

structural patterns within their chemical structures, and gymnodimine and 13-

desmethylspirolide C in complex with Aplysia AChBP (2WZY and 2XOO) adopt very similar 

conformations (Figure 5-1). Given these observations, dihedral restraints were placed on the 

backbone atoms of the pinnatoxins that matched the common structural patterns, in order to 

reduce the number of conformers generated and to best reflect the binding modes of cyclic 

imines that had been determined crystallographically. With these dihedral angle restraints in 

place, conformers were generated using MacroModel, with all conformational search 

parameters set at default values.  

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 5-1. Chemical structures of gymnodimine (top), 13-

desmethylspirolide C (middle), and the pinnatoxins (bottom), with 

common elements highlighted in red. Crystallographic structures of 

gymnodimine (cyan, PDB: 2X00) and 13-desmethylspirolide C 

(green, PDB:2WZY) in complex with the AChBP are also shown, 

with the common structural elements highlighted in orange. 

Chemical structures are from Araoz et al. 2012. 
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 5.2.3. Ligand docking 

 
Docking of the pinnatoxin conformers into the binding sites of the homology models of 

nAChRs was achieved using GOLD software (version 5.2.2, Cambridge Crystallographic 

Data Centre, Cambridge, UK). The ligand-binding sites were located at one of the α/α 

interfaces for α7 receptors, an α/β interface for α4β2 receptors, and the α/δ or α/ε interface for 

the muscle-type dimers (only dimers were necessary for docking studies). A pseudo atom was 

generated at the half distance between the backbone oxygen atoms of protein residues Cys 

190 and Trp 147. These co-ordinates were used as the centroid of the binding site, with the 

binding site defined as a 15Å sphere centered around this point. Due to the observations that 

upon binding, most nicotinic ligands, including cyclic imines, establish a hydrogen bond 

between a charged nitrogen atom present on the ligand and the carbonyl oxygen of the 

receptor residue Trp 147, a hydrogen bond constraint was set between the nitrogen of the 

cyclic imine group and Trp 147. All rotatable ligand bonds were fixed during docking, as 

flexibility of the ligands has been explored in conformer generation. Side-chain flexibility was 

added to some amino acid side-chains in the binding site, but in general most of the key 

conserved residues were kept rigid due to already being in positions favourable to the docking 

of 13-desmethylspirolide C in the original crystal structure template. The CHEMPLP scoring 

function was used to determine the best docked poses for each of the toxins in each of the 

receptor binding sites. Pymol molecular graphics software (version 1.5.0.4, Schrödinger Inc, 

LLC) was used to calculate root mean square deviation (RMSD) values for models and to 

generate all images of ligand conformers, receptor models and ligand-receptor interactions.  

 



CHAPTER FIVE: Results 
 

132 

 

5.3. RESULTS 

5.3.1. Model building 
 

Models of the neuronal nAChR subtypes built using an AChBP template from 

Aplysia californica showed excellent alignment to the template, with RMSD values of the 

backbone alpha-carbons of 0.33Å and 0.26Å for the α7 and α4β2 models, respectively. 

The lowest energy model for the α7 receptor pentamer is shown in Figure 5-2 as an 

example of an aligned receptor model. Conserved aromatic residues in the binding sites of 

the α7 receptor and AChBP displayed excellent conformational overlap.  

The initial muscle-type α/δ and α/ε dimer models showed slightly more deviation 

from the template, with RMSD values of 1.17Å and 1.20Å, respectively. These higher 

RMSD values would be expected due to the large insertion of loop F, which is not present 

in the template binding protein. When loop modelling was applied to the initial models, the 

RMSD values were reduced slightly to 1.09Å and 1.14Å for α/δ and α/ε, respectively. Due 

to the lack of structural information, the position of this loop was highly variable. Both the 

initial and refined models are shown in Figure 5-3. 

 

5.3.2. Conformer generation 

 
Conformers for pinnatoxins E, F and G were generated with torsion restraints in 

place to restrict the conformers to those that match the backbone configuration of the 

spirolide and gymnodimine toxins from the complex with Aplysia AChBP (PDB - 2WZY). 

This procedure resulted in the generation of 180 conformers for pinnatoxin E, 54 

conformers for pinnatoxin F and 50 conformers for pinnatoxin G (Figure 5-4). The 

majority of the structural differences among the conformers for pinnatoxins E and F lay in 

the configuration of the cyclohexenyl side-chains. Differences in the conformation of the 

imine ring, as well as the trispiroketal ring system, were evident in the conformers of all 

the pinnatoxin isomers.  



CHAPTER FIVE: Results 
 

133 

 

  

Figure 5-2. Alignment of the structures of the template AChBP (cyan, PBD code 2WZY) and the α7 

receptor model (green) showing a side and top-down view of the receptor (left and right, respectively). 

Boxed section shows a magnification of the ligand binding domain, with conserved aromatic residues 

shown in stick representation. Residues shown are conserved in all the subunits modelled in the current 

study; Tyr 93, Lys 143, Trp 147, Tyr 149, Tyr 188, Cys 190, Cys 191, Tyr 195 from the primary face of 

the binding site (green) and Trp 55, Arg 79 and Leu 118 from the complementary face (orange). 

Numbering is based on residue position in the α7 model sequence. 

Arg 79 (-) 
Cys 190/191 (+) 

Leu 118 (-) 

Trp 55 (-) 

Tyr 93 (+) 

Lys 143 (+) 

Trp 147 (+) 

Tyr 149 (+) 

Tyr 187 (+) 

Tyr 195 (+) 
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Figure 5-3.  Loop-modelling of the highly variable loop F region in muscle-type nAChR dimer models. 

Side (left) and front (right) views of the models of the (A) α/δ and (B) α/ε binding interfaces are shown 

with the loop F position from the initial model and the loop-refined model shown in green and red, 

respectively.  The best initial model for each subunit combination was chosen based on molpdf score 

and 50 loop models constructed using MODELLER software and the “very slow” loop refinement 

protocol. 

  

A 

B 
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Figure 5-4. Overlay of conformers generated for pinnatoxins E (left), F (centre) and G (right) using 

MacroModel software. Torsion restraints were placed on certain carbon-carbon bond angles in order 

to match the conformation of the spirolide and gymnodimine toxins present in crystal structures in 

complex with Aplysia acetylcholine binding protein. 

 

 

5.3.3. Pinnatoxin-nAChR interactions 
 

5.3.3.1. α7 receptors 

 

Pinnatoxins E, F and G all showed multiple hydrogen bond interactions with the 

binding site of the α7 neuronal receptor (Figure 5-5). An H-bond between the imine 

moiety and Trp 147 of the alpha subunit was present in both the pinnatoxin F and 

pinnatoxin G complexes, but surprisingly was absent from the pinnatoxin E complex, 

despite the formation of this H-bond being a constraint of the docking. The 3.6Å distance 

between the imine and the carbonyl oxygen of Trp 147 is only slightly longer than the 

~3.2Å cutoff for a moderate-strong H-bond, indicating that there are still some 

electrostatic interactions present. 
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The pinnatoxin E-α7 complex contains H-bonds between the side-chain of the ligand 

and the primary face of the receptor binding site, with no involvement from the 

complementary face (Figure 5-5A). Tyr 188 and Arg 186 both form H-bonds with the 

terminal carboxylate side-chain. 

Pinnatoxin F also shows multiple H-bond interactions with the primary face of the 

α7 binding site (Figure 5-5B). The imine group forms an H-bond with Trp 147 which 

anchors the molecule. H-bonds are also present between the trispiroketal ring hydroxyl 

group and Glu192 and between the lactone carbonyl group and Arg 186. 

Pinnatoxin G interacts with both the primary and complementary face of the binding 

site (Figure 5-5C). This interaction with the complementary face is in the form of an H-

bond between Gln 57 and the hydroxyl group at C28, a group which is not present in 

pinnatoxins E and F. Pinnatoxin G also forms H-bonds with Trp 147 and Glu 192/Tyr 194, 

both of which interact with the hydroxyl group present on the trispiroketal ring system. Tyr 

194 also interacts with the oxygen molecule present in the 5-membered ring of the 

trispiroketal ring system. 
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Figure 5-5 (continued on next page) 
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Figure 5-5. Interactions of pinnatoxins E (A, orange), F (B, green) and G (C, magenta) with the α/α 

binding interface of the α7 nicotinic receptor. All amino acid side-chains within 4Å of the bound ligand 

are shown in cyan, magenta and green for the pinnatoxin E, F and G complexes, respectively. Cys 190 

and Cys 191 of the primary subunit are omitted for clarity. Hydrogen bonds between the ligand and 

receptor are shown as black dotted lines. For each complex, two different views, rotated by 

approximately 90
o
, are shown.  

 

 

5.3.3.2. α4β2 receptors 

 

Docking of pinnatoxins E, F and G into the α/β binding interface of α4β2 receptors 

resulted in docked conformations with very few hydrogen bond interactions between the 

ligands and receptors (Figure 5-6). All pinnatoxins form an H-bond between the imine 

moiety and Trp 147, but in pinnatoxin F and G complexes this was the only H-bond 

present.  

Pinnatoxin E was the only isomer to show any other H-bond interactions with the α/β 

binding interface of α4β2 receptors. Pinnatoxin E interacts with two serine side-chains at 

the complementary face (Ser 37 and Ser 167) through the carboxylate side-chain.  
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Figure 5-6 (continued on next page) 
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Figure 5-6. . Interactions of pinnatoxins E (A, orange), F (B, green) and G (C, magenta) with the α/β 

binding interface of the α4β2 nicotinic receptor. All amino acid side-chains within 4Å of the bound 

ligand are shown in cyan, magenta and green for the pinnatoxin E, F and G complexes, respectively. 

Cys 190 and Cys 191 of the primary subunit are omitted for clarity. Hydrogen bonds between the ligand 

and receptor are shown as black dotted lines. For each complex, two different views, rotated by 

approximately 90
o
, are shown.  

 

 

5.3.3.3. α/δ interface of muscle-type receptors 

 

Pinnatoxin E bound to the α/δ binding interface of the muscle-type receptor displays 

H-bonds between the imine group and Trp 147, as well as an interaction between the C36 

hydroxyl group on the carboxylic acid side-chain and Asp 168 from the variable F-loop on 

the complementary delta subunit (Figure 5-7A).  

Pinnatoxin F forms three H-bonds with the primary face of the binding site in the α/δ 

dimer, one of which is the crucial Trp 147 interaction with the imine group (Figure 5-7B). 

The carbonyl oxygen on the lactone side-chain also forms an H-bond to Lys 143, with Tyr 

194 interacting with the trispiroketal ring system hydroxyl group. 
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Pinnatoxin G interacts through H-bonds with both the primary and complementary 

subunits of the binding interface, much like the pinnatoxin G-α7 complex (Figure 5-7C). 

The C28 hydroxyl group forms an H-bond with Asp 57 of the complementary subunit, 

with Tyr 194 of the primary subunit interacting with the hydroxyl present on the 

trispiroketal ring system.  

 

5.3.3.4. α/ε interface of muscle-type receptors 

 

Pinnatoxin E bound to the α/ε interface displays interactions with only the primary 

subunit (Figure 5-8A). The carboxylate cyclohexenyl side-chain forms H-bonds with Tyr 

188 and Lys 143.  

Pinnatoxin F also interacts with the α/ε interface through H-bonds between the 

cyclohexenyl side-chain and the primary face of the binding site (Figure 5-8B). The 

carbonyl oxygen on the lactone side-chain forms an H-bond with Lys 143, and also 

interacts with Asp 198. 

Similar to binding at the α/δ interface, pinnatoxin G interacts with both the primary 

and complementary subunits of the α/ε interface (Figure 5-8C). The imine group forms an 

H-bond with Trp 147 of the primary face which constrains the pinnatoxin G molecule in a 

position that allows an H-bond between Lys 33 of the complementary epsilon subunit and 

the C28 hydroxyl group. 
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Figure 5-7 (continued on next page) 
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Figure 5-7. . Interactions of pinnatoxins E (A, orange), F (B, green) and G (C, magenta) with the α/δ 

binding interface of muscle-type nicotinic receptors. All amino acid side-chains within 4Å of the bound 

ligand are shown in cyan, magenta and green for the pinnatoxin E, F and G complexes, respectively. 

Cys 190 and Cys 191 of the primary subunit are omitted for clarity. Hydrogen bonds between the ligand 

and receptor are shown as black dotted lines. For each complex, two different views, rotated by 

approximately 90
o
, are shown.  
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Figure 5-8 (previous page). . Interactions of pinnatoxins E (A, orange), F (B, green) and G (C, 

magenta)  with the α/ε binding interface of muscle-type nicotinic receptors. All amino acid side-chains 

within 4Å of the bound ligand are shown in cyan, magenta and green for the pinnatoxin E, F and G 

complexes, respectively. Cys 190 and Cys 191 of the primary subunit are omitted for clarity. Hydrogen 

bonds between the ligand and receptor are shown as black dotted lines. For each complex, two different 

views, rotated by approximately 90
o
, are shown. 
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5.4. DISCUSSION 
 

Molecular modelling techniques can be used to computationally model the docking 

of ligands to receptors in order to identify molecular determinants that are responsible for 

high affinity binding. In the current study, models were built around a template of a crystal 

structure of a molluscan acetylcholine binding protein in complex with 13-

desmethylspirolide C, a toxin that is structurally related to the pinnatoxins (Bourne et al., 

2010). This crystal structure not only provides an excellent template, but also provides 

insight into the types of interactions that are found in cyclic imine-nAChR complexes. 13-

desmethylspirolide C, as well as gymnodimine, display multiple hydrogen bonding 

interactions with the primary face of the binding site through the cyclic imine group, 

lactone side-chain and trispiroketal ring system. High surface complementarity and a 

deeply anchored conformation that is amenable to multiple binding interactions contribute 

to the high affinity of these toxins for the AChBP and, due to high sequence identity, 

presumably for nAChRs also. These toxin-AChBP complexes are therefore a valuable tool 

in molecular modelling of other cyclic imine toxin interactions with nAChRs. 

Limitations related to both ligand and receptor flexibility mean that the resulting 

docked models in this study are not an entirely accurate depiction of pinnatoxin binding 

and must be viewed as just one potential solution rather than a definitive representation of 

ligand-receptor interactions. However, the pinnatoxin-nAChR complexes that were 

generated did provide some insight into potential interactions within the binding site that 

may account for differential binding at different nAChR subtypes. 

All of the pinnatoxin isomers displayed multiple hydrogen bond interactions with the 

primary face of the α7 binding site. The H-bond constraint between the cyclic imine 

nitrogen molecule and Trp 147 positions the molecules in such a way that facilitates these 

multiple binding sites. Both pinnatoxin F and G are stabilised by interactions with their 

trispiroketal rings, which are absent in the pinnatoxin E complex. Pinnatoxin G is also able 

to interact with the complementary face through its C28 hydroxyl group, a group absent 

from the structures of pinnatoxins E and F. However, this lack of complementary face 

interactions is compensated for by primary face interactions with the carboxylic acid and 

lactone side-chains of pinnatoxin E and F, respectively. Pinnatoxin G lacks a side-chain 
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capable of these interactions. Binding data from competitive radioligand displacement 

studies at α7 receptors indicate that pinnatoxin F and G are roughly equipotent, with 

pinnatoxin E around half as potent as the other two isomers (Chapter 4). This order of 

potency is supported by the modelling data, with pinnatoxins F and G displaying multiple 

hydrogen bonds spread around the binding site and the toxin molecule, which stabilize the 

complexes more than the pinnatoxin E complex, which only displays hydrogen bonding 

(albeit weak) with Trp 147 and through the carboxylic acid side-chain.  

The α7 complexes generated in the current docking study can be compared with 

those generated for pinnatoxin A (Aráoz et al., 2011). The pinnatoxin A-α7 complexes 

show similarities with both pinnatoxin E/F complexes and with pinnatoxin G complexes. 

Pinnatoxin A, like pinnatoxin G, contains a C28 hydroxyl group that interacts with Gln 57 

from the complementary subunit. The carboxylic acid side-chain of pinnatoxin A also 

forms hydrogen bonds with Arg 186 and Tyr 188, as seen for pinnatoxin E and F 

complexes. Tyr 194 from the primary subunit stabilises the trispiroketal ring through a 

hydrogen bond with the hydroxyl group, an interaction that is again present in the 

pinnatoxin G complex. In the pinnatoxin F complex, this interaction is with Gln 192, 

which has no hydrogen bonding role in the pinnatoxin A complex. Overall, the pinnatoxin 

E, F and G complexes compare favourably with the pinnatoxin A complexes, which were 

generated using a similar modelling and docking paradigm (Aráoz et al., 2011).  

The complexes in which the pinnatoxins were docked into the two binding sites on 

the muscle-type receptor showed similar widespread interactions to those found in the α7 

receptor complexes. In α/δ complexes, pinnatoxins F and G were again stabilised by 

hydrogen bonds involving the imine group and the hydroxyl group on the trispiroketal 

ring. Pinnatoxin G also forms a hydrogen bond with Asp 57 from the complementary 

subunit, the equivalent residue to Gln 57 from α7. This is identical to the interaction in the 

pinnatoxin A complex with the Torpedo α/δ interface (Aráoz et al., 2011) The 

cyclohexenyl side-chains of pinnatoxins E and F also interact with the primary subunit as 

in α7 complexes. The pinnatoxin F lactone group interacts with Lys 143, an interaction 

also present in the previously described pinnatoxin A complex. For the pinnatoxin E 

complex this occurs through the Asp 168 residues from the variable loop F, and so this 

interaction must be viewed as only a possibility, due to multiple potential conformations of 

this loop region.  
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In the muscle-type α/ε complexes, there are fewer interactions between the ligands 

and receptors, although similar levels of interaction for each of the isomers. There are no 

interactions with any of the trispiroketal ring systems in the three complexes. The C28 

hydroxyl group on pinnatoxin G again interacts with the complementary face of the 

binding site, although the hydrogen bond is formed with Lys 33 rather than the residue at 

position 57 (a glycine residue, which is too short to form the interactions seen with 

Asp/Gln in the other complexes).  The side-chains of pinnatoxins E and F both form 

hydrogen bonds with Lys 143, with an extra interaction also present between Tyr 188 and 

Asp 198 for pinnatoxins E and F, respectively. Overall, there are a number of interactions 

between the α/δ and α/ε binding interfaces and pinnatoxins E, F and G, which corresponds 

to the similar potencies evident for the three isomers seen in binding studies using muscle 

homogenates (Chapter 4). However, in in vitro hemidiaphragm preparations pinnatoxin E 

is less potent than pinnatoxins F and G and is also the only isomer that is able to have its 

neuromuscular blocking activity reversed by washout out (even at high concentrations, see 

Chapter 2 and Hellyer et al., 2011). This may be a consequence of the lack of interactions 

between the receptors and the trispiroketal ring system of pinnatoxin E. The reason 

pinnatoxins F and G form interactions through this ring system whereas pinnatoxin E does 

not is unclear, given that all three isomers contain identical ring systems. The fact that 180 

conformers were generated for pinnatoxin E compared to the ~50 for pinnatoxins F and G 

suggests that the large carboxylic acid side-chain of pinnatoxin E can adopt many 

conformations. It may be that this bulky, mobile side-chain of pinnatoxin E forms a steric 

barrier, preventing this isomer from adopting a conformation that optimally interacts with 

the receptors through hydrogen bonding with the trispiroketal system.  

Pinnatoxin-α4β2 receptor complexes showed very few interactions between the 

ligands and receptor. The only hydrogen bond present in all three complexes was the 

constrained bond between Trp 147 and the imine nitrogen, apart from in the pinnatoxin E 

complex in which the carboxylic acid side-chain forms hydrogen bonds with Ser 37 and 

Ser 167 from the complementary beta subunit. This lack of interactions between the 

pinnatoxins and α4β2 receptors compared to the other nAChRs modelled in the current 

study does fit with ligand affinity data, which shows that pinnatoxins E, F and G are 

almost an order of magnitude less potent at α4β2 receptors (Ki values = 3-10nM) than at α7 

and muscle-type receptors (Ki values of 15-65pM) (Chapter 4). However, 3-10nM Ki 
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values still represent highly potent molecules, and thus it is unlikely that there are no 

interactions at the α/β binding interface.  

In a previous study, pinnatoxin A was found to be around 5-50 times less potent at 

α4β2 receptors compared to α7 and muscle-type receptors, and this lower potency was 

consistent with fewer interactions with the α4β2 receptor in molecular docking data (Aráoz 

et al., 2011). Despite there being fewer hydrogen bond interactions when compared to 

other receptors, pinnatoxin A-α4β2 complexes still exhibited five hydrogen bond contacts 

with the receptor through the trispiroketal ring, imine group and carboxylic acid side-

chain. However, in that pinnatoxin A docking study many protein side-chains in the 

binding site were made flexible in order to optimise the binding procedure. In the current 

study, most of the conserved residues were maintained in their rigid conformations, with 

flexibility added to 2-3 non-conserved residues for each binding site (e.g. Arg 186 on the 

primary subunit, position 57 on the complementary subunit). If flexibility is added to the 

side-chains of conserved residues in the α4β2 binding site, then many of the interactions 

seen with the pinnatoxin A complexes can be replicated for pinnatoxin E, F and G 

complexes (data not shown). It would appear then that a high level of side-chain flexibility 

is essential for pinnatoxin interactions at α4β2 receptors, despite this flexibility not being 

required for multiple ligand-receptor interactions at other nAChR subtypes.  

The decision not to make the side-chains of conserved residues flexible in the current 

study was based on the observation of multiple crystal structures of the AChBP in 

complexes with a range of both agonist and antagonist molecules (Bourne et al., 2010; 

Brams et al., 2011a; Brams et al., 2011b; Celie et al., 2004; Celie et al., 2005b; Hansen et 

al., 2005; Hibbs et al., 2009). Despite large movements of the Tyr 188 and Tyr 195 

residues (related to changes in C-loop position), most of the conserved aromatic residues 

of the AChBP binding site have almost identical conformations, regardless of whether the 

bound ligand is an agonist or antagonist (Figure. 5-9). This suggests that the conserved 

side-chains are positioned in these conserved conformations to best interact with nicotinic 

ligands, regardless of their mechanism of action. This conservation of side-chain 

conformation would be most relevant when modelling interactions at the α7 receptors, as 

these receptors show the highest sequence identity with the AChBP (Fruchart-Gaillard et 

al., 2002). It may be that other, less well conserved nAChR subtypes do exhibit side-chain 

flexibility at conserved residues, but without mutagenesis data to indicate which residues 

are important, choosing the side-chains to make flexible becomes an arbitrary process. 
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Therefore, in the current study it was decided to show consistency across models with 

regards to the lack of conserved residue flexibility. 

 

 

 

 

 

Figure 5-9. Aligned crystal structures of Aplysia AChBP in complex with methyllycaconitine (yellow, 

2BYR), 13-desmethylspirolide C (orange, 2WZY), epibatidine (cyan, 2BYQ), α-conotoxin PnIA 

(magenta, 2BR8), Anabaseine (green, 2WNL), tubocurarine (pink, 2XYT) and HEPES (white, 2BR7). 

Conserved residues from the primary and complementary faces are shown in stick representation. Most 

of these conserved residues adopt almost identical conformations in all of the crystal structures, with 

large movements only of those residues present on the mobile C-loop (Tyr 188 and 195, labelled in 

red).Position of the C-loop is indicated in transparent cartoon representation 
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 Another assumption made in the current study was the formation of a hydrogen 

bond between the nitrogen atom of the pinnatoxin cyclic imine group and the carbonyl 

oxygen of Trp 147 of the primary face of nAChR binding sites. This was not a constrained 

bond in binding studies with pinnatoxin A, however the pinnatoxin A conformers adopted 

positions that formed these bonds naturally (Aráoz et al., 2011). In order to reduce the 

number of possible binding conformations and to eliminate potential “badly docked” 

pinnatoxin E, F and G poses, the hydrogen bond constraint was put in place. This is 

supported by crystallographic data for a number of ligands binding to both Aplysia and 

Lymnaea AChBPs, in which agonists, antagonists and partial agonists all bind in such a 

way that a hydrogen bond is formed between a charged ligand nitrogen atom and the 

carbonyl oxygen of Trp 147 (Figure 5-10) (Bourne et al., 2010; Brams et al., 2011b; Celie 

et al., 2004; Hansen et al., 2005). It is thought that hydrogen bonding or π-cation 

interactions between a charged nitrogen and the conserved tryptophan residue is an 

essential feature for interaction of ligands with nAChRs, along with hydrogen bond 

acceptors, π-systems and steric interactions (Romanelli et al., 2007). 

 

 

 

 

 

 

 

 

 

Figure 5-10. Aligned crystal structures of the conserved Trp 147 residue from Aplysia and Lymnaea 

AChBP in complex with methyllycaconitine (yellow, 2BYR), 13-desmethylspirolide C (orange, 2WZY), 

epibatidine (cyan, 2BYQ), acetylcholine (green, 2XZ5) and tubocurarine (pink, 2XYT). Charged 

nitrogen atoms (dark blue) from each of the ligands are shown in stick representation. All of the 

charged nitrogen atoms lie within hydrogen bond distance (~3-4Å) of the carbonyl oxygen of Trp 147 

(circled in red). 
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5.5. CONCLUSION 
 

The aim of the current molecular modelling work was to use models of various 

nicotinic acetylcholine receptors in docking studies with pinnatoxin E, F and G conformers 

to determine potential binding modes of these toxins in the receptors. The resulting 

pinnatoxin-nAChR complexes were then used to examine molecular determinants involved 

in ligand-receptor interactions, as well as to identify differences in both the toxins and 

receptors that could account for the different affinities for the pinnatoxin isomers at the 

different receptors. Problems with the flexibility of the macrocyclic pinnatoxins were 

overcome by adopting the same approach used in a recent study involving pinnatoxin A 

docking, in which pinnatoxin conformers were built around an experimentally determined 

cyclic imine scaffold in order to mimic crystallographically determined conformations 

(Aráoz et al., 2011). α7 and α4β2 nicotinic receptors, as well as the α/δ and α/ε binding 

interfaces from muscle-type receptors were modelled using a cyclic imine-bound AChBP 

template to optimise the binding site for pinnatoxin docking. Despite complications 

involving the flexibility of the receptor models, pinnatoxins E, F and G showed multiple 

interactions with α7 receptors and α/δ and α/ε muscle-type binding interfaces, with these 

interactions correlating with the potency of each isomer at these receptors as determined 

previously by radioligand binding assays. Modelling of pinnatoxin interactions at the 

binding interface of α4β2 receptors revealed few interactions with all three isomers, a 

pattern that was again predicted by radioligand binding data. 
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Pinnatoxins were initially discovered in shellfish in China in 1990, with the isolation of 

pinnatoxin A from the prickly pen shell Pinna muricata (Zheng et al., 1990). Initial reports 

linked this pinnatoxin to human food poisoning incidences, but these outbreaks have since 

been linked to bacterial contamination. Pinnatoxins B, C and D were subsequently isolated 

from the same species, with the most recently discovered E, F and G isomers identified and 

isolated almost 20 years later in shellfish from New Zealand and Australia (Chou et al., 1996; 

Selwood et al., 2010; Takada et al., 2001a). This coincided with the isolation and taxonomic 

identification of the dinoflagellate origin of the pinnatoxins, the benthic dinoflagellate species 

Vulcanodinium rugosum (Nézan & Chomérat, 2011). This pinnatoxin producing species, as 

well as the pinnatoxins themselves, have since been found to have a worldwide distribution. 

Although no human toxicity has been linked to the pinnatoxins, or any related cyclic imine 

toxins, they cause what is described as a “fast acting, all-or-nothing” response in rodent 

bioassays, indicating that they are extremely toxic (Munday, 2008; Munday et al., 2012). 

Also, in contrast to most other toxins, the pinnatoxins are highly toxic when administered 

orally, both via gavage and voluntary feeding, which suggests that they are able to be 

absorbed from the gut.  Thus their lack of human toxicity may not be due to a lack of efficacy, 

but rather to the fact that contaminated shellfish are usually identified via monitoring 

processes and therefore aren’t consumed by humans.  

Despite being discovered almost 25 years ago, very little was known about the toxicity 

and biological mechanism of action of the pinnatoxins at the initiation of this study. Based on 

in vivo symptoms of toxicity and early work in our lab that showed that pinnatoxins E and F 

block neuromuscular transmission in vitro, nicotinic receptor antagonism was suggested as a 

likely mechanism of action for the pinnatoxins (Hellyer et al., 2011; Selwood et al., 2010). 

This mechanism has been well established for other, structurally related cyclic imine toxins 

such as spirolides and gymnodimine (Bourne et al., 2010; Kharrat et al., 2008). As the current 

study was being undertaken, pinnatoxin A was also found to bind to and antagonise a variety 

of nicotinic receptors (Aráoz et al., 2011). However, no information exists as to the 

mechanism of action or relative in vitro potencies of pinnatoxins E, F and G, which are 

arguably the most important isomers in an Australasian context, as these are the isomers 

produced in the highest quantities by New Zealand, Australian and Japanese strains of V. 

rugosum (Rhodes et al., 2011a; Rhodes et al., 2011b; Smith et al., 2011). As such, the major 

goal of this thesis was to identify the potencies and mechanism of action of pinnatoxins E, F 

and G using in vitro tissue preparations, with a focus on nicotinic receptor antagonism. Once 
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this mechanism was established, pinnatoxin E, F and G binding affinities and structure-

activity relationships were investigated using radioligand binding assays to determine the 

affinity of these three isomers for a number of nicotinic receptor subtypes. 

 

6.1. GENERAL DISCUSSION 
 

The second chapter of this thesis assessed the effects of pinnatoxins E, F and G on the 

nerve-evoked twitch response in an in vitro rat phrenic nerve-hemidiaphragm organ bath 

preparation. Pinnatoxins E, F and G all produced a concentration-dependent reduction in the 

nerve-evoked twitch response, with the relative order of potency F > G > E (IC50 values of 

53.9nM, 11.3nM and 19.1nM, respectively) (Figure 6-1). In agreement with this order of 

potency, the neuromuscular block caused by pinnatoxins F and G was only able to be reversed 

by washout at low concentrations (<25nM), whereas the pinnatoxin E neuromuscular block 

was reversed at all concentrations within 1 hour of washout. At high concentrations that 

caused a complete abolition of the nerve-evoked twitch response, none of the pinnatoxins 

affected the slow contractile response of the muscles to the depolarising agent KCl, indicating 

a lack of direct myotoxicity.  

 

 

 

 

 

 

 

 

 

Figure 6-1. Concentration-response curves for the inhibition of the nerve-evoked twitch response by 

pinnatoxins E, F and G in an in vitro rat hemidiaphragm preparation 
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These findings regarding the relative functional in vitro potencies of pinnatoxins E, F 

and G are comparable to the relative in vivo potencies, in which pinnatoxin F is more potent 

than pinnatoxins G and E (which are roughly equipotent; Munday et al., 2012; Selwood et al., 

2010). The lack of effect of the pinnatoxins on the contractile machinery of the muscles is 

also in agreement with previous studies, in which pinnatoxins E and F reduced nerve-evoked 

compound muscle action potentials (CMAPs) without affecting direct muscle evoked CMAPs 

(Hellyer et al., 2011). Taken together, these data indicate that pinnatoxins E, F and G bind 

with high affinity to a site at the neuromuscular junction (NMJ), blocking neurotransmission 

and producing paralysis and death via respiratory depression when administered in vivo. 

In order to identify whether this NMJ pinnatoxin binding site was pre- or post-synaptic, 

the effects of pinnatoxins F and G on intracellular electrophysiological recordings taken from 

the NMJs of paralysed hemidiaphragm preparations were assessed. Pinnatoxins F and G 

caused a dose-dependent reduction in miniature endplate potential (mEPP) amplitude, without 

affecting mEPP frequency or the resting membrane potential of the muscle fibres. The two 

pinnatoxin isomers also reduced the amplitude of evoked endplate potentials, abolishing 

responses within 15-30 minutes at 25nM. These results are similar to the effects of the 

structurally related cyclic imine toxin gymnodimine on mEPP/EPP amplitude and frequency 

at the rodent NMJ, and are indicative of post-synaptic blockade of muscle-type nicotinic 

receptors (Kharrat et al., 2008).  

In vitro rat ileal preparations were also used to broadly test the potential anti-muscarinic 

effects of pinnatoxins F and G. Acetylcholine concentration-response curves were right-

shifted by pinnatoxin F, but not pinnatoxin G, when the toxins were present at 1µM, a 

concentration much higher than their IC50 value for affecting nicotinic receptors. This lack of 

pinnatoxin G effect may be due to insufficient concentration, or may reflect structural 

differences between the two isomers. Pinnatoxin F contains a lactone group as its cyclo-

hexenyl side-chain, which appears to be important in determining its affinity at nicotinic 

receptors due to the differences in potency between it and pinnatoxin E (Selwood et al., 

2010). This is also supported by the recent discovery of pinnatoxin H, which contains the 

same macrocyclic backbone as pinnatoxin F, but has the ethenyl sidechain of pinnatoxin G, 

and shows a similar potency to pinnatoxin E in rodent bioassays (Selwood et al., 2014). This 

lactone side-chain may also confer a higher affinity for muscarinic receptors. This is 

supported by the observation that pinnatoxin A, which does not have a lactone side-chain, 

does not bind to muscarinic receptors whereas the structurally related 13-desmethylspirolide 
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C, which has the same lactone side-chain as pinnatoxin F, binds to and antagonises 

muscarinic receptors (Aráoz et al., 2011; Wandscheer et al., 2010). The physiological 

implications of the slight, but statistically significant, shift in ACh EC50 value caused by 

pinnatoxin F is not clear, especially considering the high concentration at which it occurs. 

The high potency of pinnatoxin F at the mammalian neuromuscular junction and its 

apparent antagonism of muscle-type nicotinic receptors led us to attempt to directly visualise 

pinnatoxin binding to these receptors. This led to the third chapter of this thesis, in which a 

fluorophore was conjugated to an aminated pinnatoxin F derivative in order to produce a 

fluorescent probe for nicotinic receptor binding. This fluorophore-toxin conjugate (PnTx-F-

Sp1- VivoTag®) was then incubated with muscle sections from thy-1 YFP mice, whose 

motor nerves express a yellow fluoresecent protein and can be visualised by fluorescence 

microscopy. The addition of both the aminated side-chain and the fluorophore reduced the in 

vivo and in vitro potency of pinnatoxin F, but PnTx-F-Sp1- VivoTag® still retained some in 

vitro neuromuscular blocking activity and in vivo toxicity. The replacement of the lactone 

side-chain of pinnatoxin F with the extended amine side-chain reduced the toxicity to a level 

similar to pinnatoxin E, again indicating that this lactone side-chain is an important structural 

moiety for the high affinity binding of pinnatoxin F. A reduction in toxicity after the addition 

of a fluorophore has been seen previously in similar studies with other nicotinic ligands 

(Anderson & Cohen, 1974; Grandl et al., 2007; Shelukhina et al., 2009).  

 PnTx-F-Sp1- VivoTag® fluorescent signals were co-localised with the YFP signals in 

the muscle sections but were not overlapping, suggestive of binding to a post-synaptic site. 

Very little non-specific (i.e. not co-localised) fluorescence was observed. Nicotinic receptor 

binding was confirmed by a 90% reduction in PnTx-F-Sp1-VivoTag® signals when muscles 

were pretreated with the known nicotinic receptor antagonist, α-bungarotoxin. Pre-treatment 

with either pinnatoxin F or pinnatoxin G also reduced PnTx-F-Sp1-VivoTag® fluorescence, 

confirming that the fluorophore-conjugated pinnatoxin was binding at the same site as the 

native toxins.  These data are supportive of recent binding studies at Torpedo receptors that 

show both pinnatoxin A and G bind to muscle-type nicotinic receptors (Aráoz et al., 2011; 

Hess et al., 2013).  

With muscle-type nicotinic receptor binding confirmed as a mechanism of action for the 

pinnatoxins, Chapter 4 of this thesis focused on determining the binding affinities for 

pinnatoxins E, F and G at both muscle-type and neuronal nAChRs. Competition radioligand 
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binding studies were carried out in brain and muscle homogenates using radiolabelled 

epibatidine and bungarotoxin for heteromeric neuronal receptors and homomeric 

neuronal/muscle-type receptors, respectively. Pinnatoxins E, F and G produced concentration-

dependent inhibition of [
3
H]-epibatidine binding to nAChRs in a rat cortical synaptosomal 

membrane preparation, with competition binding curves conforming to a two-site model for 

all isomers (Figure 6-2A, Table 6-1). The high affinity site showed picomolar affinities, with 

the low affinity site having IC50 values in the nanomolar range. The rank order of potency for 

both was pinnatoxin F > G > E. In the presence of cytisine, a potent α4β2 agonist, the low 

affinity pinnatoxin binding site was affected, indicating that this site corresponds to 

pinnatoxin binding to α4β2 receptors. Pinnatoxins E, F and G also produced concentration-

dependent inhibition of [
125

I]-α-bungarotoxin binding to nAChRs in rat cortical synaptosomal 

membranes and rat muscle preparations, indicative of pinnatoxin binding to α7 and muscle-

type nAChRs, respectively. In cortical tissue, competition binding curves conformed to 

single-site models, with muscle tissue binding curves displaying two site models, and 

displaying picomolar binding affinities for all three isomers (Figure 6-2B & C, Table 6-1). 

The rank order of potency for α7 receptors was pinnatoxin F > G > E, although for muscle-

type receptors the inhibition constants were almost equivalent for all isomers.  

The data from binding studies support a rank order of potency of pinnatoxin F > G > E 

for nicotinic receptors, as seen in Chapter 2 of this thesis and similar to in vivo toxicity data (F 

> G ≈ E) (Munday et al., 2012; Selwood et al., 2010). It also demonstrates that pinnatoxins E, 

F and G bind with high affinity to a wide variety of nAChR subtypes, not just muscle-type 

receptors. Other cyclic imine toxins, including pinnatoxin A, have been found to bind to a 

number of nAChR subtypes, including the α7, α4β2 and muscle-type receptors investigated 

here (Aráoz et al., 2011; Bourne et al., 2010; Hauser et al., 2012; Kharrat et al., 2008). 

Pinnatoxins E, F and G had a higher affinity for muscle-type receptors and α7 receptors than 

α4β2, with their affinity at muscle-type receptors around 2-3 times higher than α7. This is in 

contrast to pinnatoxin A, which has an affinity profile of α7 > muscle-type > α4β2. This 

affinity profile is also true for gymnodimine and 13-desmethylspirolide C (Bourne et al., 

2010; Hauser et al., 2012; Kharrat et al., 2008). However, many of these studies involved 

Torpedo receptors, so it may be that species differences play a role in the affinity profiles of 

cyclic imines for various nAChRs.  
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Figure 6-2. (A) Composite graph showing competitive i  nhibition of [
3
H]-epibatidine binding to nAChRs 

in a rat cortical synaptosomal membrane preparation by pinnatoxins E, F and G. (B) Composite graph 

showing competitive inhibition of [
125

I]-α-bungarotoxin binding to nAChRs in a rat cortical synaptosomal 

membrane preparation by pinnatoxins E, F and G. (C) Composite graph showing competitive inhibition of 

[
125

I]-α-bungarotoxin binding to nAChRs in a rat skeletal muscle membrane preparation by pinnatoxins E, 

F and G. Data are expressed as percentage of specific binding of each radiolabel. Data points represent 

mean ± SEM of 5-6 experiments performed in triplicate.  
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Table 6-1.  Relative binding affinities of pinnatoxins E, F and G at various nicotinic receptor subtypes. 

Concentration-response curves were generated for each toxin and IC50 values were estimated from 

regression formulas. KI values were calculated as described in Chapter 4. 

 

 

The fifth chapter of this thesis focused on the molecular determinants for pinnatoxin 

binding to the nicotinic receptors investigated in Chapter 4. Molecular modelling techniques 

were employed to build homology models of the muscle-type, α7 and α4β2 using an AChBP 

template. Conformer libraries of pinnatoxins E, F and G were generated using 

crystallographically determined cyclic imine conformations as a guide for torsion restraints on 

parts of the molecules. These conformers were then docked into the binding interfaces at the 

various receptor models in order to determine ligand-receptor interactions that may play a role 

in pinnatoxin binding. Multiple hydrogen bond interactions were observed in α7 and muscle-

type complexes for all three isomers, with pinnatoxin E interactions appearing to be weaker 

than the other isomers. This supports the lower affinity of pinnatoxin E for these receptors 

compared to pinnatoxins E and F (Chapter 4). Pinnatoxin-α4β2 complexes had few 

interactions apparent, which supports the low affinity of the pinnatoxins for this receptor 

evident from binding studies performed by us and others (Aráoz et al., 2011). The interactions 

between the pinnatoxins and the models were comparable to those seen in both 

crystallographic studies of cyclic imines and molecular modelling of pinnatoxin A binding to 

nAChRs (Aráoz et al., 2011; Bourne et al., 2010). These molecular modelling studies carried 

out with conformers of pinnatoxin A revealed that the degree of interactions evident in the 

Isomer Affinity for α4β2 

receptors  

(KI nM) 

 

 

Affinity for 

α7 receptors  

(KI pM) 

 

Affinity for muscle-type 

receptors  

(KI pM) 

 
 

Pinnatoxin E 

 

10.5 

 

65.1 

 

17.3 

    

Pinnatoxin F 3.08 25.1 14.7 

    

Pinnatoxin G 8.06 36.6 16.1 
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docked pinnatoxin-nAChR complexes correlated with the binding and functional potencies of 

pinnatoxin A at these receptors, a trend also apparent in the current results. However, the 

flexibility of both the receptors and ligands mean that the docking results from any molecular 

modelling study cannot be viewed as a definitive picture of ligand-receptor interactions.  
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6.2. FUTURE DIRECTIONS 

6.2.1. Functional antagonism assays using expressed neuronal 

nAChRs 
 

While the results in this thesis indicate that pinnatoxins E, F and G bind to and 

antagonise muscle-type receptors, as far as neuronal receptors are concerned the data 

collected only regards binding. Evidence of functional antagonism at neuronal receptors is 

required to make any conclusions about the actions of the pinnatoxins at these receptors. 

Pinnatoxin A has been shown to both bind to these receptors as well as antagonise ACh 

induced currents in α7 and α4β2 receptors expressed in human embryonic kidney (HEK) cells 

(Aráoz et al., 2011). Gymnodimine and 13-desmethylspirolide C also bind to and antagonise 

ACh currents in neuronal nAChRs (Bourne et al., 2010; Kharrat et al., 2008). A previous 

study indicated that pinnatoxin E and F had no effect on hippocampal gamma-oscillations, an 

α7 nAChR-mediated phenomenon (Hellyer et al., 2011). However, functional antagonism of 

ACh induced currents at isolated receptors would be a more sensitive and reliable assay than 

an indirect, mediated-response assay.  

Traditional expression systems use purified cDNA of the various receptor subunits 

injected into host cells such as Xenopus oocytes or HEK cells. However these paradigms rely 

on the expression cell to assemble the receptors, which may occur in a manner different from 

the normal physiological process. A process called microtransplantation avoids these issues 

by directly injecting tissue homogenates into the expression system (Bernareggi et al., 2011; 

Eusebi et al., 2009; Miledi et al., 2004; Miledi et al., 2006). This essentially incorporates 

membrane fragments, rather than the isolated receptor subunits, resulting in the expression of 

fully assembled receptors along with any associated proteins from the tissue of origin. This 

process has been shown to support the expression of muscle-type receptors (Bernareggi et al., 

2011). However, neuronal receptors may provide a challenge due to the large number of 

widely varying subtypes expressed in neuronal tissues. While the receptors of interest for us 

(α7 and α4β2) exhibit the highest CNS expression, the contribution of other receptor subtypes 

to ACh induced currents would confound the results unless each subtype was selectively 

blocked by a cocktail of nicotinic antagonists. Therefore, in the context of neuronal receptors, 

traditional cDNA-type expression systems may be the most straightforward and reliable 
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method. A collaboration with a laboratory at the University of New South Wales is underway 

in order to test the effects of pinnatoxins E, F and G on ACh induced currents in α7 and α4β2 

nAChR expression systems. 

 

6.2.2. Muscarinic receptor assays 
 

The effect of pinnatoxin F on ACh concentration-response curves in in vitro rat ileum 

preparations indicated that this isomer may have some anti-muscarinic effects (Chapter 2). In 

contrast, a previous study indicated that pinnatoxin A had no significant effect on the binding 

of the radioligand [
3
H] NMS to M1-M5 muscarinic receptors expressed in Chinese Hamster 

Ovary cells (Aráoz et al., 2011).  Muscarinic receptor antagonism was initially postulated as a 

main mechanism of action for the closely related spirolide toxins due to observations that 

muscarinic agonists and antagonists could respectively decrease or increase the time to death 

after spirolide administration, and that muscarinic receptor M1, M4 and M5 gene expression 

was upregulated (Gill et al., 2003; Richard et al., 2001). 13-desmethylspirolide C has 

subsequently been shown to bind to and antagonise M3 mAChRs expressed in neuroblastoma 

cell lines (Wandscheer et al., 2010). A lactone side-chain, which is present in both pinnatoxin 

F and 13-desmethylspirolide C, appears to be necessary for anti-muscarinic activity of cyclic 

imine toxins. Similar assays to those used in the spirolide and pinnatoxin A studies could be 

employed to determine the effect of pinnatoxin F (and perhaps E and G at higher 

concentrations) on muscarinic receptors. The neuroblastoma BE(2)-M17 cell line has a 

muscarinic receptor-mediated, ACh-induced Ca
2+

 signal that can be used to measure 

functional antagonism of the muscarinic receptors (Cagide et al., 2007). Binding of specific 

radioligands such as NMS or QNB can be used to assess binding affinity.   

 

6.2.3. Ensemble docking molecular modelling studies or 

crystallography 
 

The molecular modelling studies done as part of this thesis were limited by the inherent 

flexibility of both the ligands and the nicotinic receptors. Assumptions were made based on a 

recently published pinnatoxin A modelling study, in which conformers of the pinnatoxins 
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were built with torsion restraints in order to limit the conformers to those that fit the structures 

of cyclic imines in crystal complexes with AChBPs (Aráoz et al., 2011; Bourne et al., 2010). 

The receptor models were also built using the crystal structures of the AChBPs in complex 

with these toxins in order to have the highly flexible C-loop in a position amenable to 

pinnatoxin docking. This assumption was made based on the similar size/shape of the 

pinnatoxins to the spirolides/gymnodimine present in the crystal structure. However, given 

the flexibility of this loop means that a more accurate way to model the pinnatoxin-nAChR 

interactions would be through ensemble docking, in which a range of receptor models are 

built with the C-loop in different positions (Sander et al., 2010). Conversely, the inherent 

problems with molecular modelling could be avoided by simply obtaining crystal structures of 

the pinnatoxins in complex with nAChRs. Due to solubility issues, surrogate receptors would 

have to be used in place of the actual receptors, but AChBP crystals are readily obtainable and 

have been used to determine ligand-receptor interactions of other cyclic imine toxins (Bourne 

et al., 2010). Determination of the binding contacts through crystallography or modelling is 

important in the potential utilisation of pinnatoxins as specific ligands, or even therapeutics, at 

neuronal nicotinic receptors, as knowledge of these interactions allows manipulation of 

pinnatoxin structures to increase specificity.  

6.2.4. Possible pharmacological value of pinnatoxins E, F and G 
 

Given the high potency of these three pinnatoxin isomers at muscle-type receptors and 

their neuromuscular blocking actions, any possible pharmacological use of these toxins is 

limited in their current form. However, they could be used as lead compounds in the search 

for nicotinic ligands to treat a number of diseases. Both gymnodimine and 13-

desmethylspirolide C have effects in Alzheimer’s disease models in vitro, decreasing 

intracellular amyloid accumulation and tau hyperphosphorylation (Alonso et al., 2011a; 

Alonso et al., 2011b). Pinnatoxin G has beneficial effects on cancer cells in vitro, reducing 

cell viability at high concentrations (S. Baird, personal communication). While the in vivo 

applications are obviously limited by the muscle-type nAChR antagonism of these toxins, 

structure-activity relationships and modelling studies at the various receptors could lead to 

refinement of structures that will impart high specificity to cyclic imine derivatives such as 

pinnatoxins E, F and G. Crystallography or mutagenesis studies in expressed receptors would 

facilitate the translation of pinnatoxins from toxic natural products to potential therapeutics 

for disease states in which nicotinic receptors play a role. 
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6.3. CONCLUSION 
 

In conclusion, the work presented in this thesis has demonstrated that pinnatoxins E, 

F and G are potent nicotinic receptor antagonists. They bind to and antagonise muscle-type 

receptors with high affinity, indicating that this is the mechanism behind the respiratory 

depression that ultimately causes death in animals administered these toxins in vivo. 

Pinnatoxins E, F and G also bind with high affinity to neuronal subtypes of nicotinic 

receptors, specifically the α7 and α4β2 subtypes, indicating a lack of specificity for these 

toxins within the nAChR family of receptors. Despite inherent limitations within the 

methodology, molecular modelling studies have revealed possible important toxin-receptor 

interactions for these three pinnatoxin isomers, and indicate that these toxins bind with 

high affinity due to multiple interactions with aromatic amino acid side-chains within the 

ligand binding site of nAChRs. 

Data pertaining to the toxicity and mechanism of action of pinnatoxins E, F and G 

are important in a regulatory sense, given that these isomers have been found in shellfish 

both in Australasia, and at various sites worldwide. There are currently no regulations 

surrounding levels of pinnatoxins in commercial aquaculture sites, and information such as 

that revealed in this thesis may help to inform regulatory agencies. These toxins may also 

be usable as lead compounds for new tools or therapeutics to examine or treat various 

pathological states that involve nicotinic receptor dysfunction. 
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Figure A.1- The effect of increasing protein and bovine serum albumin (BSA) concentration on the 

specific binding of [
125

I]α-bungarotoxin to rat cortical homogenates. Varying amounts of homogenate 

protein were incubated with 2nM [
125

I]α-bungarotoxin in the (A) absence or presence of (B) 0.1% w/v 

or (C) 0.3% w/v BSA for 2 hours. Non-specific binding was defined as the amount of bound radiolabel 

measured in the presence of 1μM cold α-bungarotoxin. Specific binding was calculated by subtracting 

non-specific binding from total binding. Numbers within the figures indicate the percentage of specific 

binding at each protein concentration. All points represent one experiment conducted in triplicate. 
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Figure A.2- The effect of increasing protein on the specific binding of [
3
H]epibatidine to rat cortical 

homogenates. Varying amounts of homogenate protein were incubated with 0.5nM [
3
H]epibatidine for 

4 hours. Non-specific binding was defined as the amount of bound radiolabel measured in the presence 

of 100μM cold nicotine. Specific binding was calculated by subtracting non-specific binding from total 

binding. All points represent the mean ± SEM of 2-3 experiments, each conducted in triplicate. 
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Appendix B 
1        10        20        30        40        50        60   

AChBP HSQANLM-RLKSDLFNRSPMYPGPTKDDPLTVTLGFTLQDIVKADSSTNEVDLVYYEQQRWKLNS 

α7  EFQRKLYKELVKN--YNPLERPVANDSQPLTVYFSLSLLQIMDVDEKNQVLTTNIWLQMSWTDHY 

α4  HAEERLLKKLFSG--YNKWSRPVANISDVVLVRFGLSIAQLIDVDEKNQMMTTNVWVKQEWHDYK 

α1  NEHETRLVAKLFKDYSS-VVRPVGDHREIVQVTVGLQLIQLINVDEVNQIVTTNVRLKQQWVDYN 

β2  DTEERLVEHLLDPSRYNKLIRPATNGSELVTVQLMVSLAQLISVHEREQIMTTNVWLTQEWEDYR 

δ   NEEQRLIQHLFEEKGYNKELRPVARKEDIVDVALSLTLSNLISLKEVEETLTTNVWIDHAWIDSR 

ε  NEELSLYHHLFDN-—YDPECRPVRRPEDTVTITLKVTLTNLISLNEKEETLTTSVWIGIEWQDYR 

                                                                                                                                 Loop D(-) 
     

 

    70        80        90        100        110      120       130 

LMWDPNEYGNITDFRTSAADIWTPDITAYSST-RPVQVLSPQIAVVTHDGSVMFIPAQRLSFMCDPTGVDS 

LQWNVSEYPGVKTVRFPDGQIWKPDILLYNSADERFDATFHTNVLVNSSGHCQYLPPGIFKSSCYIDVRWF 

LRWDPADYENVTSIRIPSELIWRPDIVLYNNADGDFAVTHLTKAHLFHDGRVQWTPPAIYKSSCSIDVTFF 

LKWNPDDYGGVKKIHIPSEKIWRPDVVLYNNADGDFAIVKFTKVLLDYTGHITWTPPAIFKSYCEIIVTHF 

LTWKPEEFDNMKKVRLPSKHIWLPDVVLYNNADGMYEVSFYSNAVVSYDGSIFWLPPAIYKSACKIEVKHF 

LQWNANEFGNITVLRLPSDMVWLPEIVLENNNDGSFQISYACNVLVSDSGHVTWLPPAIFRSSCPISVTYF 

LNFSKDDYEGGSVSWLPPAIYRSTCAVEVTYFPFDWQNCSLIFFAGVEILRVPSEHVWLPEIVLENNIDGQ 

                                         Loop A(+)                        Loop E(-) 

 

    140       150       160                   170       180       190 

E-EGATCAVKFGSWVYSGFEIDLKTDTD------------QVDLSSYYASSKYEILSATQTRQVQHYSCCP 

PFDVQHCKLKFGSWSYGGWSLDLQMQEA--------------DISGYIPNGEWDLVGIPGKRSERFYECCK 

PFDQQNCTMKFGSWTYDKAKIDLVNMHS------------RVDQLDFWESGEWVIVDAVGTYNTRKYECCA 

PFDEQNCSMKLGTWTYDGSVVAINPESD------------QPDLSNFMESGEWVIKEARGWKHWVFYSCCP 

PFDQQNCTMKFRSWTYDRTEIDLVLKSE------------VASLDDFTPSGEWDIVALPGRRNENP---DD 

PFDWQNCSLKFSSLKYTAKEIRLSLKQEEEDNRSYPIEWIIIDPEGFTENGEWEIVHRAAKVNVDPSVPMD 

FGVAYDCNVLVRSQTYNAEEVELIFAVDDDGNAAINKIDI--DTAAFTENGEWAIDYCPGMIRHYEGGSTE 

      Loop B(+)     Loop F (-)            Loop C(+) 

 

   200 

EP-YIDVNLVVKFRERR/ 

EP-YPDVTFTVTMRRRT/ 

EI-YPDITYAFVIRRLPL/ 

NTPYLDITYHFVMQRL/ 

ST-YVDITYDFIIRRKP/ 

STNHQDVTFYLIIRRKP/ 

DPGETDVIYTLIIRRKP/ 

 

Figure B.1- Sequence alignment for Aplysia AChBP and the nAChRs built by homology modelling in 

Chapter 5. Residues that are conserved in all the sequences are highlighted in black, with those 

conserved in all but one of the sequences highlighted in grey. Conserved residues from the primary (α-

subunits) and complementary (a7, β, δ and ε) faces of the ACh binding site are highlighted in yellow 

and blue respectively (note that the AChBP and the epsilon subunit have poor conservation of these 

complementary face binding site residues). 


