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ABSTRACT

N'-coumaroyl spermidine (NlCSpd) is a plant derived chemical which is proposed to

belong to a class of low molecular weight neuroactive substances called phenolic polyamines.

NlCSpd is stnicturally similar to glutamate receptor blocking toxins found in certain spiders and

wasps, such as JSTX-3 and NSTX-3 found in Nephila spiders.

The goal of the present study was to determine if plant-derived phenolic polyamines act

like other structurally related chemicals found in Arthropod venoms, such as JSTX-3, and

whether they can be classified in the same pharmacological group as the spider and wasp toxins.

A comparison was made to determine the relative potencies of various phenolic polyamines fi-om

plants and insect venoms. This comparison was done by measuring the effect of various

concentrations ofNlCSpd on the amplitude of excitatory postsynaptic potentials (EPSPs) elicited

in muscle of the crayfish Proccanbarus clarkii. NlCSpd was also tested on L-glutamate induced

potentials to determine if a postsynaptic component to sj^naptic block occurs.

NlCSpd and an analogue with an a longer polyamine chain, NlCSpm, blocked EPSPs in a

dose dependent manner, NlCSpd having an IC50 of lOOnM. NlCSpd also blocked L-glutamate

induced potentials. The two main components ofthe NlCSpd molecule alone are insufficient for

activity.

NlCSpd acts postsynaptically by interfering with crayfish glutamatergic synaptic

transmission, likely blocking glutamate receptors by interacting with the same site(s) as other

phenolic polyamines. Certain moieties on the polyamines molecule are necessary for activity while

others are not.
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1.0 INTRODUCTION

N*-coumaroyl spermidine (NlCSpd) is a plant derived chemical (Bokem et al., 1995;

Martin-Tanguy et al., 1978; Smith et al., 1983) which is proposed to belong to a class of similarly

acting, low molecular weight, neuroactive substances that will be referred to as phenolic

polyamines in this thesis. This chemical, NlCSpd, has recently been synthesized in Dr. J.

Atkinson's lab at Brock University. Phenolic polyamines found in plants have structural

similarities to those found in the venoms of certain spiders and wasps such as Nephila clavata and

Nephila maculata (Mercier et al., 1998). Figure 1 compares the structures ofthe phenolic

polyamines found in plants that have been tested, and two ofthe phenolic polyamines found in the

Nephila venoms, JSTX-3 and NSTX-3.

The Nephila clavata spider which inhabits Japan, uses its phenolic polyamine, joro spider

toxin (JSTX-3), to paralyse its insect victims. JSTX-3 blocks glutamatergic synapses, inhibiting

neuromuscular transmission of signals, thus causing flaccid paralysis (Abe et al., 1983;

Blagbrough et al., 1990; Bruce et al, 1990; Jackson and Usherwood, 1988). In other words this

toxin interferes with the ability of the nerve to stimulate its muscle. The high degree of structural

homology between plant derived phenolic polyamines and those found in arthropod venoms, such

as JSTX-3, has led to the hypothesis that phenolic polyamines are used by plants in chemical

defence mechanisms (Mercier et al., 1998).

The aim ofthe present study was to determine if plant-derived phenolic polyamines act

like other structurally related chemicals found in Arthropod venoms, such as JSTX-3, and

whether they can be classified in the same pharmacological group as the spider and wasp toxins.
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Nr.

Figure 1 Phenolic Polyamine Structures

Phenolic Polyamines in plants such as coumaroyl putrescine, N*-coumaroyl spermidine,

N'-coumaroyl spermidine, and N*-coumaroyl spermine, are structurally similar to phenolic

polyamines found in certain Arthropod venoms such as Joro Spider Toxin (JSTX-3), and Nephila

Spider Toxin (NSXT-3).
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In addition, a comparison was made to determine the relative potencies ofvarious phenolic

polyamines from plants and insect venoms. This comparison was done by measuring the effect of

various concentrations ofNlCSpd on the amplitude of excitatory postsynaptic potentials (EPSPs)

elicited in muscle ofthe crayfish Procambarus clarkii, estimating the value ofthe IC50 for this

effect, and comparing the results to published data on similar preparations. Crayfish exoskeletal

muscles have been shown to be sensitive to the effects of phenolic polyamines (Aonuma et al.,

1998; Araque et al., 1992; Araque et al., 1994; Mercier et al., 1998). Effects on membrane

potential responses elicited through iontophoretic application ofthe neurotransmitter glutamate

were also examined to determine if a postsynaptic blocking mechanism exists. It was hypothesized

that NlCSpd would antagonize EPSPs by blocking glutamatergic synapses in a similar manner to

JSTX-3. It was also hypothesized that NlCSpd would have a lower potency because ofthe fewer

nitrogen groups in the polyamine chain.
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2.0 STRUCTURES- Chemical and Anatomical

2.1 Phenolic Polyamines

In 1957 Fischer & Bohn (cited by Blagbrough and Usherwood, 1990) showed that a

number of spider venoms contained both spermine and an aromatic chromophore, and in 1967,

Gilbo & Coles (cited by Blagbrough and Usherwood, 1990) determined that spermine was

associated with these aromatic chromophores in the Sydney funnel web spider. In 1987,

Hashimoto and colleagues, were the first to synthesize a naturally occurring phenolic polyamine,

JSTX-3, which had been My characterized the year before by Aramaki et al. (1986), revealing a

structure comprised oftwo main parts, a phenolic group and a polyamine tail or chain. Figure 2

contains some ofthe structures of phenolic polyamines found in Arthropod venoms. Phenolic

polyamines, also referred to in the literature as polyamine amides, acylpolyamines, or

arylalkylamines, are a class of similarly acting low molecular weight compounds which have been

found in many of the venoms of orb-weaving spiders fi"om the Araneidae family such as Nephila

clavata, Nephila maculata (Aramaki et al., 1986), Araneus gemma, Araneus ventricousus,

Argiope aurantia, Argiope trifasciata, Argiope lobata (Araque et al., 1992), and Neoscona

nautica (Kawai et al., 1991). These chemicals are also found in the venom ofAgelenopsis aperta

which is a fiinnel web spider from the Agelenidae family (McCormick and Meinwald, 1993), as

well as in venom ofthe solitary digger wasp Philanthus triangulum (Eldefrawi et al., 1988). The

structures of many ofthese neuroactive chemicals have been elucidated, and numerous reviews

exist for their characterization and synthesis, as for example JSTX-3 (Hashimoto et al., 1987),

PhTX 433 (Eldefi-awi et al., 1988), Clavamine (Teshima et al., 1990a), NSTX-3 (Teshima et al.,

1991) and Argiotoxin-636 (Adams et al., 1987).
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Figure 2 Phenolic Polyamine Toxins Found in Arthropod Venoms

Structures of Philanthotoxin, Agatoxin, Joro Spider Toxin, Nephila Spider Toxin,

Clavamine, and Argiotoxin are shown for comparison. JSTX-3 (Hashimoto et al., 1987), PhTX

433 (Eldefrawi et al., 1988), Clavamine (Teshima et al, 1990a), NSTX-3 (Teshima et al., 1991)

and Argiotoxin-636 (Adams et al, 1987).
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2.2 Site of Action of Phenolic Polvamines

Phenolic polyamines are low molecular weight toxins, less than 1 kilodalton, that exist in

the venoms of certain arthropods. These toxins have been found to act at glutamatergic synapses

in lobster (Abe et al., 1983), crayfish (Araque et al., 1992; Aonuma et al., 1998; Mercier et al.,

1998), and other arthropods and vertebrates (reviewed in Carter, 1995) as indicated by

electrophysiological experiments, and by binding studies in lobster (Shimizaki et al., 1988), and

rat (Ino, et al., 1996).

A synapse is where a signal is transmitted fi-om one neuron to another, or fi-om a neuron to

an effector cell, such as a salivary gland or muscle. Synapses between nerve and muscle cells,

called the neuromuscular junctions, are where the actions of phenolic polyamines occur in

Arthropods (Abe et al., 1983; Aonuma et al., 1998; Araque et al., 1992; Clark et al., 1982; Karst

et al., 1991; Karst and Piek, 1991; Kawai et al., 1982; Mercier et al., 1998; Sudan et al., 1995;

Usherwood and Blagbrough, 1991).

At the synapse (Figure 3), the electrical signal that has propagated down the axon of the

neuron is transduced into a chemical signal. A chemical, called a neurotransmitter, is released

fi"om the axon terminals and diffuses across a very small space that exists between the presynaptic

and postsynaptic cells, the synaptic cleft. Glutamate is believed to be the neurotransmitter, the

signal messenger, at most arthropod neuromuscular junctions (Takeuchi, 1987). After being

released from the presynaptic cell and diffusing across the synaptic cleft, the neurotransmitter

binds to a receptor in the postsynaptic membrane, which transduces the chemical signal back into

an electrical signal. This transduction is initiated when the transmitter binds to the receptor and

induces a conformational change in the receptor. This conformational change resuhs in the
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Figure 3 The Synapse

This diagram is a schematic ofgeneral synaptic structures and their functions.

1. Wave of electrical excitation passes down the axon into the synaptic terminal.

2. Electrical excitation induces the opening, ofthe receptor, ofvohage activated calcium channels

in the synaptic terminal, alloAving the influx of calcium.

3. The influx of calcium initiates the binding of vesicles containing neurotransmitter, glutamate in

this case, to the presynaptic membrane resuhing in the exocytosis of glutamate into the synaptic

cleft.

4. Glutamate diffuses across the synaptic cleft to the postsynaptic membrane.

5. Glutamate binds to the receptor (ligand activated channel), inducing the pore to open, allowing

the passage of ions, Ca++, Na+, and K+, into the cytoplasm ofthe postsynaptic cell

(Arthropod=muscle cell, vertebrate=neuron) resulting in a net inward ionic current inducing a

change in membrane potential.
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opening of a selectively permeable pore called a channel and allows the movement of charged

particles, called ions, into the cell, thereby generating an electrical current. The current generated

induces a change in voltage ofthe postsynaptic cell. Ifthe postsynaptic cell is a muscle, the

vohage change ofthe membrane potential, if large enough, ultimately leads to a muscle

contraction under normal conditions. In vertebrates, phenolic polyamines also act at glutamatergic

synapses. Unlike the situation in arthropods, however, glutamate is the neurotransmitter for many

ofthe neuron to neuron connections in the vertebrate central nervous system, but not at the

neuromuscular junctions (Kawai et al., 1982; Saito et al., 1985). The specific site of action of

phenolic polyamines within the synapse is the glutamate receptor (Bahring et al., 1997; Brackley

et al., 1993; Brundell et al., 1991; Karst and Pick, 1991; Sudan et al., 1995).

2.3 Crustacean Neuromuscular Junction

Crustacean muscle has meagre electrical excitability and, in general, its activity depends

on a diffuse multi-terminal and often multi-neuronal pattern of innervation to accomplish the

simuhaneous change in electrical potential to induce contraction (Govind and Atwood, 1982;

Shinozaki, 1980).

Three major types of crustacean muscle, based on structural and functional characteristics

of activity, exist: tonic, phasic, and intermediate (Govind and Atwood, 1982). Phasic muscle is

characterized by short sarcomere length, fast activation rate, low membrane resistance, high

ATPase activity, and low oxidative capacity. These muscles can be activated rapidly and generate

spikes (seen as muscle twitches), and are typically involved in escape or evasive movements.
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Tonic muscle is characterized by long sarcomere length, slow activation rate, high membrane

resistance, low ATPase activity, and intermediate to high oxidative capacity (Govind and Atwood,

1982). Tonic muscles typically do not produce spikes (self propagating activity), and are typically

involved in postural control. Intermediate muscle displays characteristics intermediate to the

above mentioned types (Govind and Atwood, 1982).

Synapses of diflfering structure and function occur, and these differences even occur

between synapses derived from the same motor axon (Govind and Atwood, 1982). These

differing characteristics are typically related to the muscle type being innervated (Atwood, 1982).

Synapses can be categorized into two main groups: tonic synapses which are characterized by low

output and their ability to induce high levels of facilitation, and phasic synapses which are

characterized by high output, inducing large contractions, and rapid fatigue (Govind and Atwood,

1982).

Responses elicited through nerve stimulation begin with a wave of depolarization, an

action potential, which travels down the axon ofthe presynaptic cell and depolarizes the synaptic

terminals. Opening ofvoltage dependant sodium channels causes a change in potential in the axon

terminal, leading to the opening ofvoltage dependant calcium channels. Calcium passes into the

cell and initiates exocytosis ofmembrane bound vesicles containing the transmitter. The

neurotransmitter is released into the synaptic cleft where it traverses approximately O.OS^m

(Atwood, 1982) to the postsynaptic membrane. Two to three molecules of glutamate bind to the

receptor, opening it, resulting in current through the receptor which is carried mostly by sodium,

with calcium and potassium contributing as well (Tour et al., 1995). If the initial response is

sufficient, an action potential (AP) may result. Unlike APs in the axons, or in vertebrate muscle.
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the ionic currents associated with APs in crustacean muscle are carried mainly by divalent cations,

found to be calcium by Fatt and Ginsborg in 1958 (cited in Chappie, 1982).

2.4 Is Glutamate the Neuromuscular Transmitter in Crustaceans? . ij>

It has been established that glutamate is the primary neurotransmitter in the neuromuscular

junction of arthropods such as locust (Anwyl and Usherwood, 1974), crayfish (Takeuchi and

Onodera, 1973), lobster (Shank and Freeman, 1975), Drosophila (Jan and Jan, 1976), and cricket

(Kawasaki and Kita, 1996).

However, glutamate is not the only neurotransmitter of arthropod neuromuscular

junctions. Certain stomach muscles of spiny lobsters such as Palinurus interruptus are

depolarized by acetylcholine (Atwood et al., 1977 cited in Atwood, 1982; Marder, 1974, 1976),

and enzymes responsible for the synthesis of acetylcholine have been found in neurons ofthe

stomatogastric ganglion which innervate these muscles (Marder, 1976). Effects of acetylcholine

have also been found in certain crayfish neuromuscular preparations (Futamachi, 1972 cited in

Shinozaki, 1980).

The establishment of other transmitters such as y-aminobutyric acid (GABA) and

acetylcholine in the central nervous system (CNS) of vertebrates generally occurred after these

compounds had already been shovm to act as transmitters at simple synapses in the peripheral

nervous system (PNS). Thus, the information obtained fi^om studying neuromuscular junctions

was subsequently applied to the CNS. Understanding glutamate' s role in the vertebrate CNS was

aided significantly by the crustacean neuromuscular junction since effects ofglutamate were not

seen in the PNS of vertebrates (Shinozaki, 1980; Takeuchi, 1987). There are four main criteria for
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determining whether or not a substance is a neurotransmitter (Atwood, 1982; Takeuchi, 1987).

These criteria are:

1. The chemical substance is localized in the presynaptic area of specific neurons with enzymes to

metabolize and catabolize it.

2. The effects ofexogenous chemical are characteristic ofthe endogenous chemical, including the

combined response of the exogenous chemical and pharmacological modulators of its effects.

3. Mechanisms for the termination of a response are present.

4. The chemical substance is released specifically by physiological stimuli in high enough

concentrations to elicit the characteristic response.

Western scientists have long viewed van Harreveld and Mendelson as the first to show

glutamate as an excitatory amino acid, although they got the idea from Hayashi, who in the early

1950's found that Na-glutamate produced convulsions in monkeys and dogs when applied to the

motor cortex, specifically the grey matter (Takeuchi, 1987). Hayashi's work (1954), combined

with van Harreveld and Mendelson' s work (1959), reported that crustacean muscle depolarized

and contracted upon application of glutamate. However, this was still not convincing enough to

establish glutamate as a transmitter because of its apparent ubiquitous distribution and nonspecific

actions.

Glutamate was found to exist in the presynaptic axon terminal of crustaceans (Kravitz et

al., 1963), but it was also found in similar concentrations in excitatory and inhibitory axons.

Alternatively, GABA, the most abundant inhibitory neurotransmitter, is confined to inhibitory
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axons. Although glutamate is the precursor to GABA, and its presence in inhibitory axons is most

likely as a metabolic intermediate, its ubiquitous distribution and early findings which claimed that

glutamate exists in high concentrations in the haemolymph hampered its acceptance as a

transmitter (Takeuchi, 1987). Subsequent studies (Kravitz et al., 1970; Irving et al., 1974)

demonstrated that glutamate was not present in concentrations high enough to depress

transmission through desensitization. The reason for the discrepancy was that previous

experiments had not accounted for leakage ofglutamate fi^om cell structures such as haemocytes

(Takeuchi, 1987).

Glutamate has slowly become recognized as the primary neurotransmitter in arthropod

neuromuscular junctions, as well as in vertebrate central synapses. Van Harreveld and Mendelson

(1959) and Robbins (1959) showed that glutamate did have an effect on postsynaptic membranes,

but these responses were not the characteristic responses that resuhed fi"om the release ofthe

endogenous transmitter because of the nature ofthe application ofthe chemical. Crawford and

McBumey (1976) compared L-glutamate induced conductances with nerve evoked changes in

post synaptic conductance and found the kinetic features to be the same. Also, the response of

glutamate and the natural transmitter had the same reversal potential (Takeuchi and Onoderra,

1973), and both glutamate and the transmitter excited the muscle by increasing the permeability to

sodium and, to a lesser extent, to potassium and calcium (Atwood et al, 1982).

Removal of glutamate fi-om the synapse is necessary to terminate a response, and

mechanisms for removal ofglutamate in a sufficiently rapid manner fi-om the synapse must be in

place in order for it to be a transmitter. Two such mechanisms have been proposed, the first being

the typical uptake mechanism seen with other transmitters and the second being simple diffusion.
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Uptake of glutamate does occur in crustaceans (Iverson and Kravitz, 1968), but it is not clear if

these processes are fast enough to be involved in the termination of a response. Some evidence

suggests that uptake is not involved (Karst et al., 1991).

Release of glutamate during repeated axonal stimulation has been shown (Kawagoe et al.,

1984) by measuring perfusate for glutamate levels using gas chromatograph-mass spectrometry.

Further evidence comes from experiments done using black widow spider venom (BWSV), which

brings about a massive increase in the frequency of spontaneous miniature potentials in the

nervous systems of invertebrates and vertebrates. The large proteinaceous toxin acts by forming a

divalent cation channel in the presynaptic membrane, producing an influx of calcium and resulting

in transmitter release (McCormick and Meinwald, 1993). Kawagoe et al., (1984) found that

application ofBWSV caused a release of glutamate that was linearly related to the amplitude of

synaptic noise. Furthermore, although aspartate is found in concentrations three times higher than

glutamate in the axons of crayfish, neither application ofBWSV, nor stimulation ofthe axon,

caused an increase in the amount of aspartate released.

It was this research in the early 1980's that eventually led to interest in phenolic

polyamines in the field of neuroscience. While screening other arthropod neurotoxins, searching

for inhibitory effects on glutamate transmission, Kawai et al., (1982) discovered a novel toxin

named Joro Spider Toxin (JSTX) that blocked postsynaptic excitatory glutamatergic transmission.

This toxin was from the Joro Spider, Nephila clavata, which 'resides' in Japan and other parts of

Asia. JSTX, which was later described and synthesized by Hashimoto et al.(1987), was found to

consist of an aromatic moiety and a polyamine moiety. This was the first in a long list of phenolic

polyamines found in nature to be characterized and synthesized. Before this, most toxins found
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were proteins or polypeptides belonging to one offour groups: high molecular weight proteins

that act as divalent channels, small polypeptides that also act as divalent channels, polypeptides

that block calcium channels, and polypeptides that act as sodium channels. Other types of toxin,

such a powerful sphingomylenase from Laxosceles reclusa, are known to exist as well

(McCormick and Meinwald, 1993).

2.5 Glutamate Receptors;

Phenolic polyamines are believed to exert their primary or most significant effects, with

respect to synaptic signal block, directly on glutamate receptors, and single channel patch clamp

studies support this (Bahring et al., 1997; Brackley et al., 1993; Brundell et al., 1991; Karst and

Pick, 1991; Sudan et al., 1995). Numerous types of glutamate receptors exist across the animal

kingdom. There is even evidence for their existence in plants (Lam et al., 1998), suggesting that

amino acid signalling may have evolved from a common mechanism that existed before the

divergence of plants and animals.

The glutamate receptor type targeted by phenolic polyamines is referred to as ionotropic,

based on its method of signal transmission, and it is referred to as ligand-gated, based on its

method of activation. The glutamate receptor is a multi-unit macromolecule that assembles to

form a water filled pore, also referred to as a channel, which allows only specific ions to readily

pass through it. Which ions pass through the pore into the cytoplasm ofthe cell is governed by the

selectivity fiher (Feldman et al., 1997; Forsythe, 1995). When the transmitter, in this case

glutamate, binds to the receptor, the receptor's conformation is altered from a nonconducting to a

conducting state, in a process termed "gating". In the conducting state, the channel is referred to
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as "open", and selected ions, Na+, K+, and Ca-H- in crustaceans (Atwood et al., 1982), pass

through the channel. This ionic flux results in a change in potential. The macromolecule that binds

glutamate is both a receptor and channel, and it will be referred to as either of these terms to

coincide with the terminology that exists in the literature (Feldman et al., 1997).

Two superfamilies ofglutamatergic receptors exist. Nomenclature of glutamate receptors

within each of these groups is based on pharmacological characteristics (Bochet and Rossier,

1993, Feldman et al., 1997). The ligand gated channel-receptor superfamily is one ofthe

superfamilies. These channels are referred to as ionotropic, since the passage ofions through the

channel occurs when the transmitter binds to the channel protein, inducing a conformational

change which allows the current to occur. It has two broad categories. One main family of

ionotropic glutamate receptors includes the NMDA receptors, which are maximally sensitive to

N-methyl-D-aspartate (NMDA). The other main family, the non-NMDA receptors, are maximally

sensitive to alpha-amino-3-hydroxy-5-methyl-4-isoxaIone propionic add (AMPA), and/or L-

kainate. These receptors are responsible for fast synaptic transmission, as opposed to

metabotropic receptors which use certain metabolites called second messengers to induce

channels to open. Metabotropic receptors confer their effects at a slower rate than the ionotropic

receptors because of the time required for the second messenger to diffuse from the receptor to

the intracellular site of action. Metabotropic glutamate receptors, those linked to G-proteins

acting through second messengers, referred to in mammalian systems as quisqualate receptors, are

the second superfamily ofglutamate receptors (Hille, 1992).

The names ofglutamate receptor types can be confusing because they refer to the agonist

ofhighest potency, even though that agonist may not be specific to that receptor (Table 1 lists the
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pharmacological modulators ofglutamate receptors mentioned in this thesis). This came to light

when Ajima et al. (1991) used a synthetic analogue of the JSTX-3 toxin, 1-napthylacetyl-spermine

(NAS) to test whether or not climbing and parallel fibers that synapse onto Purkinje cells in the

cerebellum, both ofwhich were suspected to be glutamatergic, containing non-NMDA receptors.

6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), which is a non-NMDA receptor antagonist,

blocked both parallel and climbing fibers, while DL-2-amino-5-phophonovalerate (APV), an

NMDA receptor antagonist, blocked neither significantly. Interestingly, NAS blocked responses in

the pardlel fibers only. These findings presented a problem in classifying the synapses in the

climbing fibers and to the status quo on the pharmacology ofglutamate channels because if

CNQX and NAS block the non-NMDA class of channels, then both types of synapses should have

been blocked by NAS. What was responsible for this difference? Did there need to be a

subclassification within the non-NMDA channel class? It was later found that small populations of

a special type ofnon-NMDA AMPA receptor with altered pharmacological and kinetic

characteristics exist. These receptors have a different composition of subunits than the typical

receptor (Blaschke et al., 1993; lino et al., 1996; Koike et al., 1997; Nakanishi, 1992).

Subclassification within each ofthe groups ofglutamate receptors occurs based on the genetics of

the subunits that compose the receptor (Bochet and Rossier, 1993).
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Table 1 Pharmacological Modulator of Glutamate Receptors

This is a table ofthe pharmacological agents mentioned in this thesis that can modulate

glutamate receptors. Phenolic polyamines are only listed as antagonists, because agonism acts

only transiently.





Glutamate Receptor Aeonists
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AMPA receptors, one ofthe non-NMDA receptor groups, are an assembly of five

subunits, composed of either homomeric or heteromeric combinations of the many different types

of subunits that exist. Four different subunit types are known to be involved in AMPA receptors,

GluRl-GluR4 (GIuRA-GluRD). Each subunit codes for a protein about 900 amino acids long, all

ofwhich are structurally very similar (Nakanishi, 1992). Glutamate receptors that contain one or

more GluR2 subunits are referred to in the literature as GluR I receptors and are by far the most

common ofthe two AMPA type glutamate receptors in mammals (Feldman et al., 1997; lino et

al., 1996). Glutamate receptors lacking GluR 2 subunits have been referred to as GluR II

receptors. Those receptors containing GluR 2 subunits do not conduct calcium ions readily and,

interestingly, are insensitive to the effect exerted by phenolic polyamines on receptors lacking the

GluR2 subunit (Blaschke et al., 1993; lino et al., 1996; Koike et al., 1997; Nakanishi, 1992).

This inability to pass calcium is the result of a posttranslational modification of the protein,

substituting one amino acid, glutamine for arginine, at what is referred to as the Q/R site. This

Q/R site is in the second putative transmembrane region of the receptor, referred to as M2

(Blaschke et al., 1993; Hughes, 1995). Point mutation studies have confirmed the Q/R site as

being responsible for the altered sensitivity to phenolic polyamines which occurs in the vast

majority ofthe GluR 2 subunits (Blaschke et al., 1993; Feldman et al., 1997; Tomlinson et al.,

1997). This single point mutation is also responsible for altering the otherwise linear current-

voltage relationship, to one exhibiting inward rectification (Blaschke et al., 1993; Forsythe, 1995).

However, additional factors may also be involved since the IC50 for PhTX 343 was not the same

for unedited GluR2 subunits compared to unedited GluRl subunits, both ofwhich contained

glutamine at the Q/R site (Tomlinson et al., 1997).
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Nomenclature ofarthropod receptors has followed that ofthe vertebrates. Although some

neurotransmitter synapses may contain other receptors such as a possible aspartate channel (Abe

et al., 1983; Takeuchi, 1987), the major, and predominantly exclusive, receptor type ofthe

crustacean excitatory neuromuscular junction is the quisqualate glutamate receptor (qGluR)

(Atwood, 1982;Grayetal., 1991; Shinozaki, 1980).

The qGluR is pharmacologically and kinetically most similar to the type II AMPA receptor

ofthe non-NMDA class of ligand gated receptor channels. However, similarities do exist with the

NMDA class of ligand gated receptor channels. QGluRs are most potently activated by the

agonist quisqualate, followed by glutamate, kainate, and NMDA. This specificity is very similar to

that ofAMPA type receptors (Yoneda and Ogita, 1991), except that qGluRs are not very

sensitive to AMPA (Kawai et al., 1990). No competitive antagonists have been found thus far for

qGluR, although ketamine, chlorisondamine, tubocurarine, and trimetaphan are all noncompetitive

blockers (Usherwood and Blagbrough, 1991). Unlike other glutamate receptors, the arthropod

qGluR, the mammalian NMDA receptor, and the mammalian type II AMPA receptor all conduct

calcium ions readily. Thus, many similarities exist between glutamate receptors affected by

polyamines in mammals, and those in Arthropods. The sequence homology between mammalian

and arthropod glutamate receptor subunits has been found to be almost 50% when comparing rat

GluR subunits and Drosophila receptor subunit II (Schuster et al., 1993). However differences

between the channels do exist; the channel conductance of arthropod qGluRs is approximately100

pS which is much larger, approximately an order of magnitude higher than the conductance of

mammalian GluRs (Dudel et al., 1997).
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3.0 ACTIVITY-Physiological and Pharmacological Effects of Phenolic Polyamines

3.1 The Two Main Structural Components; The Polyamine and The Phenolic Moiety

The phenolic group ofmany ofthe phenolic polyamines, 2,4-dihydroxyphenyl acetic acid,

has been shown to modulate glutamate binding (Pan-Hou and Suda, 1987). However, contrary to

this finding, electrophysiological experiments have shown this chromophore to have no biological

activity at the concentrations used in binding studies (Blagbrough et al., 1992). Much attention in

the literature has been given to the polyamine moiety of phenolic polyamines and its role in

determining potency and reversibility ofblock ( Blagbrough et al., 1990; Blagbrough et al., 1992;

Bruce et al., 1990; Karst et al., 1991; Karst and Piek, 1991; Moe et al., 1998; Shudo et al., 1987;

Teshima et al., 1990b; Usherwood and Blagbrough, 1991). Polyamines themselves have been

found to modulate the functioning of glutamate receptors and, in virtually all ways, to parallel the

modes of action of phenolic polyamines. It has been suggested that polyamines and phenoUc

polyamines have common binding sites (Seller, 1995).

Polyamines are found in all living cells and are thought to be involved in a wide range of

functions, such as cell growth and differentiation, as well as in responses to stress. However, the

precise mechanisms through which they act remain unclear (Jeon and Friedlander, 1992; Kumar et

al., 1997). These aliphatic amines consist oftwo or three flexible carbon chains connected by

nitrogen groups, and they carry primary amino groups at each end of the chain. These amines

exhibit a 95% protonation at physiological pH and their simple cationic characteristics lack

specificity, allowing electrostatic interactions with anionic centres of a wide range of molecules,

including nucleic acids, proteins, and membrane lipids. At high enough concentrations these

chemicals can affect virtually any assay system (Seller, 1995). Polyamines can form covalent
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bonds as well, and protein modification through this type ofbinding may be of biological

importance.

Polyamine interactions Avith polynucleotides have been examined comprehensively. At

certain concentrations, polyamines have been found to stabilize the DNA double helix against

thermal denaturation and enzymatic hydrolysis (Tabor and Tabor, 1976). Higher concentrations

induce condensation of the DNA helix, and evidence exists for the stabilization of chromatin by

polyamines. The binding affinity of polyamines to DNA increases with the number of charges of

each molecule. However, N' and N*-acetylspermidine showed a higher affinity to DNA than was

hypothesized fi-om the number of positive charges each carried. It was concluded , therefore, that

in addition to electrostatic effects, non-electrostatic effects are present (Seller, 1995).

The 'counterion condensation theory' established for inorganic cations, describes

polyamine-polynucleotide interactions well (Seller, 1995). This theory states that polyamines

behave more like point charges, even though their charges are 6.04 and 7.56 A apart, inferring

that charge distribution along the chain has little influence on binding energy of these nonspecific

interactions. However, with regards to specific binding interactions, it is assumed that structural

characteristics ofthe polyamine are important (Seller, 1995).

One ofthe functions of fi^ee polyamines in the cytoplasm is believed to be in the gating

function of inward rectifying potassium channels (Forsythe, 1995; Hille, 1992; Williams, 1997).

The gating of certain channels is not entirely dependant on intrinsic characteristics ofthe channel

protein. Some rely on certain molecules to modify the channel's ability to pass current under

certain circumstances. The inward rectifying potassium channel requires magnesium and

polyamines, which are positively charged at physiological pH, to block the open channel at highly
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positive membrane potentials (Hille, 1992). When the membrane potential becomes more

positive, the two cations are attracted into the membrane field. Their size allows them to pass into

the channel, but, the selectivity fiUer prevents them fi-om readily passing through the channel. This

prevents the passage of ions through the channel into the cell, and current drops to approximately

zero over a certain membrane potential (Forsythe, 1995). This resuhs in a channel which conducts

in a preferred direction, hence the name rectifier. These channels are involved in setting and

maintaining resting membrane potential near the equilibrium potential for potassium and,

therefore, close to rest, at approximately -70mV, without restricting large depolarizations ofthe

cell (Hille, 1992).

Rectification involving polyamines also occurs in the calcium permeable GluRII type

AMPA receptors found in Bergman glial cells in the cerebellum, neurons in the auditory brain

stem, and GABA producing intemeurons in the hippocampus and neocortex (Forsythe, 1995).

This may have implications in neurons which exhibit a high fi-equency of action potentials, such as

certain neurons in auditory pathways and some intemeurons, since this rectification would allow a

neuron to repolarize itself faster after an action potential has occurred, decreasing the refi^actory

period, and allowing a higher maximal firing rate (Forsythe, 1995).

A dynamic equilibrium exists between the cellular polyamines that are bound and the much

smaller group that exists fi-eely. This fi-ee pool of polyamines, in the range of 10-lOOnM

(Forsythe, 1995), influences the rates ofthe enzyme-catalysed reactions and the rates of transport,

and is thought to serve several fiinctions. The concentration of this pool is determined by

synthesis, degradation, uptake, elimination and conjugation (Tiburcio et al, 1997). Exogenous

polyamines have been found to modulate the fiinctioning of glutamate channels in Arthropods and
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mammals in the same multi-faceted ways as phenolic polyamines. However, polyamines

conjugated to phenolic or indolic groups are one order of magnitude, or greater, more potent

(Bahring et al., 1997; Blagbrough et al., 1990; Usherwood and Blagbrough, 1991; Usherwood

and Blagbrough, 1995).

3.2 Synaptic Effects of Phenolic Polyamines

Initial interest in phenolic polyamines in the field of neuroscience was aroused when it was

proposed that these chemicals may be specific antagonists of cation-selective glutamate receptor

ion channels, something neurobiologists had been seeking for some time.

In 1983, Abe et al., published a paper on the effects of a toxin found in the venom ofthe

Joro spider, Nephila clavata. Their goal was to identify a specific, potent antagonist ofthe

glutamate response to provide further (pharmacological) evidence that glutamate was indeed the

neurotransmitter of crustacean neuromuscular junctions. They concluded that JSTX-3 was a

potent and apparently irreversible blocker ofEPSPs and L-glutamate induced potentials but not of

inhibitory post synaptic potentials (EPSPs) or aspartate induced potentials. Since the resting

potential and input conductance were not significantly affected, it was suggested that they had

found what they were looking for, a highly specific antagonist for glutamate receptors. Although

binding studies using a radiolabelled JSTX analogue, indicated specific binding only at the

synapse, supporting the glutamate specificity hypothesis (Shimazaki et al., 1988), later studies

revealed that the effects of this class of chemicals are not specific to glutamate receptors

(Usherwood and Blagbrough, 1991).
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Modulatory effects of phenolic polyamines are also exerted on ligand-gated channels other

than glutamate, such as nicotinic acetylcholine channels (Anis et al., 1990, Karst et al., 1990;

Karst et al., 1991; Rozental et al., 1989;), and certain voltage-dependant ion channels, such as

voltage-activated calcium channels, although the concentrations necessary to exert an effect are

much higher than those necessary to affect glutamate receptors (Karst et al., 1991).

Examining the literature yields a most confusing story of seemingly contradictory findings,

including widely differing degrees of antagonistic activities, and reversibility, discrepancies in use

and voltage-dependancy, and even claims ofthese chemicals being agonists. Caution must be used

when interpreting data and comparing results in the literature. Claims of receptor specificity have

been made in studies where only one subtype of glutamate receptor was examined (Usherwood

and Blagbrough, 1991). Also, in the early literature from thel980's, studies were done on

mammalian CNS in situ, involving native glutamate receptors. Recent studies have revealed that

subunit composition of receptors determines sensitivity to phenolic polyamines, and this changes

over space and time (Bahring et al., 1997; Blaschke et al., 1993; Bochet and Rossier, 1993;

Brackley et al, 1993). Differential expression of subunit type occurs across differing regions of

the brain (Koike et al., 1997) and at varying stages of development. For example progenitor cells

have been found to be sensitive to phenolic polyamines. This is only until they differentiate into

oligodendrocytes or type II glial cells (lino et al, 1996).

Some early studies used venom extract, since synthetic chemicals were not yet available.

Spider venoms have been found to contain transmitters, such as GABA, and specifically in the
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araneid venoms, glutamate (Jackson and Parks, 1989), which may have tainted early ideas about

these toxins.

It has been shown that certain phenolic polyamines can alter the uptake ofglutamate.

PhTX-433 and only one of its synthetic analogues, dehydroxy-PhTX-433, decrease the uptake of

glutamate (Karst et al., 1991; Usherwood et al., 1991; van Marie et al., 1989), while NSTX-3 and

JSTX-3 both increase the uptake ofglutamate into glial cells and axon terminals of locusts. This is

especially surprising since Pan-Hou et al. (1987) found that JSTX-3 inhibits the uptake of

glutamate into rat synaptosomes. It is not clear ifuptake plays a role in response termination and

some evidence suggests that it does not play any role (Karst et al., 1991).

At least two, and possibly four binding sites, or sites of action, are thought to exist for

phenolic polyamines in glutamatergic synapses. This could account for the differing results and

conclusions obtained across various studies. Phenolic polyamines modulate glutamatergic

synapses in Arthropods and mammals in a similarly complex and multi-faceted mannner, resuhing

in inhibition of excitatory glutamatergic neural transmission. Antagonism occurs postsynaptically,

mainly through noncompetitive open channel block. Inhibition is not specific because channels

other than glutamate receptors are modulated by phenolic polyamines, but is selective because

efiFects on other channels occur only at concentrations higher than those which antagonize

glutamate receptors (Abe et al., 1983; Clark et al., 1982; Kawai et al., 1982; Karst et al., 1991;

Karst and Piek, 1991; Sudan et al., 1995; Usherwood and Blagbrough, 1991).
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3.3 Effects of Phenolic Polyamines on Glutamate Receptors

In Arthropods, the potent block by phenolic polyamines occurs mainly through

noncompetitive antagonism of excitatory ionotropic glutamate receptors ofthe quisqualate type

(qGluR), and is loosely referred to as open channel block (Clark et al., 1982; Abe et al., 1983;

Karst et al., 1991; Karst and Piek, 1991; Usherwood and Blagbrough, 1991; Sudan et al., 1995).

Antagonism of receptors can resuh from either competitive or noncompetitive antagonism.

Competitive antagonism occurs when the antagonistic chemical interacts or binds to the same site

as the endogenous transmitter. Noncompetitive antagonism occurs when the antagonist chemical

binds to a site other than the endogenous transmitter's site, either allosterically modulating the

binding site ofthe transmitter, or blocking the ion channel.

Two classes of ideas exist which attempt to explain mechanisms ofblock of ion channels.

One is block within the pore preventing the flow of ions through the channel, where the blocking

agent physically blocks the pore. This type of antagonism is use dependant because it requires that

the channel be in the open state, and is referred to as "open channel block". The other is an

allosteric mechanism, where binding ofthe blocking agent to the ion channel macromolecule

induces a conformational change in the channel which increases the time that the channel spends

in the closed state (Hille, 1993).

Most open channel blockers enter the pore and block the channel by sterically inhibiting

the flow of ions. However, block by polyamines is not typical, is complex (Usherwood and

Blagbrough, 1995), and is not well understood at the molecular level (Choi et al., 1995). This is at

least partly due to the fact that multiple binding sites, or sites of activity with differing actions,

may be occurring.
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Antagonism ofthe arthropod neuromuscular junction is biphasic (Adams et al., 1989;

Sudan et al., 1995; Usherwood and Blagbrough, 1991), meaning that two components exist. The

largest component is use dependant and is enhanced by hyperpolarization (Adams, 1988).

Application of 2.6xlO'*M PhTX-343 to contracting locust muscle results in an initial rapid, use,

and vohage independent decrease in twitch amplitude of approximately 25%. This is followed by

a continued slow decrease in response, which is the result of activity dependant antagonism

(Sudan et al., 1995). Recovery from activity independent antagonism is rapid, while the rate of

recovery from activity dependant antagonism depends on the concentration and duration of

chemical application (Sudan et al., 1995).

Numerous single channel studies have been carried out, testing phenolic polyamines on

qGluRs (Antonov et al., 1989; Clark et al., 1982; Karst and Piek, 1991; Kerry et al., 1988). These

studies revealed that antagonism is use dependant and clearly point to noncompetitive antagonism

(Jackson and Usherwood, 1988).

These effects were first directly observed by Clark et al. (1982) using single channel patch

clamp experiments to test the 435 Da 5-PhTX venom fraction, the synthetic form known as

PhTX-433, on locust muscle qGluRs. Just before the application of the phenolic polyamine,

muscle stimulation, by iontophoretically applied glutamate, was stopped. After ten minutes of

bathing the muscle in a solution containing the phenolic polyamine, stimulation was resumed and

the first L-glutamate potential recorded revealed little effect on the response amplitude.

Subsequent stimulations resulted in progressively smaller response amplitudes, clearly

demonstrating use dependance.

Phenolic polyamines have been found to act noncompetitive^ (Brackley et al., 1993; Clark
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et al., 1982). It was found by Clark et al. (1982), that exposure to PhTX-433 caused a reduction

ofthe mean open time of the channel, as well as an increase in the time between channel openings,

which occurred in bursts. However there was no difference between the mean time in the bursts of

channel openings during the application of the phenolic polyamines. Although the reduced

frequency could point to competitive antagonism or closed channel block, it is likely that the

closed intervals between openings are when the channel is being blocked in the open state. When

combined with the use dependance that was found, open channel, noncompetitive antagonism was

proposed. Also, IC50 concentrations ofthe phenolic polyamines PhTX-343 and ArgTX-636 and

varying concentrations of agonist (NMDA and Kainate) were applied to Xenopus oocytes injected

with rat RNA. The responses elicited by the highest concentration of agonist applied, the

maximum on the dose-response relationship, was still reduced by the phenolic polyamines

(Brackley, et al., 1993). This is indicative of noncompetitive antagonism.

Another type of action also occurs in response to phenolic polyamines at glutamatergic

synapses under certain conditions. Response enhancement has occasionally been observed during

three experimental conditions. These include a) experiments using concentrations ofphenolic

polyamines below antagonistic concentrations, b) before response attenuation begins in

experiments using high concentrations ofphenolic polyamines, and c) during washout from high

concentrations. In all of these cases, agonism is presumably the result of low concentrations of

the chemical at the site of action (Karst and Piek, 1991; Usherwood and Blagbrough, 1991).

Potentiation of responses occurs at concentrations well below antagonistic values for Arg-636,

and PhTX-343 (Karst et al., 1991), which is also the case for spermine, although the phenolic

polyamines are much more potent (Goodnow et al., 1991). Patch clamp studies reveal that this is
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caused by an increase in the mean open time of the channel, suggested to be caused by an increase

in glutamate binding (Jackson and Usherwood, 1988).

Intracellular application ofPhTX-343 or spermine into locust muscle results in antagonism

which is vohage and use independent (Brundell et al., 1991). It is not clear if this occurs at a

separate site, or at the same site, accessed from the opposite side ofthe channel or through

permeation of the pore. At concentrations below those exerting antagonism, phenolic polyamines

can have an agonistic effect.

3.4 Structure-Activity Relationship-EfFects of Synthetic Analogues

It is important to understand how ligands interact with receptors. If plants, to be used for

human consumption, were to be bred for increased concentrations of phenolic polyamines,

knowledge about any effects they might have on humans would be necessary prior to consumer

use. This would be greatly aided by understanding the receptor-ligand interactions. Furthermore,

these chemicals are known to modulate glutamate receptors in the mammalian CNS. Glutamate

receptors are thought to be involved in a host of diseases such as epilepsy, postischemic

excitotoxicity, and Huntington's disease (Usherwood and Blagbrough, 1991). Knowledge ofhow

these interactions occur could aid in designing chemicals to treat these pathological states. Their

use in the medical field has already shown some degree of success. Medical researchers have

recently revealed that a phenolic polyamine from the Agelenopsis aperta spider is a potent

mammalian anticonvulsant in chemically induced epileptiform activity, without serious side effects

(Jackson and Parks, 1989).

The most important reason for studying the structure-activity relationship of phenolic
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polyamines, with respect to this thesis, is to determine how slight aherations in structure can

aflfect potency. The goal was to answer the questions "What is the minimum structure necessary

for activity?" and "Which ofthe phenolic polyamines found in plants is the most potent?"

Some interesting studies have demonstrated changes in potency of phenolic polyamines

that occur as a resuh of structure alteration. Block for the most part is use and vohage dependent,

and antagonism is very slow and may fail to reach equilibrium (Usherwood and Blagbrough,

1995). Thus, two experiments, each using the same preparation and the same chemical, differing

only in the stimulus frequency or application duration, could result in very different resuhs and

conclusions about the potency ofthe chemical being tested, and even the mechanism of action.

Therefore, potency comparisons between studies should be undertaken with caution.

Shudo and coUegues (Shudo et al., 1987) compared the effects oftwo synthetic analogues

to the naturally occurring spider toxin, JSTX-3, on EPSP amplitudes elicited in crustacean

(lobster) neuromuscular junctions. Only modifications ofthe polyamine moiety were examined.

They used 2,4-dihydroxyphenylacetyl-asparaginyl cadavarine(C-l), and 2,4-

dihydroxyphenylacetyl-asparaginyl spermine(C-2) (Figure 4). Each analogue attenuated responses

in a similar manner. Compared to JSTX-3, C-1 was approximately two orders of

magnitude less potent, while C-2 was one order of magnitude less potent. The effects of these

two synthetic analogues were reversible, unlike the effects ofthe natural toxin. This study

concluded that the polyamine must be involved in the binding ofthe molecule to the receptor,

length being an important factor, and that the polyamine chain is responsible for determining the
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Figure 4 JSTX-3 and Two Synthetic Analogues

Structures ofJSTX-3 and two synthetic analogues, 2,4-dihydroxyphenylacetyl-asparaginyl

cadaverine (C-1) and 2,4-dihydroxyphenylacetyl-asparaginyl spermine (C-2) are shown for

comparison.





C-2

JSTX-3
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reversibility characteristics,

.

Teshima et al. (1990b) examined nine analogues ofNSTX-3 on EPSPs elicited in lobster

muscle. Substitutions in the polyamine chain were carried out to examine the importance of

certain structural components ofthe molecule associated with binding to the receptor. Positive

charges in the co-position of the arginine were most important for activity of the phenolic

polyamine. The a-amino group ofthe arginine was also necessary for inducing the apparent

irreversible activity, and the number of positive charges in the polyamine chain was found to

influence activity as well.

Bruce et al., (1990) examined the effects of fifty-two philanthotoxin analogues on locust

retractor unguis muscle preparations. Maximal activity was seen in analogues that had increased

hydrophobicity of aromatic and tyrosyl regions, an increased number of protonated groups in the

polyamine region, and a guanidium instead of a spermine terminal amino moiety. The potency

differences seen between analogues with two and three nitrogen groups in the polyamine were

not as large as differences reported in Shudo, (1987).

Philanthotoxin analogues were independently examined on Schistocerca gregaria leg

muscle, using single channel recordings, by Karst and Piek, (1991). The conclusions drawn fi-om

this experiment were that shortened polyamine length decreases potency, yet these analogues still

behave as open channel blockers retaining the qualitative characteristics of the natural toxin.

3.5 Statement of Purpose

This thesis is based on the idea that phenolic polyamines are involved in plant defence

mechanisms. The hypothesis is that phenolic polyamines act through the same mechanisms as
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phenolic polyamines found in the venoms of certain Arthropods. This hypothesis is addressed by

determining the effects of N'-coumaroyl spermidine on responses elicited in the muscles of the

crayfish Procambarus clarkii. In addition, experiments are undertaken to examine the mechanisms

of antagonism and the significance of certain moieties ofthe chemical in antagonism. It is

predicted that NlCSpd will reduce EPSPs but that it will have a lower potency than JSTX-3

because ofthe shorter polyamine chain. .
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4.0 MATERIALS AND METHODS

4.1 Chemicals

N' courmaroyl spermidine and N' courmaroyl spermine were synthesized and purified to

analytical standards by the laboratory ofDr. J. Atkinson, in the department of Chemistry at Brock

University. Nephila Spider Toxin (NSTX-3) was purchased fi-om Sigma Chemicals (St.Louis,

MO), as was Concanavalin A and N-[2-hydroxyethyl]piperazine-N-[2-ethanesulfonic acid]

(HEPES). KCl were obtained fi^om Mallinckrodt Specialty Chemicals Co.( Paris, Kentucky), and

NaCl,MgCl2 6H2 and CaCl2 2H2 were purchased fi-om BDH Inc. (Toronto, ON).

4.2 Salines

4.21 Normal Saline

A physiological saline for crayfish was based on that of van Harreveld (1936) and

contained 205 mM Na CI, 5.3 mM KCl, 13.5 mM CaCl2 , and 2.45 mM MgCl-6H20, and 5mM

HEPES. The pH was adjusted to 7.4 with NaOH.

4.22 Low Ca^/High Mg^ Saline

A saline solution containing lower than normal amounts of calcium and higher amounts of

magnesium was used in order to minimize twitching in the deep abdominal extensor muscles.

Decreasing the amount of calcium in the saline, along with increasing the magnesium

concentration, decreases calcium flow into the cell (Hille, 1992) and reduces the amount of

transmitter released into the synaptic cleft. This reduces the response in the muscle to a level

below the twitch (fast muscle contraction) threshold. This low calcium, high magnesium saline
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contained 205 mM NaCl, 5.3mM KCl, 6.25 mM CaClz^HjO, 12.5 mM MgCl 6H2O, and 5mM

HEPES (Mercier and Atwood, 1989).

4.23 Fast Green

Because only small amounts ofN' courmaroyl spermidine and N' courmaroyl spermine

were available, it was necessary to apply small amounts ofthese chemicals. This posed a problem

for testing effects of high concentrations of these chemical agents. For this reason, "stopped bath"

experiments were performed, in which the chamber containing the neuromuscular preparation

contained a small fixed volume and was not perfused. A small volume of saline was removed and

was replaced by an equal volume of test chemical. To determine how much the test chemical was

diluted in this process, a solution containing a known concentration of test compound along with

an inert dye, lOfxM Fast Green, was applied. Just before washout began, a small amount ofthe

bathing solution was removed from the bath in close proximity to the recording electrode, and

dilution of the dye relative to the original concentration was assessed using spectrophotometry.

The local concentration of test compound was then estimated using the dilution factor.

4.3 Specimens

Crayfish (Procambarus clarkii), two to four inches in length, fi^om Atchafalaya Biological

Supply Co., Inc. (Raceland, LA) were used. They were kept in tanks of circulating dechlorinated

water at a temperature of approximately 15°C with a twelve hour light, twelve hour dark cycle.

The crayfish were fed "Tender Vittle"catfood three times a week.
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4.4 Preparation: The Deep Abdominal Extensor Muscles

Recordings from the number 1 lateral deep abdominal extensor muscle ofProcambarus

clarkii are used as a bioassay in this thesis to examine the effects of synthetic phenolic

polyamines. The crustaceans used are fresh water crayfish from the order decapoda. These

crayfish use their abdominal extensor muscles in the escape response. After each successive

propulsion called a tail flip, which is the result of a contraction of the much larger abdominal fast

flexor muscles, the abdominal extensor muscles extend the tail back to prepare for another flexion

(Aonuma et al, 1998). These phasic muscles are characterized by their short sarcomere length,

high ratio of thick to thin filaments, and ability to produce spikes and/or graded potentials

(Chappie, 1982).

Innervation of crustacean muscle usually occurs through multiple axons spread diflEusely

over the muscle (Atwood, 1982). Iimervation ofthe deep abdominal extensor muscles was first

described by Pamas and Atwood (1966). Axons from two nerve bundles innervate the LI deep "-

abdominal extensor muscles. The nerve bundle entering the fourth segment, which is the segment

containing the muscle being recorded from, gives two excitatory axons and one inhibitory axon to

the muscle and the nerve bundle entering into the third segment gives one excitatory and one

inhibitory axon.

Stimulating the motor nerve in the third segment and recording from LI muscle in the

fourth segment assures us that only one excitatory axon is being stimulated. The inhibitory axon

has a threshold much higher than the excitatory axon and is not likely recruited (Pamas and

Atwood, 1966).

Crayfish were anaesthetized by being placed on ice for at least 1 5 minutes. The animals
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were then euthanized, after which the abdomen was cut away from the thorax, and the dorsal

abdominal shell was removed. Abdominal, segments 1, 2, and 6 were then removed, as were the

medial muscles ofthe remaining segments. The remaining segments, 3, 4, and 5 containing only

the lateral deep abdominal extensor muscles, were then placed in a 1 ml sylgard-lined recording

chamber filled with saline. The chamber was cooled to 10 degrees Celcius.

4.41 Recording EPSPs

Excitatory postsynaptic potentials (EPSPs) were recorded in the deep abdominal extensor

muscle of the crayfish Proccanbarus clca-kii (Figure 5). Low Ca**/ high Mg** saline was used for

these experiments in order to prevent muscle contractions that would dislodge the recording

electrode. EPSPs were elicited every five seconds through stimulation ofthe second abdominal

nerve root in segment 3 using a suction electrode and a Model S-88 stimulator (Grass

Instruments, Quincy, MA). Single stimuli were given every five seconds with an intensity between

1 and 10 V and durations of 0.6 ms. Responses were recorded intracellularly in muscle LI of

segment 4 to ensure that only one excitatory axon to the muscle was being activated (Pamas and

Atwood, 1966). Chemicals were applied to a bath which was maintained at 10-12 degrees Celsius,

the bath remained static for the duration of application. Intracellular electrodes were pulled from a

glass capillary tube (cat. No. 6030, A-M Systems, Inc., Everette, Washington) using a Model

700-D vertical pipette puller (David Kopf Instruments, Tujunga, California) and were filled with 3

M KCl. The resistance of the electrodes was between 15 and
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Figure 5 Schematic Representation of the Preparation: EPSPs

This diagram represents the right side ofthe abdomen ofthe crayfish, showing the medial

(M) muscles, which are removed, and the lateral (L) muscles which the recordings are taken fi-om.

The nerve root from segment three, which innervates the LI muscles of segment four with one

excitatory axon, is stimulated to elicit a response. Figure taken from Pamas and Atwood, 1966.
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40 MQ. The electrodes were mounted onto a Narishige micromanipulator, which allowed fine

movements ofthe electrode, and were connected to a Cyto 721 Electrometer (World Precision

Instruments, New Haven, Connecticut) to detect transmembrane potentials. Signals were

observed on a Hameg Model HM 205-3 digital storage oscilloscope (Hameg, Frankfurt,

Germany). Signals were digitized using a DSP pre-amplifier and digitizer (Technical Services

Division, Brock University, St. Catharines, Ontario) and were stored on an IBM compatible 386

computer.

4.42 Recording L-Glutamate Induced Potentials

Iontophoresis techniques were used to elicit L-glutamate induced potentials in order to

determine if a postsynaptic component to EPSP block was occurring. The same neuromuscular

preparation was used as described above, but instead of stimulating the nerve to elicit a response,

L-glutamate was directly applied to the muscle to induce a response (Figure 6). A micropipette

containing 1 M glutamate, at pH 7.4 was positioned near the recording electrode which was

inserted into a muscle cell. A small positive backing current of 2-6 nA was used to prevent the

continual release ofglutamate fi"om the pipette between ejection pulses. A negative current of 50-

200 nA was applied for 50-100 msec, at a fi-equency of 0. IHz, to the solution in the micropipette

to propel the L-glutamate, which is negatively charged at physiological pH, out onto the muscle,

where it binds to glutamate receptors ultimately leading to a change in membrane potential.

Chemicals were added to a static bath, for a duration of seven and a half minutes, wdth a final

concentration of approximately 30 nM. Normal crayfish saline was used in these experiments, and

prior to use, the preparation was bathed in 1 nM Concanavalin A for
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Figure 6 Schematic Representation of the Preparation: L-GIutamate Induced Potentials

This diagram represents the right side of the abdomen ofthe crayfish, showing the medial

(M) muscles, which are removed, and the lateral (L) muscles which the recordings are taken fi-om.

An electrode with 1 M glutamate in physiological saline is positioned in close proximity to a

synapse. A small positive electrical current is sent into the electrode and glutamate is pulsed out

ofthe electrode tip onto the synapse and surrounding area. Figure adapted fi^om Pamas and

Atwood, 1966
I
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one hour to reduce desensitization of the glutamate receptors (Mathers and Usherwood, 1978;

Shinozaki, 1980).

4.5 Data Analysis

Response amplitudes ofEPSPs and L-glutamate induced potentials, were averaged after

every six stimuli and stored using software called "EVOKE" which was designed by Tom

MacDonald ofthe Technical Services Division at Brock University. Data were analyzed using

GraphPad Prism (GraphPad Software Inc., San Diego, CA). The % change in EPSP amplitude

relative to the original amplitude was calculated by dividing the amplitude ofthe response at the

end ofthe twenty minute application period by the average amplitude ofthe ten minute

preapplication period.

% original (preapplication) amplitude = [(Response,ppi / Responsepre,ppi) x 100].

A sigmoidal dose-response curve with a variable slope was plotted, using the log of the

concentration in each experiment versus the % reduction in response amplitude.

% reduction of amplitude = 100 - % of original amplitude

A non-linear regression analysis was done to obtain the curve using the equation:
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Y=Bottoni + (Top-Bottoin)/(l+10^((LogEC50-X)*HilISIope));

where X is the logarithm of concentration of NlCSpd, Y is the % change in response amplitude,

and Top and Bottom refer to the highest and lowest changes in response amplitude. The Hillslope

is a unitless number which controls the slope ofthe curve. The algorithm minimized the sum of

the squares of the actual distance of the points from the curve. The fit converged, and was

reached when two consecutive iterations changed the sum of squares by less than 0.01%.

In order to determine if the differences in effects occurring between data obtained using

different experimental conditions was significant, a comparison was done using a Mann-Whitney

U-test.





57

5.0 RESULTS

Nl-coumaroyl spermidine (NlCSpd) was tested for effects on the amplitude of nerve

evoked responses recorded in the deep abdominal extensor muscle of the crayfish Procambarus

clarkii. Crayfish have been previously shown to be sensitive to phenolic polyamines (Aonuma et

al., 1998; Araque et al, 1992; Araque et al., 1994; Mercier et al, 1998), and were used because

of their size and accessibility. EPSPs were elicited in the deep abdominal extensor muscle LI

through stimulation of the second abdominal nerve root in segment 3 and responses were

recorded intracellularly in segment four to ensure that an identified excitatory axon was being

recruited (Pamas and Atwood, 1966). Chemicals were applied to a bath that remained static for

the duration of application.

One of the problems encountered was that very small amounts of the chemicals were

available, such that there was not enough to perfijse the bath for the time required to block

chemical synapses. In preliminary experiments 300uL ofbathing solution was removed and 300uL

of chemical was added. It was assumed that the bath concentration would equilibrate, and the

final concentration would be 3/10 the concentration of the applied chemical. However, during the

initial experiments occasionally no effect would be seen until washout. It is likely that the chemical

was being compartmentalized away fi'om the muscle, either under the shell or in the comer of the

recording dish. Therefore, the main problem was not knowing the local concentration of the

applied chemical in the area fi^om which the recordings were made. To overcome this problem, a

solution containing a known concentration of test compound along with an inert dye, 10|iM Fast

Green, was applied. Just before washout began, a small amount of the bathing solution was
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removed from the bath in close proximity to the recording electrode, and dilution of the dye

relative to the original concentration was assessed using spectrophotometry. The local

concentration of test compound was then estimated using the dilution factor.

Figure 7 shows that Fast Green has no effect on response amplitude elicited in the muscle.

The duration of application was only ten minutes, compared to the twenty minute duration of

application ofNlCSpd. Initial preliminary experiments lasted only ten minutes. However, these

results suggested that ten minutes may not be a long enough duration of application to reach a

steady state block, especially at lower concentrations. Application time was thus increased to

twenty minutes. No further experiments were done with the longer application time using Fast

Green, but, since no effects were seen during the ten minute application time, it was assumed that

no effect was exerted by Fast Green on EPSP amplitude during the twenty minute application

period. Experiments using the same preparation, but with no application of chemicals, revealed

that signal amplitude sometimes decreased over the trial period. However, this "run down" of the

signal was usually less than 10% of the averaged preapplication amplitude.

Upon application ofNlCSpd to the neuromuscular preparation, the amplitude ofEPSPs

began to decline. Figure 8 shows the effects of 100 nM NlCSpd on EPSP amplitude over the

application and washout period. Response amplitudes were averaged over the original (10 minute

preapplication) time period, and response amplitude was taken as a percentage ofthe averaged

preapplication response amplitude. 100 ^M NlCSpd blocked EPSPs by 45.6 ± 5.7% over five

trials. Resting membrane potential did not appear to change significantly during the
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Figure 7 Effect of Fast Green on EPSP Amplitude

The dye Fast Green, 10 |iM, was tested for effects on the amplitude ofEPSPs elicited in

crayfish muscle. No effects were observed.
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Figure 8 Eflect of 100 fiM N^-Coumaroyi Spermidine on EPSP Amplitude

This graph shows the effects of 100 jiM NlCSpd, applied at t=10 minutes, on EPSP

amplitude in five experiments. Application ofNlCSpd resulted in a decrease to 45.6 ± 5.7% of

the original response amplitude, in EPSP amplitude measured just prior to washout at t=30

minutes. Washout resulted in a progressive restoration of response amplitude.
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application period.

Figure 9 shows the effects of 1 mM NlCSpd on EPSP amplitude over the application and

washout period of four experiments. 1 mM NlCSpd resuhed in an approximately 85-95%

decrease in EPSP amplitude. The nature of application prevented an accurate determination of the

kinetics of block because the rate at which the chemical accessed the recording area of the

preparation was not measurable. However, during the washout ofNlCSpd with saline, the

restoration of response amplitude was slow and had widely varying rates. During recovery in

experiments using concentrations near the IC50 or higher, EPSPs did not surpass 75% of the

averaged preapplication EPSP amplitude, even after hours of washout. However, in experiments

using low concentrations ofNlCSpd, EPSPs typically recovered to levels near the original

amplitude. In one experiment. Figure 10, washout of NlCSpd resuhed in a restoration ofEPSP

amplitude which surpassed the original amplitude, which is occasionally seen in experiments using

other phenolic polyamines (Karst et al., 1991; Karst and Piek, 1991).

Doses of 100 ^M NlCSpd resulted in an approximately fifty percent decrease in EPSP

amplitude (Figure 11), and near complete block ofEPSP amplitude occurred with concentrations

higher than ImM. EPSPs were reversibly attenuated by NlCSpd in a dose dependent manner with

an ICjo of 70 ^M. Experiments using very low concentrations ofNlCSpd, below 1 ^M, revealed

little if any antagonistic activity, and three of six experiments resulted in an increase in EPSP

amplitude. Figure 12 shows one ofthe experiments using 1 ^lM NlCSpd. EPSP amplitude

increased by approximately 15%; none of the experiments using concentrations at or below 1 jiM

was included in the ICjo.

Clearly NlCSpd blocks excitatory neuromuscular activity in crayfish. However, the
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Figure 9 Effect of ImM N'-Coumaroyl Spermidine on EPSP Amplitude

This graph shows the effects of 1 mM NlCSpd, applied at t=10 minutes, on EPSP

amplitude in four experiments. Application ofNlCSpd resulted in an 85-95% decrease in EPSP

amplitude measured just prior to washout at t=30 minutes. Washout resulted in a progressive

restoration of response amplitude, with widely varying rates.
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Figure 10 Effect of 50 pM N'-Coumaroyi Spermidine on EPSP Amplitude

This graph shows the effects of 50 |iM NlCSpd, applied at t=10 minutes, on EPSP

amplitude. Application ofNlCSpd resulted in a decrease of approximately 45% of original EPSP

amplitude measured just prior to washout at t=30 minutes. Washout resuhed in a progressive

restoration of response amplitude, which surpassed the original EPSP amplitude.
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Figure 11 Dose-Response Relationship for N*-Coumaroyl Spermidine

This graph shows the dose-dependent attenuation ofEPSP amplitude elicited in crayfish

muscle by NlCSpd. Concentrations tested above ImM resuhed in near complete block of

response, and at concentrations below 10 nM little block, if any, was observed. An ICjo of 70 nM

was estimated fi^om the graph.
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Figure 12 Effect of IfiM N'-Coumaroyl Spermidine on EPSP Amplitude

This graph shows the effects of 1 \iM NlCSpd, applied at t=10 minutes, on EPSP

amplitude. Application ofNlCSpd resuhed in an increase in EPSP amplitude of approximately

1 5%, followed by subsequent antagonism.
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specific site of action of phenolic polyamines cannot be determined fi-om these experiments alone,

since EPSP block could occur as a result of many different interactions at various presynaptic and

postsynaptic sites. Actions of phenolic polyamines are not specific to glutamate receptors, and

their effects could be the result of the modulation of the function of any one of, or combination of,

many ligand gated and voltage gated channels that exist in the presynaptic and postsynaptic

membrane which could result in the block ofEPSPs.

To determine if a postsynaptic component ofEPSP block exists, L-glutamate induced

potentials were elicited, and chemicals were applied to the bath. The same preparation was used

as before, but instead of stimulating the nerve to elicit a response in the muscle cells, the

transmitter glutamate was directly applied iontophoretically to induce a response that would not

be susceptible to any presynaptic effects that may be occurring. Upon application of 30 ^M

NlCSpd, which is slightly less than the IC50 for effects on EPSP amplitude, the amplitude of L-

glutamate induced potentials began to decline and did so until signals were nearly completely

blocked (Figure 13). The amplitude of L-glutamate induced potentials was more sensitive than

EPSP amplitude to NlCSpd, requiring only 30 ^M to block responses nearly completely. 30 |iM

NSTX-3 acted similarly to NlCSpd; the only difference was that the effects NSTX-3 did not

wash out at all over the trial period, while those ofNlCSpd washed out completely after seven

minutes. Both chemicals blocked responses below the noise level, and relative potencies were not

obtained.

The two constituents of the NlCSpd molecule, a phenolic ring called coumaric acid, and a

polyamine backbone, spermidine (Figure 14), were tested to see if either alone was responsible for

the activity of the molecule. Polyamines have been found to modulate qGluRs, and some
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Figure 13 N*-Coumaroyl Spermidine Effect on L-Glutamate Induced Potential Amplitude

This graph shows the effects of 30 ^M NlCSpd on the amplitude of L-glutamate induced

potentials. Chemicals were appUed at t=5minutes for 7.5 minutes. Response amplitude began to

decline and did so until signals were nearly completely blocked (Figure 13). 30 ^M NSTX-3 acted

similarly to NlCSpd; the only difference was that the effects NSTX-3 did not wash out over the

trial period, while those ofNlCSpd washed out completely after several minutes. Both chemicals

blocked responses below the noise level, and relative potencies were not obtained.
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Figure 14 Structure of Coumaric Acid and Spermidine

These are the stmctures of coumaric acid and spermidine.
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evidence suggests that 2,4-dihydroxyphenylacetic acid, the phenolic group of certain spider

venoms (NSTX-3 and JSTX-3), alters the binding activity of glutamate (Pan-Hou and Suda,

1987). Each of the constituents showed no effect on L-glutamate induced potentials (Figures 15

and 16) at 30 jiM, the same concentration at which NlCSpd, blocked the L-glutamate induced

potentials nearly completely. Thus, neither component by itself is sufficient to block the L-

glutamate induced potentials at this concentration, and both components are necessary for

maximal activity.

A few experiments, using a newly synthesized plant derived phenolic polyamine N^ -

coumaroyi spermine (Figure 17) were performed just before the completion of this study. These

experiments tested the effects ofNlCSpm on EPSP amplitude. The increased number of nitrogen

groups, and therefore positive charges, of the polyamine chain led us to hypothesize that NlCSpm

would be more potent than NlCSpd, but this was not the case. An IC50 could not be properly

assessed since only two different concentrations were used. However, application of 50 jiM

NlCSpm resulted in a decrease in amplitude of43.5 ± 2.2 %, averaged over eight trials. Two

experiments were also performed using 500 ^iM, resulting in a decrease of 69.3 ± 0.55%(n=2)

from the averaged preapplication EPSP amplitude. This puts the IC50 between 50 nM and 500

^M, most likely closer to 50 ^M since this concentration blocked EPSPs by nearly 50%.
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Figure 15 Effect of Coumaric Acid on L-GIutamate Induced Potential Amplitude

This graph shows the resuhs of application of ImM coumaric acid, applied at t=10

minutes, to crayfish muscle. Application of coumaric acid had no effect on L-glutamate induced

potential amplitude.
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Figure 16 Effect of Spermidine on L-Glutamate Induced Potential Amplitude

This graph shows the results of application of ImM spermidine, applied at t=10 minutes,

to crayfish muscle. Application of spermdine had no effect on L-glutamate induced potential

amplitude.
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Figure 17 Eflect of N'-CoumaroyI Spermine on EPSP Amplitude

This graph shows the effects of 50 and 500 nM NlCSpd, applied at t=10 minutes, on

EPSP amplitude. Application of 50 and 500 ^iM NlCSpd resulted in a decrease of43.5 ± 2.2 %

(n=8) and 69.3 ± 0.55% (n=2) measured just prior to washout at t=30 minutes. Washout resuhed

in a progressive restoration of response amplitude.
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A comparison of the data between the effects (% reduction) induced by 50 |iM NlCSpd

(42.38 ± 0.9%) and 50 ^M. NlCSpm (42.50 ± 2.2%) on EPSP ampUtude (Figure 18) using a

Mann-Whitney U test found no significant difference (p=0.798). Therefore we assume that the

IC50 ofNlCSpm is also 70 jiM..

Estimated IC50 values for NlCSpd and NlCSpm, N8CSpd, taken from Mercier et al.

(1998), and JSTX-3 from Shudo et al. (1987), with work done on lobster muscle, are presented in

Table 2. Coumaroyl putrescene was also tested in our lab; however, even at the highest

concentrations (ImM) no effect was seen (A.J. Mercier, unpublished data).
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Figure 18 Comparison of Potencies NlCSpd and NlCSpm at 50 jiM.

This figure compares the mean % reduction ofEPSP amplitude by NlCSpd (n=8) and

NlCSpm (n=8). Error bars depict the standard error ofthe mean.
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Table 2 Comparison of Phenolic Polyamine Potencies of Arthropod EPSPs Attenuation

This table compares potencies of phenolic polyamines. (*)N8CSpd and (*) JSTX-3 were

taken from Mercier et al. (1998) are presented in Table 2. Courmaroyl putrescene was also tested

in our lab; however, even at the highest concentrations (ImM) no effect was seen (A.J. Mercier,

unpublished data). Refer to Figure 1 for structures.
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6.0 DISCUSSION AND CONCLUSIONS

NlCSpd blocked EPSPs in a dose dependant manner with an IC50 of 70 jiM.

Iontophoresis experiments revealed that block occurs postsynaptically, by interfering with

glutamatergic synaptic transmission. No significant change in resting membrane potential was

observed during the chemical application period, further supporting NlCSpd as a selective

antagonist of arthropod quisqualate type glutamate receptors.

The concentration ofNlCSpd used during the iontophoresis experiments was below the

IC50 for blocking EPSPs. However, the L-glutamate induced responses were blocked more than

was expected based on effects on EPSP amplitude. One possible explanation for this discrepancy

is that other factors are involved in synaptic block. In iontophoresis experiments, exogenous

glutamate is applied directly onto the muscle, circumventing presynaptic components in the

synaptic block. While the data in this thesis indicate that NlCSpd blocks glutamate receptors

postsynaptically, they do not exclude the possibility that it also modulates release ofglutamate

from the presynaptic terminals.

Some ofthe phenolic polyamines have been found to alter the uptake ofglutamate into

glial cells and into axon terminals (van Marie et al., 1989; Karst et al., 1991; Usherwood and

Blagbrough, 1991). These effects on uptake seem to be exerted only by phenolic polyamines with

very specific structures, since JSTX-3, NSTX-3, PhTX-433 and only one synthetic analogue of

PhTX-433 were found to have an effect on uptake. This may not be important with respect to the

goals of this thesis since it is unclear if uptake is involved in the termination of a response

(Takeuchi, 1987). Karst et al. (1991) found that certain alterations in the structure ofPhTX-433
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can be made which,without affecting its blocking potency, results in an analogue which is unable

to alter uptake. Also, JSTX-3 was not found to alter release of transmitter (Miwa et al., 1987)

even though it does alter the uptake ofglutamate (van Marie et al., 1989).

The differences in potency are likely a direct result of the differences in the techniques

used to elicit responses. lonotophoretic application ofL-glutamate, requires that the electrode

used for applying the neurotransmitter be proximate to the synapse in order for a response to

occur. However, this technique is not as focussed as the endogenous release of glutamate from

the presynaptic terminal, and a significant portion ofthe receptors recruited are likely to be

extrasynaptic, meaning receptors outside ofthe synaptic area. Extrasynaptic glutamate receptors

have altered pharmacological characteristics (Cleland, 1996), and therefore, they could also be

more sensitive to phenolic polyamines, which may account for the increased degree of block

occurring on responses induced iontophoretically.

Postsynpatic density-95 Discs large/Zona occludens-1 (PDZ) domain containing proteins,

such as PSD-95, SAP90, PICK 1, GRIP 1, and GRIP 2, are thought to target glutamate receptors

and anchor them at the postsynaptic site in the synapse (Dong et al., 1999; Garcia et al., 1998;

Xia et al., 1999). These synaptic targeting proteins would probably not be associated with

glutamate receptors outside of the synapse. Since it has been found that association ofthese PDZ

domain containing proteins with glutamate receptors alters the desensitization characteristics of

the receptor (Garcia et al., 1998), it is possible that these targeting proteins alter the

pharmacological characteristics ofthe receptor as well. Desensitization has been found to alter the

effects of phenolic polyamines on glutamate receptors; desensitized receptors do not irreversibly

bind phenolic polyamines that otherwise do bind in such a manner (Sudan et al., 1995). This may
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account for the altered pharmacological characteristics ofthe differing receptor populations.

Many other similarities between the arthropod derived and plant derived phenolic

polyamines exist. Occasional experiments using very low concentrations ofthe chemical resulted

in an increase in EPSP amplitude. These experiments were not included in the IC50. Agonistic

effects after the application oflow concentrations of phenolic polyamines have been reported in

numerous papers (Blagbrough et al., 1990; Blagbrough et al., 1992; Bruce et al., 1990; Karst et

al., 1991; Karst and Pick, 1991; Sudan et al., 1995), on many different preparations, and are

thought to be the result ofbinding to a separate site on the receptor, resulting in increased

glutamate binding (Karst and Piek, 1991). Agonism has also been observed at the beginning of

some experiments before the onset of block, and responses have been reported to increase past

their preapplication amplitude during washout exist as well (Usherwood and Blagbrough, 1991).

During the washout in one experiment using N'-coumaroyl spermine, EPSP amplitude increased

well beyond the initial amplitude. Also, increases in response size were occasionally observed

before the onset ofblock just after the application ofthe phenolic polyamine. These agonistic

effects likely all result from low concentrations of phenolic polyamines at the receptor.

Reversibility ofNlCSpd was slow, with widely differing rates. In one experiment using

ImM NlCSpd, the preparation was washed for over four hours with the signal reaching only 75%

ofthe averaged preapplication amplitude after 1 hour and remaining steady for the next 3 hours.

Reversibility of antagonism by other phenolic polyamines is slow, often incomplete, and in some

cases, such as NSTX-3 and JSTX-3, apparently nonexistent, even after hours ofwashout (Abe et

al., 1983, Teshima et al., 1990b). Later experiments, however, revealed that if block was induced

only partially, some degree of reversibility ofNSTX-3 and JSTX-3 could occur (Aonuma et al..
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1998). Also, patch clamp experiments showed that depolarizing the membrane for five seconds

and applying a pulse of transmitter resuhs in a complete reversal of eflfects regardless of the

concentration used (Bahring et al., 1997). These chemicals are reversible, but only at a very slow

rate, and is dependant on the concentration used as well as the duration of application

(Usherwood and Blagbrough, 1995). It has been proposed that the dissociation time constant of

the toxin is less than the open time ofthe channel and, therefore, that the toxin becomes trapped

inside the channel for long periods of time, which could also account for the residual block after

washout (Bowie et al., 1998).

An alternative explanation for residual block is as follows. It is known that phenolic

polyamines, under certain conditions, can pass through the pore ofthe receptor (Bahring et al.,

1997), and that phenolic polyamines can induce block ofglutamate receptors fi-om the

intracellular side of the membrane (Bahring et al., 1997; Brundell et al., 1991). At high

concentrations of phenolic polyamines there may be enough driving force to push minimal but

sufficient amounts ofNlCSpd through the pore, into the cytoplasm. Such a driving force,

associated with the concentration gradient, that would push NlCSpd into the cell, might not be

sufficient on the intracellular side of the membrane during washout to drive all of it out. Also,

polyamines pass through the pore ofthe receptor much easier fi-om the outside than fi"om the

inside (Bahring et al., 1997), suggesting that residual block of responses well after the washout of

the toxin may be the resuh ofNlCSpd being trapped inside the cytoplasm of the cell. This would

confer the effect of phenolic polyamines from the intracellular side ofthe receptor.

Neither ofthe two main components of the N'-coumaroyl spermidine, coumaric acid (the

phenolic group) and spermidine (the polyamine), is sufficient for the potency ofblock achieved by
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the molecule as a whole. Previous experiments in our lab determined that N'-coumaroyl

putrescene, a plant derived phenolic polyamine with only one amine group in the polyamine chain

(Figure 1), also has no activity, even in the millimolar range (A.J. Mercier unpublished data).

Therefore, a phenolic group conjugated to a polyamine with two amine groups is the minimum

structure necessary for activity. The position of the nitrogen groups within the polyamine chain,

which carry the positive charges, did not seem to play a significant role in determining the potency

of the chemical, since NlCSpd and NSCSpd exhibited very similar potencies.

The increased number of nitrogen groups in the polyamine chain ofthe NlCSpm

molecule, led us to hypothesize that NlCSpm would be more potent than NlCSpd, since previous

work on crustacean preparations by Shudo et al. (1987) and Teshima et al. (1990b) concluded

that the number of nitrogen groups is a determining factor in the potency of phenolic polyamines

on crustacean synapses. Shudo et al. (1987) found that removing one nitrogen group fi"om the

polyamine tail resulted in a decrease in potency of approximately one order of magnitude.

Removal oftwo more nitrogen groups, resuhed in another order of magnitude decrease.

No significant difference in potency between NlCSpm and NlCSpd was observed. An

IC50 could not be assessed properly, since only a small number of experiments using only two

different concentrations were used. However, the data indicate that the IC50 is near 70 nM. A

comparison of this IC50 value for NlCSpm with the IC50 obtained fi"om NlCSpd shows that the

two are very close and are well within one order of magnitude.

So why does reducing the number of nitrogen groups alter potency in analogues of

phenolic polyamines fi^om Arthropod venoms, and not the plant derived phenolic polyamines?

Bruce et al. (1990) tested Philanthotoxin and many analogues on locust muscle and showed that
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decreasing the polyamine chain resulted in very little decrease in potency on qGluRs, but resulted

in large decreases, one order of magnitude or more, when tested on NMDARs from mammalian

CNS. Although their experiments were performed on locust muscle, and discrepancies may result

from the different organisms used as bioassays, the site of action of phenolic polyamines, the

qGluR, is strikingly similar across arthropods (Gray et al., 1991; Dudel et al., 1997). It seems

unlikely that the difference in potency between phenolic polyamines found using crustaceans and

those using insect preparations are not likely the result of (or entirely the result of) receptor

differences.

Blagbrough et al. (1990) tested numerous synthetic analogues ofPhTX-433, and one of

them was NlCSpm. They tested the effects on tension generated in locust retractor unguis nerve-

muscle preparations. The IC50 assessed after a twenty minute application period on locust muscle

during tension recordings was 60 ^M, which is very close to the 70 |iM estimated in the

experiments we carried out. This supports the findings of this thesis. In Blagbrough et al. (1990) it

was found that certain structural alterations of specific moieties resulted in significant changes in

potency, while other changes had little or no effect. Altering the structure ofthe NlCSpm by

reducing the double bond, seen in derivative #1 (Figure 18), results in an increase in potency of

one order of magnitude. However, shortening the spacer between the phenolic group and the

amide group, seen in derivative #2, produced the phenolic group found in JSTX-3 and NSTX-3,

and did not alter potency significantly. This suggests that although certain structural requirements

are necessary for maximal potency, certain degrees of freedom do exist.

Shudo et al., (1987) tested the chemicals JSTX-3, C-1 and C-2 (Figure 4) for effects on

EPSPs elicited in lobster muscle for only a five minute application period. Perhaps the two extra
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charges (ofthe amine groups) on the polyamine tail of C-2 and the three extra charges on JSTX-

3 increased the rate of this voltage and use dependent block. Differences in the estimated ICjoS

would be more of an indication ofthe rate ofblock than actual potency differences since

equilibrium binding of the toxin has not nearly been reached after five minutes. Karst et al. (1991)

found that certain structural alterations ofPhTX-433 which did not alter the magnitude ofblock

induced by the end ofthe application period, did result in altered rates of block, which could

account the discrepancies. All of this is speculative however, and perhaps these differences are

real, and other components ofthe molecules are required in combination with the increased

number of positive charges ofthe polyamine moiety to confer a significant change in potency.

Bruce et al. (1990) found that cooperativity does occur between moieties.

Given the similarity of their effects, it seems appropriate to classify plant derived phenolic

polyamines and those found in spider and wasp venoms in the same pharmacological group as low

molecular weight excitatory ionotropic glutamate receptor antagonists. Quantitative differences

do exist, and these are due to structural differences, which are not exclusive to the polyamine

chain.
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Figure 19 Comparison of N' CoumaroyI Spermine and a Dihydrocoumaric Derivative

The three structures shown are NlCSpm and two dihydrocoumaric derivative synthesized

and tested for potency on locust muscle tension experiments (Blagbrough et al., 1991). NlCSpm

had an IC5o=60nM and the dihydrocoumaric derivative #1 had an IC5o=6nM, and

dihydrocoumaric derivative #2 had an 10^0=^.1\iM. Altering the structure of the chemical, by

reducing the double bond seen in derivative #1, resuhs in an increase in potency of one order of

magnitude, however shortening the spacer between the phenolic group and the amide group, seen

in derivative #2, did not alter potency significantly.





N^-coumaroyl

spetmine

Dihydrocoumaric

derivative #1

Dihydrocoumaric

derivative #2
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The experimental data of this thesis indicate that phenolic polyamines in plants have the

ability to induce flaccid paralysis in arthropods, in a manner similar to phenolic polyamines found

in the venoms of spiders and wasps, and that they may be involved in some sort of chemical

defence mechanism. Many types of chemical defence mechanisms exist in plants. Among them are

neuroactive chemicals, such as the pyrethrins found in chrysanthemums which defend the plant

against pestilence. Pyrethrins interfere with Arthropod neuronal transmission by blocking a

specific type of channel, the vohage-activated sodium channel (Hayashi and Gard, 1993).

However, fi^om the data obtained thus far we cannot determine if plant derived phenolic

polyamines are actually involved in plant defence mechanisms, or whether they exist to serve

another fiinction. Until now, plant production of neurologically active compounds has been

attributed to defence mechanisms. However, Lam et al. (1998) claim that there are glutamate

receptors in plants and present the possibility that such receptors are involved in light-signal

transduction. This suggests that amino acid signalling may have evolved fi^om a primitive

organism, before the divergence of plants and animals. Polyamines have been linked to light

harvesting efficiency (Tiburcio et.,1997; Kummar et al., 1997), and Lam et al. (1998) suggests

that glutamate receptor modulators produced by the plant are involved in photosynthesis. Perhaps

an early function of phenolic polyamines in vivo was in light-signal transduction, but an

evolutionary advantage may have been inherent in plants with certain types and/or concentrations

ofthese chemicals. An increase in phenolic polyamines occurs after the onset of viral infection in

certain plants, and strong evidence exists to support this response as being protective (Martin-

Tanguy, et al., 1978), supporting the hypothesis of a dual role of these chemicals.

The purpose ofthe present study was to examine the feasibility that N'-coumaroyl
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spermidine and other structurally related chemicals produced in plants might be involved in

chemical defence mechanisms against arthropods. The aim was to determine if NlCSpd acts in

similar fashion on crayfish neuromuscular junctions as other structurally similar neuroactive

compounds such as JSTX-3. Although we present evidence here that these chemicals could be

involved in defence mechanisms, many questions remain unanswered. We do not know if these

chemicals can pass through the intestinal membrane, and ifthey can, whether sufficient

concentrations exist to confer activity. The phenolic polyamines found in plants that have been

tested so far are all at least an order of magnitude less potent than those found in the arthropod

venoms. Venoms containing phenolic polyamines are injected directly into the prey, circumventing

any problem of accessing the site of action that phenolic polyamines fi^om plants would encounter,

whereas topical application of phenolic polyamines on insects does paralyse them, but only at high

concentrations (Adams, 1988; Blagbrough et al., 1992). Feeding trials have been carried out in

our lab using an artificial diet laced with high concentrations ofNlCSpd found no significant

difference between control and exposed groups (J. Siemens and A.J. Mercier, unpublished data).

Although these results are disappointing, only one compound was tested, and other chemicals may

be needed for an antagonizing effect.

The venoms of certain spiders are known to contain other chemicals that aid the phenolic

polyamine in carrying out its function. Agelenopsis cperta venom contains a polypeptide that

increases the release of neurotransmitter fi-om the presynaptic membrane, increasing the potency

ofthe phenolic polyamine since it preferably binds to the open channel (McCormick and

Meinwald, 1993). Also, spider venoms have been found to contain high amounts of

neurotransmitter, such as GABA (Usherwood and Blagbrough, 1991) and glutamate (Jackson and
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Parks, 1989). This would have the same end result as the presynaptically acting polypeptides in

the Agelenopsis aperta venom, though it would be through a more direct mechanism. Increased

potency would occur due to an increased probability ofthe channels being open, resulting in an

increased probability of a toxin-receptor interaction occurring leading to channel block.

In conclusion, NlCSpd acts postsynaptically by interfering with crayfish glutamatergic

synaptic transmission, likely blocking glutamate receptors by interacting with the same site(s) as

other phenolic polyamines. Certain moieties on the polyamines molecule are necessary for activity

while others are not. Certain alterations in structure can have a significant impact on potency,

while other alterations ofthe same moiety appear to have no significant effect, especially with

respect to the position of positive charges in the polyamine chain moiety. This suggests that

certain moieties are necessary to achieve maximal potency. However certain degrees of fi-eedom,

with respect to position of these active structures within the molecule, exist. This makes sense

when considering the flexibility of the toxin structure, and the fluidity of the membrane and the

protein macromolecules within it.
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