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ABSTRACT 

A number of drugs used in veterinary and human medicine share a 

common property, neuroactivity. Often two or more drugs are 

administered at the same time or within a short period, therefore it 

is highly probable that drug-drug interactions could occur. Such 

interactions at the level of the neuronal membrane could alter 

neuronal function in an unexpected manner but this has not been well 

documented. The few clinical reports published suggest that drug-drug 

interactions at the level of the membrane have been overlooked. 

Neuroactive drugs in combination could affect neuronal function 

in.ways other than the summation of their effects alone. To study this 

hypothesis, an isolated sensory neuron, the crayfish stretch receptor, 

was employed as a model system. The effects of selected drugs alone, 

and in combination, on neuronal activity (discharge rate) and 

electrical membrane properties were examined. Drugs selected were 

prototypes of various classes used in veterinary or human 

therapeutics: neomycin ( aniinoglycoside antibiotic); monensin 

(ionophore antibiotic); ouabain (cardiac glycoside); permethrin 

(synthetic pyrethroid) and cyperinethrin (alpha cyano synthetic 

pyrethroid). 

It was observed that all drugs and drug combinations studied 

produced concentration dependent effects on the sensory neuron. 

Neomycin reversibly depressed neuronal discharge and resting membrane 

potential, and widened the action potential. Monensin reversibly 

enhanced neuronal activity by decreasing the threshold of discharge, 

and ouabain irreversibly enhanced neuronal discharge and decreased the 

11] 



height of action potentials. Permethrin and cypermetbrin irreversibly 

increased neuronal activity by lowering the threshold of discharge. 

The effects of drug combinations were complex. For example, the 

neomycin:ouabain combination resulted in expression of only the 

effects of ouabain. The monensin:neomycin combination exhibited 

effects of both drugs on neuronal discharge, the net effect being 

synergistic. A permethrin:neomycin combination resulted in only the 

expression of the effects of permethrin on neuronal discharge, with 

some effects of neomycin exhibited on electrical membrane properties. 

Combinations of permethrin:monensin and ouabain:monensin resulted in 

synergistic effects while a cypermetbrin:monensin combination resulted 

in antagonism of the monensin effect. The effects of the drug 

combinations could not be predicted from the known mechanisms of 

action or the effects of individual drugs. 

The crayfish stretch receptor was found to be sensitive at 

concentrations within the therapeutic and toxic ranges, and proved to 

be an excellent model for neurotoxicologic studies of drugs alone and 

in combination. 

The study also provided experimental confirmation that 

unpredictable interactions of therapeutic drugs occur on neuronal 

membranes and may be of concern under clinical conditions. 
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1.0 INTRODUCTION 

1.1 Background  

The past forty years have seen the advancement of veterinary 

therapeutics from an era of potions and poultices to a scientifically 

based multi-billion dollar pharmaceutical industry supporting animal 

care. Such rapid development has resulted in the discovery and 

introduction into veterinary medicine of drugs of many different 

classes. Despite a wide variety of therapeutic indications for these 

drugs, many share a similar property, neuroactivity ( footnote 1). 

Neuroactivity can be defined as a property possessed by a drug that 

results in an effect altering the function of nervous tissue. 

Neuroactivity may be, but is not necessarily, a primary effect of a 

drug. Many drugs are indicated for other than the effect that they 

have on nervous tissue and possess the property of neuroactivity as a 

side effect (IClaassen, 1985). The following discussion will deal with 

those neuroactive drugs that have an effect at some site on the plasma' 

membrane of neurons and, in exerting this effect, alter neuronal 

function. 

The site of action of neuroactive compounds on neuronal membranes 

may be a specific site such as a receptor, or it may be nonspecific. 

Specific sites for neuroactive drug action include synaptic 

transmitter receptors (Abbassy, Eldefrawi and Eldefrawi, 1983a; 

Eldefrawi et al, 1985; Sherby et al, 1986), ion channels (Lund, 198'; 

Lawrence, Gee and Yamamura, 1985; Narahashi, 1985), membrane 

phospholipids ( Schacht, 1976; Iilliams and Schacht, 1986) and other 

such membrane structures (Sokolove and Cooke, 1971). Drugs that insert 
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themselves into the cell membrane without requiring a specific 

receptor are considered to have a nonspecific site of action (Roth, 

1980a). 

Many drugs used in veterinary medicine are classified according 

to indication and not by their neuroactive properties. For the 

purposes of this study they can be grouped into two broad categories: 

those that are employed because of their primary neuroactive 

properties and those employed for some other reason that have a 

neuroactive side-. or secondary effect. Those that are employed for 

their neuroactive properties can be classified further according to 

whether or not they exert their effects at receptor sites. Examples of 

those that act at receptors on neurons of the central and/or 

peripheral nervous systems are drugs of classes such as the 

benzodiazepines, barbiturates and narcotics (Soma, 1971). Others, such 

as halothane and methoxyflurane dramatically affect the nervous system 

by mechanisms not involving receptors and therefore fall into the 

second class (Soma, 1971). A special subgroup of the first category is 

composed of drugs whose target is the nervous system of an internal or 

external parasite rather than the nervous system of the host animal to 

which the drugs are applied. This class includes antiparasitics and 

antimuscids such as the organophosphates, avermeotins and pyrethroids 

(Townsend and Ranipey, 1986). 

The second category of drugs is composed of those intended for 

therapy that does not primarily involve the nervous system. Under 

certain conditions however, they can exert effects on neuronal 

membranes. - Some of the antibiotics and cardiac glycosides can be 
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placed in this category. 

1.2 Veterinary Drugs with Neuroactive Properties  

Drugs employed in treating food producing animals are often 

applied on a mass basis to all animals exposed or at risk from a 

particular infection or parasite. There are a number of different 

infectious or parasitic conditions to which a given herd or flock 

might be exposed at one time, therefore two or more different drugs 

may be administered siimultaneously for therapeutic purposes (Blood, 

Radostits and Henderson, 1983). Several species of animals also 

receive drugs for purposes of growth promotion during which time they 

might also be treated with other drugs for concurrent disease. In 

fact, it is a common occurrence in modern day livestock practice to 

expose animals and birds to different drugs concurrently or 

consecutively during their growth and production. For example, in 

Alberta it is not unusual for growing cattle to be treated at the same 

time or within a period of a few days with an organophosphate for 

myiasis, an antibiotic for control of respiratory disease, a synthetic 

pyrethroid for arthropod control and an ionophore antibiotic for 

growth promotion. Approximately 85% of beef cattle in Canada, in 

feedlots over 1000 head, are fed ionophore antibiotics during their 

growth period (Stobbs, Dr. L. A., Elanco Division, Eli Lilly and Co., 

personal communication). Such animals are commonly exposed to 

ionophore antibiotics at the same time as other drugs such as fenthion 

(an organophosphate), permethrin (a synthetic pyrethroid), levamisole 

(a cholinergic antagonist) and any of a number of non-ionophore 
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antibiotics. 

1.3 Interactions among Veterinary Drugs.  

Interactions could occur when two or more neuroactive drugs are 

administered at the same time or within a short period of time. 

Interactions could occur prior to reaching the target site or at the 

target site, i.e. the neuronal membrane. While studies of interactions 

between drugs acting at the same receptor site are common ( see 

Eldefrawi et al, 1985; Seifert and Casida, 1985), studies of drugs 

interacting at different receptor sites on the same target cell are 

rare. For example, it is unknown whether combined effects of the drugs 

mentioned in the feedlot example given above occur, although the 

potential for adverse physiological consequences of at least some of 

these drugs has been pointed out (Elsasser, 1984). Multiple drug 

exposures are common but detailed studies of specific interactions of 

neuroactive drugs in vitro and in vivo have not been reported. 

However, the hypothesis that interactions between neuroactive drugs do 

occur is not without foundation, as interactions are a recognized 

phenomenon for many other types of drugs (Murad and Gilman, 1985). 

Furthermore, there are a few reports which describe interactions 

between some of the antiparasitic agents and other unrelated drugs 

used in veterinary medicine. For example, interactions between 

ionophore and non-ionophore antibiotics have been documented in the 

field (Frigg, Bronz and Weber, 1983; Umemura et al 1981a, 19811b; 

Wanner, 198'; Shlosberg et al, 1985; Miller, O'Connor and Roberts, 

1,986) and reports of in vitro interactions between avermectins and 
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benzodiazepines have been published (Williams and Yarborough, 1979; 

Pong, 1980). The reactions between ionophore and non-ionophore 

antibiotics are of particular concern because they result in 

potentiation of toxic effects and occur under field conditions at 

therapeutic concentrations (Horrox, 1980, 1981) ( footnote 2). 

1.4 Interactions with Drugs Used in Man. 

similar comments made above for veterinary drugs may also apply 

to agents used in human clinical medicine. To a large extent the same 

drugs are used for both human and veterinary medicine. For those 

indications where identical drugs are not used, members of the same 

family of drugs are commonly employed. Furthermore, some drugs have 

applications inhuman medicine for other than their primary use in 

veterinary therapy. For example, the nematocide levamisole has been 

found to have immuno stimulant properties that are employed in therapy 

of humans (Advani et al. 1985; SurapanOni et al. 1985) and the 

ionophore antibiotics have been studied for possible use in congestive 

heart failure (Shlafer and Kane, 1980). 

Combination therapy is even more common in human than veterinary 

medicine, the average hospitalized patient receiving between 6 and 10 

different drugs (Levine, 1973; Murad and Gilman, 1985), with the 

incidence of interactions being 20% or greater in patients receiving 

more than 10 different drugs (Murad and Gilman, 1985). It is therefore 

not surprising that some interactions between neuroactive drugs have 

been reported. For example, the interaction between anesthetics and 

aminoglycoside antibiotics has been recognized for some time (Drain 
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and Campnian, 1975). In addition, one interaction, has been observed in 

vitro between monensin, a drug that at present is solely used in 

veterinary medicine, and ouabain, a drug used in human medicine 

(Soblafer and Kane, 1980). 
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2.0 HYPOTHESIS 

2.1 Basis for Postulating Interactions. 

The potential toxicity of drugs under development is a major 

concern of the pharmaceutical industry and of regulatory agencies. 

This results in close study of new drugs both in the development stage 

and once they are released for clinical use. These studies concentrate 

on the pharmacokinetics, pharmacodynamics and toxicity of the drug 

alone (Levine, 1973; Traina, 1983). Studies of possible interactions 

between drugs under investigation/development and other drugs that are 

already in therapeutic use are not carried out as part of the 

assessment routine. Therefore it is not surprising that interactions 

are rarely discovered by routine toxicological screening of drugs 

prior to release to the market, despite recognition of the potential 

problem (Levine, 1978). Rather, studies of such interactions arise out 

of observations made either during the clinical investigation phase of 

drug assessment or after the drug has been approved for use and a 

problem has developed in the field (fr example, see studies of 

Umemura et al. 198a, 1981b). 

The importance of possible effects of combinations of neuroactive 

drugs upon manimalian nervous function becomes apparent when 

neuroactive drugs are used in livestock production as discussed in 

section 1.2. Toxicity due to simultaneous action of . different 

neuroactive drugs at neuronal membrane sites is a distinct possibility 

because of the multiplicity of such drugs, the plethora of effects 

that they have and the numerous membrane sites that they can affect. 

What is the net effect of two or more neuroactive drugs acting 
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simultaneously at different sites on the same target membrane? On 

theoretical grounds it seems reasonable that in combination membrane 

active drugs will affect neuronal function and membrane properties 

such that the result could be sunixnative ( footnote 3), synergistic or 

inhibitory (Murad and Gilman, 1985). It is also possible that some 

drugs might be unaffected by the presence of others (Levine, 1973). 

The result of an interaction could be a change in the activity of the 

target cell, alteration of the desired therapeutic action of each 

drug, enhancement of the toxicity of one or more of the drugs and/or 

production of completely unanticipated results. Such interactions 

would at best impair treatment and/or result in toxic side effects. In 

extreme situations, irreversible toxicity or death might occur. 

The question posed in the previous paragraph has sufficient 

factual foundation in the few studies reported to date ( section 1.3) 

to provide a practical basis for speculation and to justify an 

in-depth investigation. Interactions of a number of drugs at the level 

of excitable cell membranes are not only possible, they are probable. 

2.2 Hypothesis. 

The foregoing provides a theoretical framework and the few known 

facts concerning the interactions of certain drugs upon neuronal 

membranes. With this background, the following hypothesis is proposed: 

THE COMBINED EFFECT OF TWO DRUGS ACTING AT DIFFERENT SITES ON A 

NEURONAL MEMBRANE WILL RESULT IN, A NET EFFECT THAT IS NOT THE SUM OF 

THE INDIVIDUAL ACTIONS. 
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3.0 RATIONALE 

3.1 The Need for the Proposed Study.  

At the present time the nature and net effect of interactions of 

neuroactive drugs upon neuronal membranes in combination is not 

specified. This is surprising in view of the possible serious outcome 

of such interactions. That this area has not been examined is even 

more surprising in view of the demonstrated interactions between 

unrelated neuroactive drugs described in section 1.3. 

3.2 In Vivo Difficu]ties: Rationale for an In Vitro Study. 

The complexity and as yet incompletely understood higher 

organization of the central nervous system on both the anatomic and 

physiologic levels is a major problem complicating studies of the 

effects of neuroactive drug interactions on the nervous system of the 

intact animal. Further complications of intact animal preparations 

include absorption, distribution, metabolism, the blood-brain barrier 

and other physiologic parameters. It is important initially to study 

the problem in its simplest form: ie. what is occurring at the 

cellular and membrane level of an individual neuron exposed to 

combinations of drugs, and how does this affect the function of that 

neuron? Once there is a clear understanding of the combined effects 

upon a single neuron, it will be easier to understand and extrapolate 

the effects that might be expected in cell populations. A. knowledge of 

the concentrations at which a drug affects a single neuron may also 

allow prediction of effective drug concentrations on neurons in vivo. 
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There are a number of criteria by which models for assessing 

toxic drug interactions can be evaluated. These are: 

1. Experimental results must be consistently reproducible. 

2. The preparation should be responsive to drug concentrations in 

the therapeutic range. 

3. The effects and interactions that are observed between drugs 

should reflect as closely as possible the situation in the intact 

animal. 

. The preparation should be easily obtained, prepared and 

manipulated. 

5. The experimental animals used should be as low on the 

phylogenetic scale as possible to give the data required. 

6. The preparation should use as few animals as possible to give 

accurate data. 

The last two criteria reflect the concern that valuable 

toxicological data be obtained while inflicting a minimum of pain and 

wastage of animals (Holden, 1987). Generally, the fewer the animals 

that can be used to obtain accurate data and the lower they are on the 

phylogenetic scale, the more satisfactory the system for toxicological 

purposes, assuming that the data obtained are of the degree of 

accuracy and applicability to higher animals that is required. 
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4.0 OBJECTIVES: 

11.1 General Objective. 

The overall objective of the investigation is to examine 

prototypes of the aniinoglycoside antibiotics, lonophore antibiotics, 

cardiac glycosides, and synthetic pyrethroids for their effects alone 

and in combination on an isolated neuronal preparation, the crayfish 

stretch receptor neuron. The purpose is to evaluate whether 

combinations of these drugs yield summative or non-summative effects 

on the function (discharge) and electrical membrane properties of the 

stretch receptor neuron. 

11.2 Specific Aims. 

1. to establish baseline values and stability for the 

activity and/or function of the neuronal model (discharge activity). 

2. to establish baseline values and stability for the cell 

membrane electrical properties of the neuronal model. 

3. to establish, characterize the effects of, and define the 

limits of a suitable solvent for the study of water insoluble drugs on 

the neuronal model. 

11. to study the effects of each selected neuroactive drug 

alone on the physiological (discharge) activity and on the electrical 

membrane properties of an isolated neuronal preparation. 

5. to study the effects of the selected drugs in various 

combinations on the physiological (discharge) activity and electrical 

membrane properties of an isolated neurona]. preparation. 

6. to evaluate the ability of the model to measure the 

effects of drug interactions on the neuronal membrane. 
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5.0 THE MODEL SYSTEM 

5.1 The Crayfish Stretch Receptor Preparation. 

5.1.1 Characteristics of the preparation. 

The crayfish stretch receptor was selected as the experimental 

preparation for this study. Also known as the muscle receptor organ 

(Florey and Florey, 1955), the stretch receptor is a sensory structure 

found in members of the crayfish and lobster families. Located 

dorsally in the body cavity and slightly lateral to the median plane, 

there are two stretch receptor organs in each abdominal segment which 

exhibit bilateral symmetry with respect to each other. A description 

of the physiology of these structures in the crayfish (Wiersma, 

Furshpan and Florey, 1953; Eyzaguirre and Kuffler, 1955) preceded 

detailed anatomic description (Florey and Florey, 1955; Tao-Cheng, 

Nakajinia and Hirosawa, 1977, 1978). 

Each stretch receptor organ is a paired structure, consisting of 

a fast adapting ( phasic) and a slowly adapting (tonic) neuron. Each 

neuron is attached to a receptor muscle. An inhibitory gamma 

aminobutyric acid (GABA) secreting neuron is also present and the 

receptor muscles of the tonic and phasic neurons receive efferent 

(glutaininergic) inputs from the nervous system (Florey and Florey, 

1955). Henceforth this dissertation will be concerned only with the 

tonic neuron which will be referred to as the stretch receptor neuron. 

Anatomically, the stretch receptor neuron is a bipolar neuron 

Mandel, 1985) having both dendritic and axonal poles. There are three 

to four main dendrites which enter the muscle bundle and then further 

branch, forming a mass of nerve endings within the muscle (Florey and 
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Florey, 1955). A distinct narrowing of the axon at an approximate 

distance of 350 urn from the soma is known as the encoder region and is 

the area where action potentials normally originate (Kugler and 

Chaplain, 1974). For the neurophysiologist, an important feature of 

the stretch receptor neuron is its ability to convert a constant 

tension applied to the tonic muscle fiber into a constant rate of 

neuronal discharge that will last for several hours in vitro. This 

provides a useful and relatively easily manipulated neuronal model 

that has been used in physiologic (Klie and Welihoner, 1973) and 

pharmacologic studies (Wiersma, Furshpan and Florey, 1953; Swerup and 

Rydqvist, 1985). 

Tension applied to the tonic muscle fiber is transduced into 

neuronal activity primarily by a sodium current in the dendrites 

(Obara, 1968; Brown, Ottoson and Rydqvist, 1978). Stretch induced 

local generator potentials reduce the membrane potential. Eventually, 

at the encoder region, a critical membrane potential is reached which 

initiates a propagated action potential. Increasing the tension of the 

muscle giber reduces the resting membrane potential by several 

millivolts (Eyzaguirre and Kuffler, 1955). The threshold for 

initiation of action potentials is 8 to 12 mV (Eyzaguirre and Kuffler, 

1955). If tension on the muscle is maintained such that the membrane 

potential is kept at this critical level, rhythmic discharge activity 

is initiated and sustained with a high initial frequency that 

decreases with time to a lower, more stable discharge rate. This 

ability of the tonic neuron to produce long lasting repetitive 

discharges arises from the encoder region of the axon (Nakajima and 
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Onodera, 1969a). If greater tension is applied to the muscle, the 

frequency of discharge increases until a point is reached at which 

discharge ceases. The cell will resume discharge activity if tension 

is released. This phenomenon is referred to as overstretch (Wiersma, 

Furshpan and Florey, 1953). 

5.1.2 Advantages of the stretch receptor neuron as a model system. 

There are a number of advantages in using a single isolated 

invertebrate neuron for neurotoxicologic studies. The basic neuronal 

ionic events and their electrophysiologic consequences are similar in 

a].]. species (Kandel, 1985) and principles derived from studies of in 

vitro invertebrate neurons have sucesafully been applied to 

structurally more complex and highly organized vertebrate systems 

(Nistri and Constanti, 1979). Sufficient knowledge has been gained 

about invertebrate neurons to support the view that principles 

obtained are of general neuropharmacological interest ( Prichard, 

1972). 

An individual neuronal preparation allows the study of drug 

effects on neuronal membranes without the complications of metabolism, 

the presence of other cell or organ types, and integration with other 

neurons. With specific reference to crustacea, of prime importance for 

studies in which results may be extrapolated to mammalian systems is 

that their sensory nerves have numerous features bearing a striking 

anatomic and physiologic resemblance to central nervous system cells 

of vertebrates (Eyzaguirre and Kuffler, 1955). Discharge rate is a 

very sensitive indicator of the state of excitable membranes (Ono and 
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Nakajima, 1979) and a sensory neuron that has a readily controlled 

discharge rate is an ideal preparation for membrane studies. Studies 

can be conducted in great detail (Roth, 1980b) with precise, 

quantitative recording of neuronal behaviour (Roth, Tan and Maclver, 

1986). Properties such as stimulus input and temperature (Maclver, 

1980) as well as flow rates of physiological solutions and 

concentrations of applied drugs (Roth, Tan and Maclver, 1986) can be 

precisely controlled ( Chalmers, 1983). The avascularity of 

invertebrate neurons permits them to be maintained in an experimental 

chamber without significant deterioration (Prichard, 1972) as a result 

of the ability of these neurons to utilize oxygen from the environment 

at low oxygen tensions (Jungreis and Hooper, 1968). In addition, the 

crayfish stretch receptor preparation has the advantage of being 

easily identified and readily accessible, dissected and manipulated. 

The stretch receptor neuron can be maintained in vitro in a state of 

depression, inactivity, activity or accelerated activity as described 

by Eyzaguirre and Kuffler ( 1955). Furthermore, the uncomplicated 

morphology, relatively large size and simple function of this 

preparation permits precise placement of electrodes with relative ease 

(Roth, Tan and Maclver, 1986). The size of this neuron also allows the 

placement of a number of electrodes into the soma and onto the axons. 

The stretch receptor neuron has been widely studied and well 

characterized by numerous authors ( see Roth, Tan and Maclver, 1986). 

It provides an ideal system for experimental examination and 

manipulation of the electrophysiologic and ionic events in action 

potential generation. It is stable for periods of up to 12 hours in 
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isolation (Naclver, 1980). Not only is this preparation sensitive to 

anesthetics in physiological concentrations ( Roth, 1980a), but it also 

possesses a non-synaptic discriminative ability which renders it 

capable of distinguishing various chemical structures, including those 

of benzodiazepines (Sewell, Tan and Roth, 1981a, 1981b) and 

barbiturates ( Roth, Tan and Tooth, 1983) and even between the valency 

state of certain cations (Tan and Roth, 1984). It has also been used 

for studies of detergents (Ottoson and Rydqvist, 1978). It is thus an 

ideal system to indicate whether differences in drug activity exist at 

the cell or membrane level (Sewell, Tan and Roth, 198Ia). For these 

reasons, the crayfish stretch receptor neuron is ideal for allowing 

the in vitro characterization of the membrane interactions of the 

drugs of interest in this study, alone and in combination, in a 

controlled environment. 

5.1.3 Disadvantages of the Stretch Receptor Neuron. 

The simplification that is provided by isolating the cell from 

the complex physiological environment of the body also provides a 

major criticism of such a preparation for toxicologic work, since it 

can be argued that by studying such a system one is oversimplifying 

the situation. A single neuron does not reflect the more complex 

environment of the intact animal. Another criticism that can be made 

of the isolated crayfish stretch receptor preparation is that because 

it is in isolation, it is constantly degenerating. 

While there is some merit in these criticisms, they are 

overshadowed by the advantages of performing studies upon a single 
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neuron. Despite the fact that a neuron is not the whole animal, the 

model represents one of the most sensitive parts of the whole, the 

sensory system. Sensory neurons are especially sensitive to insult by 

certain neurotoxins and are affected by low concentrations of these 

compounds (Chalmers, 1983), a factor that is of considerable 

importance to the questions addressed in the present work. 

Furthermore, the simplicity and ease of manipulation of this 

preparation alone requires that it be evaluated as a model for 

neurotoxicologic studies. In fact, the advantages of the preparation 

are so numerous that for toxicological purposes the preparation should 

be considered not only as representative of the crayfish system, but 

possibly for the systems of other species as well. 

It is possible that the isolated stretch receptor neuron is 

constantly degenerating because of its isolation. However, 

degeneration that is sufficient to affect the function of the cell 

does not occur for several hours ( see below). The stability of the 

preparation is due to its ability to obtain oxygen from the 

environment at very low oxygen tensions and thereby to continue normal 

metabolic activities for many hours in isolation (Jungreis and Hooper, 

1968; Pritchard, 1972). Not only is metabolism maintained, but such 

properties as discharge rate, cell membrane integrity and active ionic 

transport systems are all stable for many hours in isolation ( see 

below). While it is true that the cell eventually does deteriorate, 

this usually occurs several hours after dissection, permitting a 

sufficient period of time for experimental manipulations. A number of 

authors have commented on this stability (Chaplain, Michaelis, and 
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Coenen, 1971; Maclver, 1980; Roth, Tan and Maclver, 1986) and it is 

confirmed in the control experiments reported below. 
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6.0 THE DRUGS SELECTED FOR THIS STUDY 

6.1 Criteria for Selecting Drugs. 

A number of criteria were used to select drugs for this study. 

Drugs had to be either known as neurotoxic or to exert an effect on 

excitable membranes, to represent various classes of compounds, to be 

potentially capable of interacting with each other based upon their 

known mechanisms, and to be of therapeutic value either in animals or 

man. Possible exposure of animals or man to the selected drugs either. 

therapeutically or environmentally would have to occur at the same 

time. Of the large number of different drugs that meet these criteria, 

the compounds neomycin, monensin, ouabain, permethrin and oyperxnethrin 

were selected. These respectively are prototypes of the aminoglyooside 

antibiotic, lonophore antibiotic, cardiac glycoside, non alpha cyano 

synthetic pyrethroid and alpha cyano synthetic pyrethroid groups. Each 

of these groups and their prototypes are discussed below, with 

additional rationale for the selection of each. A summary of the drugs 

selected and the criteria for selection are presented in Table 1. 

62 ,Aminoglycoside Antibiotics: Prototype, neomycin. 

6.2.1 Neurotoxicity of the aminoglycosides. 

The aminoglycoside'group of antibiotics find widespread clinical 

use in both animals and man. Their use is, however, restricted to 

certain applications because of nephrotoxicity and neurotoxicity. The 

neurotoxicity of the aminoglycosides affects both auditory and 

vestibular function of the eighth cranial nerve and is the most 

serious of these limiting factors (Sande and Mandell, 1985). Neomycin, 
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TABLE 1 

DRUGS SELECTED FOR THIS STUDY 

CLASS OF DRUG PROTOTYPE NEUROTOXICITY REFERENCE 

axninoglycoside antibiotics neomycin Lietman, 1985 

ionophore antibiotics monensin 5hlosberg et al, 1985 

cardiac glycosides ouabain potential: see Hoffman 

and Biggar, 1985 

non alpha-oyano pyrethroid permethrin Leake et al, 1985 

alpha-cyano pyrethroid cypermethrin Leake et al, 1985 
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produced by the soil organism Streptomyces fradiae, is the most 

neurotoxic of the aminoglycoside group (Saide and Mandell, 1985). This 

is a major factor restricting its clinical use (Bushby, 1976). The 

major neurotoxic effect of neomycin is irreversible damage to the 

auditory receptor cells of the inner ear which has been reported in a 

number of species including humans (Bushby, 1976; Kavanagh and McCabe, 

1983). 

6.2.2 Mechanisms of neomycin neurotoxicity. 

The exact mechanism of neomycin neurotoxicity is unknown 'at 

present but a' number of suggestions have been presented. Ward and 

Rounthwaite ( 1978) have proposed that damage to the receptor cells may 

occur as a direct effect of neomycin, the more active cells being the 

most susceptible and therefore the first, to be damaged. Neu and 

Bendush (1976) suggested that the primary toxic effect of the 

aminoglycosides is an upsetting of the ionic environment of the 

auditory receptor cells of the inner ear through an alteration of the 

active transport of sodium ions out, and of potassium ions into, the 

endolymph from the bloodstream. Brown and Daigneault ( 1973) observed 

that neomycin acts at the efferent auditory synapse to enhance and 

then depress contralateral olivo-cochlear bundle stimulation in cats. 

This led them to suggest that in neomycin toxicity receptor cell 

damage might occur secondary to synaptic damage. Supporting this 

suggestion is the finding that synaptic effects occur before there is 

extensive ototoxicity (Brown and Daigneault, 1973). 

Neomycin also interferes with neuromuscular synaptic transmission 
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by potentiating the effects of neuromuscular blocking agents. This has 

potentially serious clinical consequences, especially in patients 

undergoing anesthesia or suffering pathologically impaired 

neuromuscular transmission ( Caputy, Kim and Sanders, 1981). A number 

of studies have demonstrated that the primary effect is a reduction in 

the amplitude of the endplate potential which involves both pre- and 

postsynaptic events (Elmqvist and Josefsson, 1962). The presynaptic 

effect is the result of decreased quantal content while the 

post-synaptic activity appears to be related to antagonism of 

acetylcholine-induced end-plate depolarization (Caputy, Kim and 

Sanders, 1981). 

Although the effect of neomycin upon synaptic transmission and 

its neurotoxicity to the ear have been well documented, it is not 

known whether neomycin has a selective effect upon neuronal excitable 

membrane properties. If neomycin does have such a selective effect 

then an understanding of the nature of this effect would be essential 

to an understanding of both the mechanisms of action of neomycin and 

its toxicity. Therefore, neomycin was selected as the representative 

of the aminoglycoside group for this study. The structure of neomycin 

is shown in Figure 1. 

6.3 lonophore Antibiotics: Prototype, Monensin. 

6.3.1 Clinical uses and mechanism of action. 

The ionophore antibiotics are a group of microbial metabolites 

which form lipid soluble complexes with alkali ions, transporting them 

across biological membranes (Galitzer and Oehme, 19811; Cox, Fir'man and 



page 23 

Schneider, 1985). The therapeutic use of ionophore antibiotics is 

currently restricted to animals where they are employed as growth 

promotants and anticoccidials (Galitzer and 0ehme, 1981; Schelling, 

1984). A possible role has been proposed for the ionophore antibiotics 

in the treatment of chronic cardiac failure in humans (Shiafer and 

Kane, 1980). 

6.3.2 Monensin. 

Monensin, the prototype ionophore antibiotic, is also the first 

to be developed for commercial use ( footnote 1 ). Monensin selectively 

transports sodium ions down the electrochemical gradient across cell 

membranes, exchanging them for protons (Elsasser, 1981 ). The result is 

a net increase of intracellular sodium concentration. Secondary 

changes in distribution of other ions such as Ca also occur 

(Anderson et al, 1984). The structure of monensin is illustrated in 

Figure 1. 

The balance of ion concentrations across neuronal membranes is 

critical to neuronal function. Alterations in the concentrations and 

composition of the intra- and extra-cellular ion compartments will be 

reflected in alterations of neuronal function. As sodium is the most 

important of these ions, monensin might be expected to alter neuronal 

function because of its activity in selectively transporting sodium 

into the neuron. The effects of monensin on an isolated sensory neuron 

have not previously been investigated, but it is known to have 

physiologic and toxic effects upon both cardiac and skeletal muscle 

(Beck and Harries, 1979; Shlafer and Kane, 1980; Nation, Crowe and 
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Harries, 1982). These effects are related to its capacity to carry 

sodium into these cells (Sutko et al, 1977). 

Monensin was selected as the protoype ionophore antibiotic for 

this study because its neuroactive/neurotoxic properties have not been 

examined. Its mechanism of action suggests that it might be 

neuroactive and therefore an examination of its neuronal membrane 

effects is justified. The ionophore antibiotics have been shown in the 

field to interact with other antibiotics, and thus it is possible that 

monensin will interact with the known neurotoxic aminoglyooside 

antibiotic neomycin, justifying investigation of this potential 

interaction. Investigation of interactions of monensin with 

neuroactive drugs is also justified because of the widespread use of 

ionopohore antibiotics in livestock production. 

6.4 Cardiac Glycosides: Prototype, Ouabain. 

6.4.1 Clinical uses and myocardial mechanisms of action. 

The cardiac glycosides are a group of compounds that have a 

marked positive lonotropic activity upon the myocardium and are widely 

used in the treatment of heart failure. In addition to their primary 

effect upon the myocardium, the cardiac glycosides have an effect upon 

neural tissue which indirectly affects the heart (Hoffman and Bigger, 

1985). The mechanism of action of cardiac glycosides is direct 

inhibition of membrane bound Na/K ATPase (Hoffman and Bigger, 1985). 

The effect of this inhibition is the prevention of hydrolysis of ATP 

and deprival of the Na/K exchange pump of its source of energy. 

Consequently the intracellular concentration of sodium increases and 
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that of potassium decreases. In the heart this causes an increase in 

both the intracellular calcium concentration and the slow inward 

current during the action potential (Hoffman and Bigger, 1985). 

Ouabain is derived from the plant Strophanthus gratus and is the 

prototype of the cardiac glycoside family, a class of drugs widely 

used for treatment of cardiac failure and in a number of basic 

research applications. Ouabain has the advantage of being water 

soluble, a problem with other glycosides. For these reasons, ouabain 

was selected as the representative glycoside for this study. It can be 

expected from the mechanism of action of ouabain that it would 

interact with other membrane active drugs. This contention is 

supported by studies showing that the effect of ouabain is synergistic 

with that of monensin on myocardial membranes 

Given the mechanisms of action of both monensin 

synergism of effects would likely occur on 

structure of ouabain is shown in Figure 1. 

(Sutko et al, 1977). 

and ouabain, similar 

nerve membranes. The 

6.5 Synthetic Pyrethroids: Prototypes, Permethrin and cypermethrin. 

6.5.1 Uses and toxicity  

The synthetic pyrethroid group of insecticides are derivatives of 

a group of six structurally related naturally occurring esters 

obtained from the flowers of Chrysanthemum cinerariaefolium. Synthetic 

pyrethroids possess a number of advantages over the natural pyrethrins, 

including enhanced insect toxicity and greater photostability 

(Vijverberg and Van den Bercken, 1982). Intensive investigation of the 

toxicologic properties of the synthetic pyrethroids has resulted in 
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more data being generated about this group within a 5 year time span 

than for any other compound previously studied (Litchfield, 1983). Two 

types of neurotoxic signs are exhibited by mammals when they are 

exposed to pyrethroids. These are designated as Type I and Type II 

syndromes. Type I syndrome is due to the effects of the drug on both 

the central and peripheral nervous systems, while Type II syndrome 

appears primarily due to central effects with little or no peripheral 

effect ( Prasada Rao, Chetty and Desaiah, 1984). In general, the 

presence or absence of an alpha cyano group on the compound will 

determine the poisoning syndrome produced: compounds producing the 

Type I syndrome do not have the alpha cyano, group while those 

producing the Type II syndrome do possess the alpha cyano group 

(Abbassy, Eldefrawi and Eldefrawi, 1983b). The division of 

pyrethroid-induced toxicological effects into Type I and Type II 

syndromes is not absolute since some compounds with an alpha cyano 

group also produce Type I signs in some species (Vijverberg and de 

Weille, 1985). 

The main effect of pyrethroids producing Type I syndrome is the 

induction of repetitive discharges in poisoned nerves (Gammon, 

Lawrence and Casida, 1982). This repetitive discharge is due to 

prolongation of membrane sodium currents via delayed closing of 

membrane sodium channels (Vijverberg and Van den Bercken, 1982; Van 

den Bercken, 1980; Wouters and Van den Bercken 1978; Lund, 1984). High 

concentrations of pyrethroids result in the prevention of opening of 

both sodium and potassium channels of invertebrates but not those of 

vertebrates (Abbassy, Eldefrawi and Eldefrawi, 1983b; Wouters, Van den 
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Bercken and van Ginneken, 1977). The ability of pyrethroids to cause 

repetitive activity in nerves is temperature dependent, toxicity being 

enhanced at lower temperatures (Wouters, Van den Bercken and van 

Ginneken, 1977). Thus, a 10 degree Celsius decrease in temperature may 

cause a 3 to 4 fold increase in the duration of trains of nerve 

impulses initiated by pyrethroids (Vijverberg and Van den Bercken, 

1982). The sensory elements of the insect appears to be the most 

sensitive to the effects of pyrethroids ( Chalmers, 1983). 

The mechanism by which the Type II 

well understood at present. Recently it 

alpha cyano pyrethroids bind to the GABA 

syndrome is produced is not 

has been observed that the 

receptor while the non-alpha 

cyano compounds do not (Gammon, Lawrence and Casida, 1982). This might 

account for the different effects upon the central nervous system 

observed between the two groups. 

6.5.2 Permethrin and cypermethrin  

Permethrin and cypermethrin are representative synthetic 

pyrethroids. Permethrin produces Type I poisoning syndrome while 

cypermethrin, which differs from permethrin only in the presence of an 

alpha cyano group (Figure 1), produces Type II syndrome (Gray, 1985). 

These drugs are used for insect control in a number of commercial and 

agricultural applications (Byford et al, 1986; Appleyard, Williams and 

Davie, 1984; Bailie and Wood, 1979). Such uses provide ample 

opportunity for both animal and human exposure (Adamis et al, 1985). 

Permethrin and cypermethrin were selected for the current study 

because they have defined neurotoxic properties and are good 
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candidates for a study of the potential interactions of neurotoxins. 

The structures of permethrin and cypermethrin are shown in Figure 1. 

6.6 Rationale For Choosing Drug Combinations. 

The criteria for choosing the drug combinations were: 

1. either the combinations had to be used or potentially used 

in therapy of animals or man, or 

2. there had to be some possibilty of occupational or 

accidental exposure to the combination. 

The following drug combinations were selected: 

1. Ouabain and neomycin 

2. Permethr±n and neomycin 

3. Monensin and neomycin 

1. Permethrin and monensin 

5. Cypermethrin and monensin 

6. Ouabain and monensin 

Of the combinations above, 1 is quite likely to occur in therapy of 

humans, and 3, It and 5 occur in veterinary therapy. Numbers 2 and 6 

are not only of interest based upon the findings for each drug as 

described below, but are combinations to which humans on therapy could 

be exposed under certain conditions via the food supply or employment. 
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Figure 1: Structures of drugs used in this study. Monensin is shown 

both in its linear form and the form complexed with a sodium ion. 
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7.0 METHODS AND MATERIALS 

7.1 Crayfish  

The animal used for all experiments was the red crayfish, 

Procambarus clarkii. Specimens of mean carapace length 15.6 mm and 

mean weight 20.1 gm, estimated age to be 3 - II years (Huxley, 1880), 

were obtained in lots of 30 - 50 from either Marinus Inc., Long Beach, 

California, or Boreal Laboratories, Mississauga, Ontario. These were 

maintained in 3 - 6 inches of water at room temperature ( 20-23 ° C) in 

a fiberglass lined plywood holding tank (area 15 sq ft). Water was 

constantly circulated by a Little Giant 1/20 hp impeller pump with an 

in-line Clear 'n Fresh canister type water filter (Envirogard 

Products, Richmond Hill, Ontario) containing fiberglas filter media. 

An airstone fed continuously by compressed air from the main building 

supply was located in the middle of the holding tank. Specimens were 

fed commercial shrimp-based aquarium pellets twice weekly. Filter 

medium was changed the day following each feeding or more often if 

necessary during periods of highest population density. 

7.2 Dissection. 

Specimens were selected from the holding tank immediately prior 

to the start of each experiment and immobilized by chilling in ice 

water for 15 minutes prior to dissection. Following immobilization, 

crayfish were transected with a razor blade at the joint between the 

thorax and the abdomen and killed by severing thoracic organs, vessels 

and nerves with scissors. The heavy fast flexor musculature of the 



page 32 

abdomen was exposed by incising and removing the ventral abdominal 

wall on each side immediately medial to its junction with the 

exoskeleton. The flexor musculature was then manually expressed by 

digital pressure. Care was necessary at this stage to avoid damaging 

the dorsal musculature. The abdominal exoskeleton and remaining 

structures were then secured by stainless steel pins in a 

Sylgard-lined glass petri dish filled with crayfish physiological 

solution. The petri dish containing the abdominal exoskeleton was 

washed three times with physiological solution, refilled and placed on 

the stage of a Carl Zeiss dissecting microscope. Only the stretch 

receptor neurons of the second and third abdominal segments were used 

in this study. The tonic flexor and extensor muscles were removed by 

dissection with fine forceps and Vanna miorosoissors. The stretch 

receptors lie immediately dorsal to these tonic muscles and great care 

must be taken during dissection to avoid damaging the stretch receptor 

neurons and axon. The stretch receptor organ was removed by severing 

the attachments of the tonic and phasic receptor muscles to the 

exoskeleton and dissecting both tonic and phasic neurons free from the 

small amount of surrounding connective tissue. The dorsal nerve 

segment was freed by cutting its sensory and motor branches. The 

stretch receptor organ thus obtained was placed in a Sylgard lined 

glass tissue chamber containing physiological solution. Initially the 

preparation was laid out on the bottom of the chamber in a "T", the 

tonic fiber forming the arms and the axon forming the stem of the "Ta. 

For studies of neuronal discharge activity the longest arm of the 

tonic muscle fiber was placed to the left and the shortest arm to the 
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right. In this configuration, the phasic neuron was located under the 

tonic neuron. For studies of membrane properties the reverse 

configuration was used and the phasic neuron was thus located on top 

of the tonic neuron. 

Studies of neuronal discharge activity were performed with the 

tonic neuron suspended in the tissue bath. This was accomplished by 

wrapping one end of the tonic muscle around a tungsten hook attached 

to a force transducer, clamping the other end with micro forceps and 

lifting the tonic muscle and neuron body from the bottom of the tissue 

chamber. The force transducer and micro forceps were both mounted on 

micromanipulators (Narishige). The phasic muscle and its neuron 

remained attached to the preparation but was not involved in the 

experimental procedure. 

Studies of membrane properties were performed with the tonic 

neuron placed onto the Sylgard lining of the chamber. The body of the 

phasic neuron was teased free from that of the tonic neuron and 

reflected distally as in Figure 2. This afforded a clear view of the 

cell body and nucleus of the tonic neuron. The tonic muscle fiber was 

then crushed by forceps on each side, and as close to the body, of the 

tonic neuron as practical to avoid damage to the neuron itself. Figure 

2 illustrates the stretch receptor neuron as prepared for 

intracellular electrode placement. 

7.3 Solutions  

7.3.1 van H and solution administration  

The crayfish physiological solution employed was first described 
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by van Harreveld ( 1936). The original formula of van Harreveld was 

modified by the addition of 10 inN Tris (hydroxy-methyl)aminomethane 

(Trizma) buffer in the place of sodium bicarbonate. The solution is 

referred to as "van H" and was prepared from filtered water (Millipore 

Super Q) of.approximately 18 Mobms/cm resistance and contained the 

following salts in their indicated millimolar concentrations: NaCl 

205: KC1 5.4: CaCl2 13.5: MgCi2 2.6. 

The tissue chamber (volume 2.5-3.0 mis) containing the dissected 

stretch receptor neuron was placed on the stage of the experimental 

apparatus and perfused with van H maintained at a constant temperature 

of 10° +1- 1°C by a Haake model F3 circulating cooling water pump. 

Solutions were delivered to the tissue chamber at a flow rate of 10 

+/- 1 inl per minute by gravity feed and were removed by suction 

aspiration. A water jacketed countercurrent heat exchanger coil 

reduced temperatures to 10° +1- 1° C prior to their entry into the 

tissue chamber. 

• 7.3.2 Preparation of water soluble drugs. 

Neomycin and ouabain are water soluble and therefore were readily 

dissolved in van H solution. Dissolution of neomycin powder was almost 

immediate and preparation of neomycin stock solutions was accomplished 

by manual agitation in a volumetric flask for five minutes. ouabain 

was slightly less soluble than neomycin and stock solutions were 

prepared as for neomycin but were agitated manually for at least ten 

minutes. All stock solutions of neomycin and ouabain were further 

diluted with van H to desired concentrations by mixing either manually 
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tonic muscle fiber 
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phasic neuron 

phasic muscle fiber 

axon trunk 

Figure 2: a drawing of the stretch receptor organ dissected from the 

abdomen, showing the tonic and phasic neurons. 
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or with a magnetic stirrer (Fisher Thermix model 118) for a period of 

five minutes. Solutions were adjusted to a pH of 7.0 using a 

calibrated Fisher Acoumet model 620 pH meter prior to their 

administration. 

7.3.3 Preparation of water insoluble drugs. 

7.3.3.1 Background. 

Monensin, permethrin and oypermethrin are water insoluble. 

Consequently, a major difficulty encountered in conducting the 

experiments was finding a suitable method of dissolving the water 

insoluble compounds in aqueous solution. 

A number of solvents have been used by other investigators to 

assist in dissolving water insoluble compounds for use in 

physiological studies. Solvents used for this purpose include ethanol 

(Sutko et al, 1977; Nishimura and Narahashi, 1978), dimethyl sulfoxide 

(DM80) (Chalmers, 1983), methanol (Nishimura, Omatsu and Fujita, 

1985), acetone (Leake at al, 1985) and Cremophor EL (Sewell, Tan and 

Roth, 198Ia). Solvent cocktails such as TWEA (Tween 80, Water, Ethanol 

and Acetone) (8utko et al, 1977) and DM80 and ethanol ( Shiafer and 

Kane, 1980) have also been employed. Water-insoluble drugs can also be 

administered as a suspension (Vijverberg and de Weille, 1985); the 

disadvantage of this method being the uncertain molar concentration of 

drug in solution (Vijverberg and de Weille, 1985). This is also true 

for certain solvent-dissolved drugs since at higher concentrations not 

all the agent may be in true solution (Leake et al, 1985). 
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7.3.3.2 Rationale for a single solvent. 

DM50, methanol, ethanol and Cremaphor EL were all tested for 

their ability to dissolve each of the insoluble compounds of interest. 

While each solvent would dissolve one or two of these compounds so 

that they could be mixed in van H, each proved incapable of 

satisfactory dissolution of all three compounds. 

To reduce the number of experimental variables in the current 

study, it was desirable to select a single solvent that could be used 

with all three compounds. 

7.3.3.3 TWEA solution. 

Sutko et al ( 1977) employed TWEA for an in vitro study of the 

effects of monensin on guinea pig atria and cat papillary muscle. This 

solvent cocktail was composed of Tween 80 (polyoxyethylene sorbitan 

monooleate), distilled water, absolute ethanol and acetone in 

respective proportions of 1.0: 1.6: 1.8: 3.3 on a volume/volume basis 

(expressed on a volume percent basis: 13%, 21%, 23% and 43% 

respectively). TWEA was found to dissolve all three of the water 

insoluble drugs used in this study, therefore an evaluation of the 

effects of TWEA upon the crayfish stretch receptor neuron was 

undertaken to determine the extent of its effects per se. It was found 

that the solvent cocktail was suitable as described in sections 8.4 

and 9.2 below. In the solvent mixture employed in these studies, 

deionized water obtained from a Millipore Super Q water filter system 

was substituted for the distilled water originally used by Sutko et al 

(1977). 
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7.3.3.1 Preparation of stock solutions using TWEA. 

Water insoluble drugs were dissolved in TWEA such that a 0.1 ml 

aliquot of TWEA diluted in 100 ml van H would result in a i0 M drug 

solution. This stock solution was then diluted further with van H to 

produce the desired concentrations for experimental purposes. After 

dilution and mixing, the pH of all solutions was adjusted to 7.0 +1-. 

1.0. 

7.1 Measurement of Neuronal Discharge. 

7.4.1 Experimental preparation  

To study neuronal discharge the neuron was prepared and suspended 

in the tissue chamber as described above. The end of the axon was 

aspirated into the tip orifice of a glass suction electrode ( see 

below). A silver/silver chloride wire was introduced into the van H 

solution in the tissue chamber to serve as a ground. Discharge signals 

from the stretch receptor neuron were recorded by the extracellular 

suction electrode and amplified 1000X by a Grass P15 differential 

preamplifier. The amplified signal was displayed on a Tektronix 5111A 

storage oscilloscope. Discharge frequency histograms were generated 

using a microprocessor based digital impulse counter (Technical 

Services, University of Calgary). The output was displayed on a Linear 

chart recorder. Temperature was monitored at the start and finish of 

each experiment by a thermistor temperature probe (Yellow Springs 

Instrument Co. Inc. Model ' 3TD). The tissue chamber, cooling bath, 

electrode holders, micromanipulators and associated equipment were 

mounted on a 1.2 cm thick steel plate supported by an inner tube 
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inflated to 70 pounds per square inch ( psi) to dampen vibrations. 

Figure 3 is a schematic illustration of the experimental preparation 

used in measuring neuronál discharge activity. 

Extracellular electrodes. 

Extracellular suction electrodes were made of capillary glass 

with a tip drawn and fire polished to a diameter of 0.1 to 0. 1tmm. The 

capillary glass was inserted into a plastic cylinder 9 cm long by 1.Q 

mm ID containing a tungsten electrode wire. The electrode was filled 

with van H solution and connected with 0.5 mm ID Tygon tubing to a 3 

cc Gilmont syringe. A silver reference electrode was wound around the 

outside of the capillary glass electrode. 

7.4.3 The force transducer. 

The force transducer which was attached to one end of the tonic 

muscle fiber was designed and built by Mr. Eric Damson of the 

Department of Civil Engineering at the University of Calgary. Details 

of its construction have been published previously (Maclver et al, 

1981). The signal from the force transducer was amplified by a P-350A 

strain indicator amplifier ( Intertechnology Ltd., Don Mills, Ontario). 

The signal was filtered to eliminate AC noise prior to being displayed 

on a Linear chart recorder. 

Calibration of the force transducer was carried out by orienting 

the cantilever of the force transducer horizontally with the tungsten 

wire protruding down. Small pieces of wire weighing between 0.8 and 11 

mg were placed on the cantilever of the force transducer at the point 
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Figure 3: A schematic illustration of the experimental preparation 

used in measuring neuronal discharge of the isolated sensory neuron. 
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of attachment of the 18 guage steel tube, resulting in forces of 0.9 

to 12 dynes. The resulting signals displayed upon the chart recorder 

were graphed to ensure linearity of the force transducer response. A 

typical calibration sequence is presented in Figure IL 

7.4.4 Experimental procedure. 

Tension was applied to the tonic muscle fibers by moving the 

micromanipulator-.mounted forceps away from the tungsten hook of the 

force transducer in a direction parallel to the long axis of the tonic 

muscle fiber and thereby increasing longitudinal tension. The tension 

was recorded as described in section 7.4.3 above. An increase of 

tension resulted in an initial rapid (20-k0 Hz) discharge of the 

sensory neuron which would decay over 30 minutes to a stable sustained 

rate of approximately 4.5 Hz. Once achieved, this steady-state 

discharge rate could be maintained for several hours in viable cells. 

All cells were allowed to stabilize for 30 to 60 minutes after initial 

stretch. Drugs were applied during the period of steady-state 

discharge. Figure 5 is an histogram illustrating the initial decay of 

discharge to a steady state following stretch of the tonic muscle 

fiber. Each concentration of drug was delivered to the experimental 

preparation until there was a plateau in effect upon the neuronal 

discharge rate. Drugs whose effects were reversible (hereafter 

referred to as "reversible drugs") were delivered either in increasing 

concentrations commencing with those having minimal effects and 

progressing sequentially to those having the greatest effects or vice 

versa in decreasing concentrations. Between each test solution, the 
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Figure 14: Calibration or the force transducer: graph of force applied 

(x-axis) vs pen displacement ( y-axis) demonstrating linearity of 

response of the force transducer. 
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5mm 

Figure 5: A typical histogram obtained from a stretch receptor neuron 

following stretch and demonstrating the initial decay of rate of 

discharge with stabilization to a steady state within 30 minutes. Once 

reached, the steady state will be maintained for several hours without 

important alteration. 
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preparation was washed with van H until the eell returned to 

pre-administration control discharge levels. Cells to which reversible 

drugs were applied and which did not return to discharge rates within 

20% of the initial control value during wash were discarded. Drugs 

whose effects were irreversible (failure to attain control activity 

with washout; hereafter referred to as "irreversible drugs") were 

applied in increasing concentrations in a cumulative manner. 

7.11.5 Data analysis. 

The following methods were used for data analysis: qualitiative  

effects were described for neuronal discharge, time and concentration 

dependent effects, reversibility of effect and response of cell on 

washout; Quantitative effects such as the percent change in neuronal 

discharge rate, time to initial onset of drug effect, and time to 

onset of steady state (plateau) effect were calculated from the 

histogram. Percent change in discharge rate was determined by the 

following formula: (discharge rate at plateau effect/discharge rate 

during control period) x 100 = % response of control. Time to onset 

was measured from the histograms as the time from the first entry of 

test solution into the tissue chamber until the first deviation of 

discharge rate from the control value. Similarly, the time to onset of 

steady state effect was measured as the time that elapsed from the 

first entry of test solution into the tissue chamber until the first 

point at which the drug-altered discharge rate stabilized. 
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7.5 Measurement of Membrane Electrical Properties. 

7.5.1 Experimental preparation. 

Studies of cell membrane properties were carried out using 

apparatus as described in section 7.11.1. For intracellular recording 

it was necessary to mount the apparatus on a Micro G table inflated 

with nitrogen to a pressure of 30 psi. The stretch receptor neuron was 

dissected, positioned and maintained in a tissue chamber as described 

in'section 7.2 above. A silver/silver óhloride half cell introduced to 

the tissue chamber served as a ground. The end of the axon trunk was 

aspirated into the tip of a glass suction electrode while a second 

glass suction electrode was applied to the axon approximately one 

third of the •distance along its length from the neuron body. The 

suction electrodes * were connected to a four channel switch box 

(University of Calgary, Technical Services) which would allow either 

the passage of electrical stimuli or the recording of neuronal 

discharge activity. Neuronal discharges were amplified 1000X by a 

Grass P15 differential preamplifier and monitored by means of a Grass 

AM 8 audio monitor. The soma of the stretch receptor neuron was 

impaled by a glass capillary microelectrode ( see below) supported in a 

WPI silver chloride half cell electrode holder and connected to a WPI 

M701 microprobe system (W. P. Instruments, Hamden, Connecticut, USA) 

which allowed simultaneous stimulation and recording of changes in 

cell membrane voltages. Pulses for intracellular stimulation of the 

impaled cell were generated by two Grass 888 stimulators via Grass SIU 

5 stimulus isolation units to each electrode as described below. The 

current output from and the changes in membrane voltages recorded by 
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the WPI M701 amplifier were displayed on a Tektronix 5113 storage 

oscilloscope and a DATA 6000 model 611 digital waveform analyzer with 

model 681 disk drive (Data Precision Division of Analogic 

Corporation). Traces selected for analysis were captured and stored on 

5.5 inch floppy disks by the DATA 6000 waveform analyzer. Figure 6 is 

a schematic of the preparation used for measurement of electrical 

membrane properties. 

7.5.2 Intracellular electrodes. 

Intracellular znicroelectrodes were made from 10 cm. long, 1.0 mm 

ID capillary fiber fill glass tubes (WPI Inc., New Haven, Connecticut) 

pulled on a Narishige PA 133 Slide Regulator type electrode puller 

(Matsunaga Mfg. Co.., Tokyo. ' Japan) and filled with 3M KC1. Tip 

diameters were approximately 0.5 microns giving tip resistances 

between 18 and 30 Mohm. 

7.5.3 Experimental procedure. 

7.5.3.1 General. 

The cell was set up as described above in section 7.2, the glass 

suction electrodes applied to the axon and the tip of the 

intracellular electrode introduced to the circulating van H in the 

tissue chamber. The electrode was allowed to equilibrate for 15 

minutes, and its resistance checked by injection of a standard pulse 

via the WPI 701 amplifier. Electrodes were considered satisfactory if 

the tip resistance was stable and fell within the range 16 to 30Mohm. 

Immediately prior to impalement of the neuron, the flow of van H 



page 17 

perfusion 
out In 

temp 

 is- grid 

oscilloscope 
display 

 / 

waveform 
analyzer 

Figure 6: A schematic representation of the experimental preparation 

and apparatus used to measure membrane electrical properties. 
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solution was stopped. Following impalement, a constant hyperpolarizing 

pulse sufficient to cause a 5 mV depression of resting membrane 

potential was passed for 30 minutes. At 30 minutes post impalement 

(P1) the van H flow was re-established and the cell allowed to 

equilibrate for 60 minutes at which time the impulse sequence was 

initiated. Following impulse sequence initiation, five control 

waveforms were taken with the current of the hyperpolarizing pulse 

being varied for each captured waveform. Test concentrations of the 

experimental drug of interest were applied and waveforms captured, 

analyzed and stored on disks every 60 seconds throughout the 

experimental period. 

Temperature was monitored at the start and finish of each 

experiment by a temperature probe as described under section 7.1.1 

above and solutions were administered to the preparation as described 

for the measurement of cell discharge properties ( section 7.ILU. 

7.5.3.2 Stimulus pulse sequence. 

The. stimulus sequence was generated by two 2-channel Grass S88 

stimulators. A trigger pulse initiated the sequence at time 0. At 100 

msec an hyperpolarizing pulse of 250 msec duration and 0 to 2 nA 

current was passed to the intracellular electrode via the stimulus 

input of the 701 amplifier. At the end of the hyperpolarizing pulse 

the membrane was allowed to return to the resting membrane potential 

for 200 msec after which time a depolarizing pulse of 250 msec 

duration and 0 to 3 nA current was then delivered in the same manner. 

This pulse ended at 800 msec from the initial trigger at which time 
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the membrane was allowed to return to the resting potential until 940 

msec when a depolarizing pulse of duration 0.5 msec and current of 1 

nA was delivered via the suction electrode on the distal axon in order 

to evoke an antidromic action potential. The second suction electrode 

was used as a backup system if the first failed or simultaneously 

stimulated antidromie action potentials and inhibitory post synaptic 

potentials. 

The stimulus sequence was repeated every 10 seconds throughout 

the experiment. Figure 7 demonstrates the experimental pulse sequence 

and resultant changes in neuronal membrane voltage. 

7.5) Membrane properties measured. 

Membrane resistance was measured by passing five graded 

hyperpolarizing pulses via the intracellular electrode and calculating 

the slope of the resulting current-voltage plot. This measurement was 

designated RES and is illustrated in Figure 8. Membrane resting 

potential (RMP) was determined at the point that the oscilloscope 

trace stabilized at one 

trace and at the end 

intracellular electrode. 

potential for 20 seconds, for each captured 

of each experiment upon withdrawl of the 

RMP was also calculated from the point of 

intersection of the Y-axis and the current-voltage plot used in 

calculating RES. The threshold for generation of action potentials 

was determined in two ways: from the current required to just initiate 

an action potential in the middle of the depolarizing current pulse 

(I-thresh) and from the difference between the resting membrane 

potential and the membrane potential at ' initiation of the action 
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Figure 7: The pulse sequence (lower trace) and the corresponding 

changes in membrane voltage measured by the intracellular electrode 

(upper trace). Si: hyperpolarizing pulse; S2: depolarizing pulse; S3: 

antidromic pulse. 
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Figure 8: ( A) Superimposed current (upper) and voltage (lower) traces 

used for the measurement of membrane resistance. 

(B) The slope of the plot of injected current ( nA) vs the 

measured membrane potential (my) is the membrane resistance. The 

intersection of this line with the y-axis is the resting membrane 

potential. In the example shown, the resistance is 6.8 Mohm and the 

resting membrane potential is -79.83 mV. 
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potential (V-thresh). Peak amplitudes of orthodromic ( P0) and 

antidromic (PA) action potentials were obtained by measuring maximum 

height of the action potential with respect to the resting membrane 

potential. Durations (widths) of action potentials were measured at 

10%, 50% and 90% of peak amplitude. These values are respectively 

designated OW1O, 0W50 and 0W90 for the orthodromic and AW1O, AW5O and 

AW9O for the antidromic action potentials. The first derivative of the 

rising phase of orthodromic action potential was determined at two 

points during the action potential: at the threshold phase 

(dV/dt-tbresh) and during the phase of most rapid depolarization 

(dV/dt-ortho). The undershoot (U) of the orthodromic action potential 

also was measured. The first derivative of the antidromic action 

potential (dV/dt-anti) was determined during the phase of most rapid 

depolarization. The first derivative of the falling phase of the 

action potential was determined during the period of most rapid 

repolarization for both the ortho (D-ortho) and antidromic (D-anti) 

action potentials. Table 2 summarizes these measurements and their 

abbreviations while Figures 9, 10 and 11 illustrate examples of these 

measurements. 
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TABLE 2 

A SUMMARY OF THE MEMBRANE PROPERTIES MEASURED AND THE ABBREVIATIONS 
USED IN THE TEXT. 

MEMBRANE PROPERTY ABBREVIATION 

Resting membrane potential 
Resistance 

RMP 
RES 

Threshold current I-thresh 
Threshold voltage V-thresh 
First derivative of initial rise dV/dt-thresh 
First derivative of rapid rise dV/dt-ortho 
Peak amplitude P0 
Width at 90% amplitude 0W90 
Width at 50% amplitude OWSO 
Width at 10% amplitude OW1O 
First derivative .of rapid fall D-ortho 
Undershoot U 

Peak amplitude PA 
First derivative of rapid rise dV/dt-anti' 

Width at 90% amplitude AW9O 
Width at 50% amplitude AW5O 
Width at 10% amplitude AW1O 
First derivative of rapid fall D-anti 
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Figure 9: A membrane voltage trace measured via an intracellular 

electrode demonstrating the parameters measured to obtain values for 

membrane electrical properties. 
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Figure 10: An orthodromic action potential demonstrating the 

parameters measured to obtain values for membrane electrical 

properties. Note differences in appearance between ortho- and 

anti-dromic action potentials (Figure 11) which allow identification 

of the type of action potential. Orthodromic action potentials have a 

readily identifiable decrease of resting membrane potential prior to 

threshold. This does not occur with antidromic action potentials. 
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Figure 11: An antidromic action potential demonstrating the parameters 

measured to obtain values for membrane electrical properties. 
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7.5.5 Calculations. 

7.5.5.1 The DATA 6000 analysis programs. 

Membrane resistance was calculated as described in section 7.5.11. 

All other properties were calculated using the pre-set mathematical 

and waveform analysis capabilities of the DATA 6000 waveform analyzer. 

A number of programs written by the author and employing various 

methods of analysis of the waveforms were distilled over a period of a 

year into a final sequence of four programs which -were used for all 

data analyses. These programs are presented in Appendix A. The 

accuracy of calculations obtained by these programs was tested for 

three experiments by comparison with manual calculations made upon the 

same waveforms. Waveforms for manual calculations were retrieved from 

disk storage into the system memory of the DATA 6000 and then plotted 

using a Hewlett-Packard HP 71170A Graphics Plotter (Hewlett-Packard 

Corporation, Mississauga, Ontario). The plotting functions of the DATA 

6000 were used to display the position of the cursor in a color 

contrasting with that of the waveform. As most calculations depend 

upon the position of the cursor to define the segment of the waveform 

upon which measurement is to be performed, it was possible to perform 

manual calculations upon the identical segment of the waveform used by 

the DATA 6000 for its computerized calculation. Comparison of the 

manually obtained and the mechanically obtained calculations for these 

waveforms revealed the accuracy of measurement to be greater using the 

DATA 6000 than when performing the calculations manually. 
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7.5.5.2 Analysis for significance. 

In each experiment a seris of five control waveforms was 

captured over a two to five minute period prior to the administration 

of each concentration of test drug. The mean and standard deviation 

was obtained for each property indicated in Table 1. During 

administration of drugs waveforms captured during the time that a 

plateau of effect would be expected in experiments measuring discharge 

properties were grouped and the mean and standard deviation for each 

property determined. The means of properties obtained during drug 

administration were compared to the means of control waveforms using 

Student's paired t-test. Only properties that were altered at a level 

p< 0.05 were considered significant. Unless specifically indicated, 

changes in all membrne electrical properties mentioned in the ensuing 

text are statistically significant. 

7.6 Experimental Protocol. 

7.6.1 Single drug experiments. 

Drugs were prepared as described in sections 7.3.2 and 7.3.3 

above. Initially, volumes of 50 ml of 10_B M were administered to the 

preparation to assess the effects of the drug upon neuronal discharge. 

Depending on the result, the molarity and volume were adjusted until 

sufficient , volume of drug was administered to result in a plateau of 

effect and different concentrations of this volume were administered 

to generate a concentration response curve. 

The discharge rate concentration response curves were used to 

select 10%, 50% and 90% effective drug concentrations for studies of 
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electrical membrane properties. These were administered in volumes 

that allowed for achievement of the mean time to plateau plus one 

standard deviation as determined from experiments on neuronal 

discharge. The minimum volume administered was set at 100 ml because 

of the time requirements for waveform collection, analysis and 

storage. 

7.6.2 Combination experiments. 

For experiments with combinations of drugs, one drug was first 

presented at a fixed concentration (hereafter referred to as constant 

drug) followed by varying concentrations of the second drug ( hereafter 

referred to as variable drug) dissolved in the first. In this way a 

concentration response curve was obtained for the second drug in the 

presence of the first. If the combination to be studied contained a 

drug, the effect of which did not reverse, then the drug with the 

irreversible effect was the one applied in constant concentration. 

Unless otherwise mentioned in the text, the concentration of the 

constant drug was held at a level that produced a 10% change from 

control neuronal discharge rates when administered alone. 

For the measurement of neuronal discharge the following 

experimental protocol was adopted: 

1. concentrations of variable drug causing 25% and 75% 

alterations in neuronal discharge activity were applied to the 

experimental preparation and washed out. These served as drug 

controls. 

2. a volume of two hundred ( 200) mls (unless otherwise 
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mentioned in the text) of constant drug in a concentration that gave 

an approximately 10 % change in the neuronal discharge rate was 

applied to the preparation. 

3. Concentrations of variable drug which by themselves causea 

threshold, 25%, 50%, 75% and 100% effects on neuronal discharge 

activity were mixed with constant drug and applied individually to the 

preparation. In between each application of variable drug, constant 

drug was applied to the preparation to obtain baseline values. In each 

case constant drug was applied in a volume of 100 ml or until there 

was complete reversal of 

11. The change in 

drug in the presence 

effect, whichever was the longer time. 

neuronal discharge rate induced by variable 

of constant drug was compared to the values 

determined previously for variable drug alone with regard to time to 

onset, time to plateau and the concentration-response curve that was 

generated from the discharge frequency histograms. Values were 

obtained for the concentration response curve by comparing change of 

discharge frequency induced by variable drug in the presence of 

constant drug to the original control discharge frequency obtained 

prior to the administration of constant drug. The curve thus obtained 

was compared statistically for difference to a curve created by 

shifting the curve for the variable drug alone by the amount of the 

change caused by constant drug alone at the concentration employed in 

the combination. Statistical analysis was conducted in the following 

way: a t value for the difference between the sample mean and the 

population mean was performed for each drug concentration used, the 

significance value (p) for each t-value was computed and the 
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significance values of each curve were subjected to a multiplicative 

combining method (Winar, 1971). This statistical analysis was 

performed using a computer program for statistics written by Dr. H. 

Edgington, University of Calgary. 

The protocol followed for experiments studying electrical 

membrane properties was identical to that for cell discharge 

experiments as outlined in 1-3 above. Data obtained from membrane 

property experiments were analyzed using the same windows as 

determined from and- used for the analysis of the effects of drugs 

alone. Analyses were conducted in the same way as for single drug 

effects, comparing the mean of drug to the mean of the 

preadministration control values by a paired t-test. Changes induced 

by a drug in combination experiments were compared to changes for that 

drug alone in single drug experiments. 
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8.0 RESULTS 

8.1 Neuronal Discharge Controls. 

The first control experiments were undertaken to assess the 

stability of the experimental system for the study of the neuronal 

discharge rate. Of particular interest was the degree of variation of 

the frequency of discharge of each preparation with time, and the 

length of time for which preparations were stable. To quantitate the 

variation, three preparations were made from three crayfish as 

described in section 7.4 above and observed for six hours. These 

preparations were constantly perfused with van H solution but were not 

exposed to any drugs for the duration of the observation period. For 

each preparation, following onset of discharge activity associated 

with initial stretch of the tonic muscle fiber, there was a period of 

approximately 30 minutes of steady decrease of discharge rate. During 

this period the tension of the tonic muscle fiber was reduced to 

approximately one third of its original value. This was followed by a 

stable discharge rate which continued uninterrupted for the entire six 

hour observation period. During the period of stable discharge, muscle 

fiber tension was also stable. These observations are summarized in 

Table 3. 

8.2 Membrane Properties Controls. 

A second set of control experiments was performed to determine 

the degree of stability for measurement of membrane electrical 

properties. Six neurons from six different crayfish were prepared and 

set up as described in section 7.5 above. Five waveforms were selected 
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TABLE 3 

OBSERVATIONS ON THE STABILITY OF THE DISCHARGE RATE OF THE STRETCH 
RECEPTOR NEURON WITH CONSTANT APPLIED STRETCH STIMULUS. 

Time to Length of Frequency Range of 
stable period of of stable discharge 
discharge stable discharge activity 
rate discharge (Hz) (max:min) 
(mins) (hours) 

Cell 1 36 6 4.25 4.5:1.O 

Cell 2 25 6 5 

Cell 3 39 6 11.1 3.8:lt.5 

Average 33 4.45 1L5:1L1 
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for analysis of membrane electrical properties every 30 minutes 

commencing one hour post impalement (P1) and continuing until the 

preparation either began spontaneous discharge or the electrode became 

blocked. 

A Student's paired t-test was used to analyse the data obtained 

in two ways. First, the means of the values measured every 30 minutes 

were compared to the means obtained from the initial set of 

measurements. Then, the means of values obtained every 30 minutes were 

compared to the means obtained 30 minutes previously. The results of 

the control experiments and the two methods of analysis of the data 

are presented in Tables 14 and 5. 

8.3 Means of Control Waveforms. 

As outlined in section 7.5.5.2 a series of five waveforms was 

captured at the commencement of each intracellular experiment one hour 

post impalement of the cell. The means of the electrical membrane 

properties of these five waveforms served as the controls to which the 

means of drug-induced effects were compared during each experiment. 

The means and standard deviations of control values from each 

experiment also provide useful data about the normal values for the 

isolated crayfish stretch receptor neuron under the experimental 

conditions employed. The means and standard deviations of the control 

membrane electrical properties for 50 cells are presented in Table 6. 

These means were compared to values for crayfish stretch receptor 

neurons published in the literature. Table 7 compares these values to 

values for the same properties where available from the literature. 
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TABLE It 
STABILITY OF ELECTRICAL MEMBRANE PROPERTIES COMPARED EACH HALF HOUR TO 

VALUES OBTAINED ONE HOUR POST IMPALEMENT. 

PROPERTY MEAN VARIATION SIGNIFICANT SIGNIFICANT 
1.0 TO 3.0 HRS CHANGE CHANGE 

P1* 3.5 HRS P1 lt.O HRS P1 

RMP (my) +lt.k2 rise nsc 
RES (Mohin) +1.76 +3.6It** +3.87** 

ORTHODROMIC 
P0 (mV) _2. 1t8 _2.91** 
OW1O (ins) +0.08 nso nse 
OW5O (ins) 0.0 nso +O.13** 
0W90 (us) _1t8 rise nsc 
dV/dt-thresh (V/see) +0.0k nsc +O.17** 
dV/dt-ortho (V/see) +0.58 nac risc 
D-ortho (V/see) +0.26 risc _1.37** 
U (my) +0.3k usc nsc 
I-thresh (nA) -0.5k nsc _0.77** 
V-thresh (mV) -1.93 nsc _k.63** 

ANT IDROMI C 
PA (my) -2.13 -3.60" 
AW1O (ins) -0.38 _O,72** _O.69** 
AW5O (ins) -0.07 nsc risc 
AW9O ( us) 0.0 risc nsc 
dV/dt-anti (V/see) _0. 1t6 rise nsc 
B-anti (V/see) +1.62 +2.17** 

Abbreviations: nsc, no significant change; RMP, resting membrane 
potential; RES, membrane resistance; P0, peak amplitude of orthodromic 
action potential; OW1O, 0W50, 0W90, width of the orthodromic action 
potential at 10%, 50%, and 90% of maximum amplitude; dV/dt-thresh, 
first derivative of the initial phase of the orthodromic action 
potential; dV/dt-ortho, first derivative of the rapid rising phase of 
the orthodromic action potential; D-ortho, first derivative of the 
falling phase of the orthodromic action potential; U, undershoot of 
the orthodromic action potential; I-thresh, threshold current for 
action potential induction; V-thresh, membrane potential at action 
potential induction; PA, peak amplitude of the antidromic action 
potential; AW1O, AW5O, AW9O, width of the antidromic action potential 
at 10%, 50% and 90% of maximum amplitude; dV/dt-anti, first derivative 
of the rapid rising phase of the antidromic action potential; B-anti, 
first derivative of the falling phase of the antidromic action 

potential. 

Each value is the mean of data from 6 neurons. 
* Values for 1.0 to 3.0 hours P1 are not statistically significant 
• (p<0.05). 

** Statistically significant. 
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TABLE 5 

STABILITY OF ELECTRICAL MEMBRANE PROPERTIES COMPARED EACH HALF HOUR TO 
VALUES OBTAINED FOR THE PREVIOUS HALF HOUR. 

PROPERTY 

RMP (mV) 
RES (Mohm) 

ORTHODROMIC 

MEAN VARIATION SIGNIFICANT SIGNIFICANT 
1.0 TO 3.0 HRS CHANGE CHANGE 

P1* 3.5 HRS P1 14.0 HRS P1 

+1.149 
+0.92 

rise rise 
rise rise 

P0 (mV) +0.85 nsc nsa 
OW1O (ins) +0.03 nsc nsc 
OW5O (ins) +0.003 nsc nsc 
OW9O (us) -31 risc nsc 
dV/dt-thresh (V/sec) +0.01 nsc nsc 
dV/dt-ortho (V/see) -0.05 nsc nsc 
D-ortho (V/see) +0.02 riSC riSC 
U (mV) +0. 143 nsc rise 
I-thresh (nA) -0.28 _0.05** rise 
V-thresh (mV) -1.02 nsc _O.87** 

ANTIDROMIC 

PA (mV) 
AW1O (ins) 
AWSO (ins) 
AW9O ( us) 
dV/dt-anti (V/sea) 
D-anti (V/see) 

_1.014 rise _1.31** 
-0.17 nsc rise 
-0.02 nsc rise 
0.00 nsc rise 
+0.33'nsc nsc 
+0.57 nsc rise 

Abbreviations as for Table 14. 

Each value is the mean of data from 6 neurons. 

* Values for 1.0 to 3.0 hours P1 are not statistically significant 
(p<0..05) 

** Statistically significant 
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TABLE 6 

SUMMARY OF MEAN VALUES 

PROPERTY - MEAN 

RMP (ml!) 
RES (Mobm) 

ORTHODROMIC 

P0 (mV) 
owl  (ms) 
0W50 (ms) 
0W90 ( us) 

dV/dt-thresh (V/see) 
dV/dt-ortho (V/see) 
D-ortho (V/see) 
U (mV) 
I-thresh ( nA) 
V-thresh (mV) 

ANTIDROMIC 

PA (ml!) 
AW1O (ms) 
AW5O (ins) 
AW9O ( us) 
dV/dt-anti (V/see) 
D-anti (V/see) 

-78.6 (2.1) 
6.83 ( 2.1) 

102.9 (J4.97) 

3.65 (0.39) 

1.77 ( 0.13) 
• 785 (72) 

1.51 (0.29) 
135.)49 ( 17.9) 
-35.8k (3.97) 

7.05 ( 1.48) 
1.46 ( 0.67) 

9.92 (2.69) 

103.15 ( 5.3) 
5.0 ( 0.76) 
2.1 (0.21) 

810.0 ( 86) 

13'LOk (23.3) 
-32.k3 (k.07) 

Abbreviations as for Table k. 

Mean values of electrical membrane properties obtained from 50 
neurons. The standard deviation for each mean follows in brackets. 



TABLE 7 
DATA OBTAINED IN OTHER STUDIES 

A comparison of results obtained in various studies. Figure in brackets is the standard error of the mean 

MEMBRANE 
PROPERTY 

Nakajima and Ono and Nakajima Edwards, Terzuolo, Chalmers Sewell, Tan and Present Study' 
Onodera, 1969a 1979" and Washizu, 1963 1983 Roth, ( 1985)' 

RH? (isv) -72 (1) -67.8 (1.19) -61 ('1.77) -77.7 ('1.85) -78.6 
RES (Mohis) 14.0 ( 0. 11) 5.8 (0.67) 3.1 (0.59) 3.9 (3.3) 6.83 
V-thresh (isv) 22 (0.8) 13.1 ( 11.6) 9.92 
dV/dt-thresh (V/see) 0.07 1.51 
dV/dt-ortho (V/see) 282 (25) 1'I6 ( 12) 131.0 135.119 
P0 (mv) 93 ( 2) 98 (2.2) 77.15 ( 8.7) 79.6 (8.3) 102.9 

0W50 (ma) 2.57 (0.11) 1.7? 
D-ortho (V/see) -62 ('I) - 118 (3.2) -1111.8 35.811 
N 20 10 50 
Species Oroneetea Procambarus Procambarus Austacus Procambarus Procambarus 

' 10' C 
U Number in brackets after each value is standard deviation. 

(Abbreviations: RH?, resting membrane potential; DES, membrane resistance; V-thresh, membrane potential at action potential 
induction; dV/dt-thresh, first derivative of the initial rising phase of the orthodromic action potential; dV/dt-ortho; first 
derivative of the rapid rising phase of the orthodromic action potential; P0, peak amplitude of orthodromic action potential; 
0W50, width of the orthodromic action potential at 50% ofmaxflnuin amplitude; D-ortho, first derivative of the falling phase of 

the orthodromic action potential; N, number of neurons) 
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8.14 TWEA Solvent. 

Studies of the effects of TWEA solvent upon neuronal discharge 

and electrical membrane properties were carried out to investigate the 

suitability of TWEA solvent for neuropharmacological studies. A series 

of experiments was undertaken to develop a concentration-response 

curve for TWEA on the stretch receptor neuron. This was intended to 

define a concentration of TWEA below which the solvent would have no 

effect upon the discharge activity of the stretch receptor neuron. A 

further series of experiments was performed based upon the first and 

examining the electrical membrane properties of the stretch receptor 

neuron at and below the lowest concentrations that had an effect upon 

neuronal discharge. This was intended to ensure that TWEA solvent 

could be used without any significant effect upon the electrical 

membrane properties examined. 

8.14.1 Neuronal discharge effects. 

TWEA stock serially diluted to 0.5 vol % produced a biphasic 

effect upon neuronal discharge. There was an initial period of 

depressed discharge beginning on average 140 seconds post exposure of 

the cell to the test 

average 1 min 145 secs 

occurred and reached a 

solution. This period of depression lasted on 

following which a period of enhanced discharge 

maximum value approximately 6 min 30 secs after 

the start of administration. This maximum discharge rate was used to 

produce the concentration-response curve illustrated in Figure 12. 

Initial depression of discharge was not consistently observed at 
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Figure 12: Concentration response curve fbr TWEA effect upon the 

discharge activity of the stretch receptor neuron. Each point represents 

the mean and SEM of five neurons. 



page 72 

dilutions below 0.25 vol %; some cells responded to the diluted stock 

only by an increase in discharge rate. Upon wash with van H solution, 

the increased discharge rate would usually decrease slightly below 

maximum, but would not return to control values. 

At concentrations of TWEA stock < 0.05 vol % there was no 

alteration of the discharge rate. At concentrations greater than 0.05 

vol %, TWEA increased the discharge rate in a concentration-dependent 

manner. At a TWEA concentration of 0.1 vol % discharge rate increased 

by 121% and further increased to approximately 175% at 1 vol %. Above 

1 vol %, discharge rates were variable and often were completely 

depressed suggesting an irreversible toxicity. 

8.1.2 Membrane electrical property effects. 

The following concentrations of TWEA were chosen for electrical 

membrane property studies: 0.001 vol % and 0.01 vol % because they did 

not result in any change from control in discharge studies; 0.05 vol % 

because it was the first concentration at which an effect was observed 

in discharge activity studies; and 0.1 vol % as it was the 

concentration at which a marked effect was observed in discharge 

activity studies. Waveforms were analysed at two times during TWEA 

administration: 3 to it minutes and 7 to 10 minutes from the start of 

TWEA administration. These were referred to as periods A and B 

respectively and correspond to the mean plateau of the period of 

depression (period A) and period of excitation ( period B) observed in 

the discharge experiments. 

There was no change from control in any properties studied during 
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either of the analysis windows ( footnote 5) at TWEA concentrations of 

0.001 and 0.01 vol % (n=5). The lowest concentration of TWEA found to 

have a significant effect upon membrane electrical properties was 0.05 

vol %. At this concentration, a decrease dV/dt-ortho and an increase 

in AW9O in period A was observed. A concentration of 0.1 vol % caused 

a decrease of PA and AW5O in period A and a decrease of OW1O, PA, and 

AW1O in period B. 

8.5 Neuronal Effects of Individual Drugs. 

8.5.1 Effects on muscle tension. 

None of the drugs or drug combinations were observed to cause any 

effect upon tonic muscle fiber tension. It was concluded that the 

observed neuronal discharge and electrical membrane effects were not 

due to drug effects on the tonic muscle fiber, therefore the tonic 

muscle fiber will not be further considered in presentation or 

discussion of results. 

8.5.2 Concentration Dependent Effects. 

In presenting and discussing the results of this study, there are 

large amounts of data analysed at several different drug 

concentrations. To avoid unnecessary confusion and to provide some 

order to the presentation, those values that change in a concentration 

dependent manner will be emphasized. The rationale for this is that 

properties changing consistently in association with drug 

concentration are more likely to represent important drug effects than 

those that do not. Data for electrical membrane properties that change 
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significantly in a non-concentration dependent manner will be 

presented, but will be given less emphasis. 

Concentrations of drugs that produce various percentage increases 

in neuronal discharge experiments were selected from the concentration 

response curves and used in electrical membrane and combination 

experiments. These will be designated in the text and in tables as 

EC%, the percent sign referring to the percent effect that the 

particular drug in question had upon neuronal discharge rate compared 

to control. Wherever this effective concentration designation ocours, 

it will refer to the effect that the drug had when administered alone, 

not the effect that the drug had in any combination with other drugs, 

even when the designation is used in reference to the concentration of 

a drug in a combination mixture. 

8.5.3 Neomycin. 

8.5.3.1 Discharge properties. 

Neomycin depressed discharge activity of the stretch receptor 

neuron. This depression of discharge activity was concentration 

dependent over the concentration range of 10 M to iO M. At 

concentrations of iO 3 M and above, discharge activity ceased. The 

depression of discharge is illustrated in Figure 13a which shows the 

time response of the stretch receptor neuron following application of 

three concentrations of neomycin sulfate. 

The mean onset of depression for all concentrations was 1 min 26 

see, while mean time to maximum depression was 2 min 30 sec. After 

reaching the maximum depression of discharge at each concentration, 
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FIGURE 13 

Time effect curves for individual neurons exposed to different 

concentrations of neomycin. In each figure the solid arrow indicates 

time of exposure of neuron to drug solution while the open arrow 

indicates end of drug exposure. 

A. Examples of responses for molar concentrations of neomycin 

producing approximately 10% ( iO M; dashed line, long dashes), 50% (5 

x M; dashed line, short dashes) and 100% ( 10 H; dotted line) 

depression of discharge. 

B. Atypical response occasionally seen with 10 H neomycin 

characterized by initial cessation of discharge activity and partial 

recovery. At end of exposure (washout) discharge activity increased 

prior to the return to control values. 
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discharge activity would plateau at the depressed rate. Upon wash with 

van H solution, the depressed discharge rate reversed, returning to 

preadministration control values. The time course of the reversal of 

depressed discharge was equally as rapid as the onset observed upon 

initial application of the test solution. 

At the highest concentration of neomycin studied ( iO H), cell 

discharge activity stopped. At this concentration it was occasionally 

observed that cells would respond in a more complex pattern 

characterized by partial recovery of discharge activity during 

continued application of neomycin. This phenomenon is illustrated in 

Figure 13b. In such instances a return to pre-administration control 

values during the period of continued perfusion of test solutions did 

not occur. 

The effects of iO 3 H neomycin were reversible but there was a 

brief period of enhanced discharge during wash in contrast to the lack 

of washout effect at lower concentrations of neomycin. Following this 

response, preadministration control discharge values were rapidly 

reestablished. 

The concentration response curve generated from the discharge 

frequency histograms is presented in Figure 14. The curve had a 

relatively shallow slope over much of the concentration range studied 

with a steep rise occurring between 50% and 100% depression of 

discharge activity. Data from the neuronal discharge experiments are 

summarized in Table 8. 
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Figure 11: Concentration-response curve for the depression of discharge 

activity induced by neomycin sulfate. Each point is the mean and 

standard error of the mean for five neurons. 
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TABLE 8 

A SUMMARY OF THE EFFECTS OF NEOMYCIN UPON THE DISCHARGE ACTIVITY OF 

THE CRAYFISH STRETCH RECEPTOR NEURON 

EFFECTS UPON DISCHARGE PROPERTIES 

1. Nature of effect: depression 

2. Onset time from start -of exposure: 1 min 26 sec 

3. Mean time to plateau: 2 min 30 sec. 

4. Washout effect: none (brief period of increased 

discharge at 10 M) 

5. Effect upon tonic muscle fiber: none 

CONCENTRATIONS SELECTED FOR STUDIES ON MEMBRANE ELECTRICAL PROPERTIES 

1. EC1O: 1 x i0 M 

2. EC5O: 5 x i0 M 

3. EC9O: 7.5 x M 

WINDOW SELECTED FOR STUDIES ON MEMBRANE PROPERTIES 

3 minutes to end of administration 
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TABLE 9 

CHANGES IN MEMBRANE PROPERTIES PRODUCED BY NEOMYCIN SULFATE 

CONCENTRATION DEPENDENT CHANGES 

PROPERTY EC1O EC5O EC9O 
(iO n M) (5 x i0 M) (7.5 x i0 M) 

N 5 10 5 

RMP (mv) +1.tk3 +3.36 +k.708 
dV/dt-ortho ( V/see) risc -3.717 -3.88 
OW1O (ins) +0.07k* +0.1k3 +0.162 
U (mV) _O.116* -l.k6 -1.7k 
dV/dt-anti (V/see) +1.838 -3.11 
AW9O (us) +25 +36 +k8 
AW1O (ins) risc +0.182 +0.250 

NON-CONCENTRATION DEPENDENT CHANGES 

dV/dt-thresh (V/see) nsc +O.lkl +0.095 
OW9O ( us) risc +33 +21.17 
0W50 (ins) -0.055 risc +0.09 
RES (Mobin) rise risc +1.305 
AWSO (ins) -0.05k risc use 

NO CHANGE 

I-thresh. (nA) 
V-thresh (my) 
P0 (my) 
PA (mV) 
D-ortho (V/see) 
D-anti (V/see) 

Abbreviations as for Table IL 

N = number of neurons tested 

* not statistically significant 
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8.5.3.2 Membrane electrical properties. 

Concentrations of neomycin producing approximately 10%, 50% and 

90% effects were i0 M, 5 x i0 M and 7.5 x iO M respectively. 

These concentrations were used in studies of membrane electrical 

properties. There were several important concentration dependent 

effects of neomycin on electrical membrane properties. They were: 

1. depression of RMP at all concentrations of neomycin tested 

2. a decrease in dV/dt ortho 

3. an increase in OW1O at EC5O and EC9O 

it. a decrease in undershoot. 

5. a decrease in dV/dt-anti 

6. increases in AW9O and AW1O. 

Other changes thatdid not appear to be concentration dependent 

are presented in Table 9. 

The concentration relationship of the resting membrane potential is 

presented in Figure 15 while the relationship between the decrease in 

neuronal discharge rate recorded extracellularly and membrane 

hyperpolarization recorded intracellularly is presented in Figure 16. 

8.5.4 Monensin. 

8.5.4.1 Effect on neuronal discharge rate. 

Monensin caused a concentration dependent increase in the 

neuronal discharge rate over the range of concentrations M to 5 x 

1O_6 M. At concentrations greater than 10 M monensin caused rapid 

cessation of discharge activity while concentrations between 5 x 

10 6 M and 10 M resulted in an increase above control but the 
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Figure 15: Depression of resting membrane potential by neomycin 

sulfate at concentrations that produced a 10% ( iO M), 50% (5 x 

10 H) and 90% (7.5 x i0 M) depression of discharge activity. Each 

point is the mean and standard deviation for five neurons. 
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Figure 16: Graph showing the relationship between the discharge rate 

measured extracellularly and the depression of resting membrane 

potential measured intracellularly. Each point is the mean and 

standard deviation for five neurons. 
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magnitude of this change was not as great as at 5 x 1O_6 M. At 

concentrations above 1O N, the increase in discharge rate was 

followed after a variable length of time by cessation of discharge 

activity. 

Times to onset and plateau of effect were independent of the 

concentration of monensin employed. Onset of the monensin induced 

increase in discharge rate was rapid, commencing at a mean of 49 

seconds from initial exposure. Plateau of effect was reached at a mean 

of 3 min 18 sec minutes from the start 

discharge rate was reversed rapidly on 

effective concentrations of monensin there 

of exposure. The enhanced 

wash. Even at the highest 

was a complete washout of 

effect with rapid return to control discharge rates. This is 

illustrated in Figure 17 which presents a typical experimental 

histogram demonstrating the increase in discharge rate and the rapid 

return to control discharge during wash. The concentration response 

curve for the increase of neuronal discharge caused by monensin is 

presented in Figure 18. Table 10 summarizes the effects of monensin on 

neuronal discharge rate. 

8.5.4.2 Membrane electrical properties. 

Concentrations which induced 10%, 50% and 90% increases in 

neuronal discharge activity, measured from the curve in Figure 18, 

were 2.5 x 1O M, 2.5 x 1O_6 N and 5 x 1O_6 M respectively. These 

concentrations were selected for the intracellular studies. The window 

selected for analysis of waveforms was 4 minutes from start until the 
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Figure 17: Typical experimental histogram demonstrating the rapid 

onset of effect, plateau and washout characteristics of monensin. 

Solid arrows indicate start and open arrows end of drug application. 
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Figure 18: Concentration response curve for monensin effect upon the 

discharge activity of the stretch receptor neuron. Each point is the 

mean and standard deviation of 5 neurons. (** May include increase due 

to TWEA, mean 6.8%; * May include 'increase due to TWEA, mean 2.5%) 
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TABLE 10 

A SUMMARY OF THE EFFECTS OF MONENSIN UPON THE DISCHARGE ACTIVITY OF THE 

CRAYFISH STRETCH RECEPTOR NEURON. 

EFFECTS UPON DISCHARGE PROPERTIES 

1. Nature of effect: excitation 

2. Onset time from start of exposure: 49 see 

3. Mean time to plateau: 3.8 mm 

4. Washout effect: return to normal 

5. Effect upon tonic muscle fiber: none 

CONCENTRATIONS SELECTED FOR STUDIES ON MEMBRANE ELECTRICAL PROPERTIES 

1. EC1O: 2.5 x M 

2. EC5O: 2.5 x 1O_6 M 

3. EC9O: 5 x 10_6 M 

WINDOW SELECTED FOR STUDY OF MEMBRANE PROPERTIES 

4 minutes from start to end of administration 
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end of administration. 

The important features of monensin on the membrane properties 

were: 

1. a decrease in the V-thresh 

2. a decrease in dV/dt-ortho 

3. an increase in 0W50. 

Other changes that were not concentration dependent are presented in 

Table 11. 

8.5.5 Ouabain. 

8.5.5.1 Effects on discharge activity. 

Ouabain increased neuronal discharge in a manner which was slow 

in onset, occurred over , a wide concentration range and was 

irreversible. The concentration response curve was quite sharp in the 

initial stage, there being no effect at 2.5 x iO M while at 5 x 

io M discharge activity increased to 128% of control. The rate of 

rise of the curve decreased after the EC 50 of 1O_8 M and a further 

thousand-fold increase of drug concentration (to iO M) was required 

to reach a maximum effect. 

Above iü M a change in the effect upon cell discharge activity 

was observed. The excitation induced by ouabain increased rapidly to 

an apparent plateau but instead of remaining at a level effect as 

occurred at lower concentrations, discharge activity gradually 

decreased. Despite this decrease, discharge activity did not decrease 

as low as the preadnilnistratlon control values. At a ouabain 

concentration of iO M, discharge activity ceased. The concentration 



page 90 

TABLE 11 

CHANGES IN MEMBRANE PROPERTIES PRODUCED BY MONENSIN 

PROPERTY EC1O EC5O EC9O 

CONCENTRATION DEPENDENT CHANGES 

V-thresh (mV) -2.012 -3.87 _5.6* 
dV/dt-ortho (V/see) _1.lI -2.68 1I.1O5 
OWSO (mV) +0.03 +0.08 nsc 

NON-CONCENTRATION DEPENDENT CHANGES 

I-thresh ( nA) nsc -0.107 nsc 
OW9O ( us) nsc nsc +34 
dV/dt-thresh (V/see) _O.1 18 +0.11 nsc 
OW1O (ins) nsc +O.218 +0.193 
U (mV) nsc -1.75 _0.821t 

AW9O ( us) nsc nsc +50 
AW1O (ins) -0.235 -0.18 nsc 

NO CHANGE 

RES (Mobm) 
AW5O (ins) 
dV/dt-anti (V/see) 
D-ortho (V/see) 
D-anti (V/see) 
PA (mV) 
P0 (mV) 
RMP (mV) 

Abbreviations as for Table 14 

Each value is the mean of data from 5 neurons. 

* not statistically significant 
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response curve obtained from experiments on discharge activity is 

presented in Figure 19. 

The time to onset of effect for ouabain was relatively slow and 

of all the drugs studied it was the most variable in time to plateau 

of effect. The time to onset and plateau of effect was independent of 

the concentration. Onset began on average 5 min 30 sec after exposure 

and slowly increased over a number of minutes to plateau at an average 

of 14 min 18 sec post, exposure. The effect was found to be 

irreversible, since there was no return to control with wash with van 

H for as long as two hours. Findings are summarized in Table 12. 

8.5.5.2 Membrane electrical properties. 

Ouabain concen€rations which produced 25%, 50% and 90% increases 

in neuronal discharge activity •were 5 x 10 H, 10' H and 106 H 

respectively. These concentrations were used for the studies of 

electrical membrane properties. Although the EC1O was normally. 

selected as the lowest concentration to study, due to the nature of 

the slope of the ouabain curve it was felt that 5 x 10 M was a more 

practical concentration to use for this drug and is the reason that 

the EC25 was selected. The window selected for analysis of waveforms 

•ias fifteen minutes from start until the end of, administration. 

The most dramatic effect of ouabain was a decrease in the 

amplitude of. both ortho- and antidromic action potentials. This was 

accompanied by a decrease in both the I-thresh and V-thresh. The width 

of the antidromic action potential at 10% of peak was decreased. These 
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Figure 19: Concentration response curve for ouabain upon the discharge 

activity of the stretch receptor neuron. Each point is the mean and 

standard deviation of 5 neurons. 
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TABLE 12 

A SUMMARY OF THE EFFECTS OF OUABAIN UPON DISCHARGE ACTIVITY OF THE 

CRAYFISH STRETCH RECEPTOR NEURON 

EFFECTS UPON DISCHARGE PROPERTIES 

1. Nature of effect: excitation 

2. Onset time from start of exposure: 5.55 mm 

3. Mean time to plateau: 111.8 mm 

1. Washout effect: none 

5. Effect upon tonic muscle fiber: none 

CONCENTRATIONS SELECTED FOR STUDIES ON MEMBRANE ELECTRICAL PROPERTIES 

1. EC25 ( see text): 5 x 1O H 

2. EC5O: 1O_ 8 M 

3. EC9O: 1O_6 H 

WINDOWS SELECTED FOR STUDY OF MEMBRANE PROPERTIES 

15 minutes from the start of administration to end of 

administration. 
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concentration dependent changes were accompanied by a number of 

non-concentration dependent changes as presented in Table 13. 

8.5.6 Permethrin. 

8.5.6.1 Discharge properties. 

The difficulties of studying water insoluble drugs presented in 

section 7.3.3 especially apply to the synthetic pyrethroids, 

permethrin and cypermethrin. The pyrethroids have the additional 

undesirable property of adsorbing to glass and plastic (Gammon, Brown 

and Casida, 1981; Chalmers, personal communication, 1987). The solvent 

TWEA used in the present study has proven useful in overcoming these 

difficulties ( see section 9.2). Application of permethrin and 

oypermethrin in the continuous administration method used in this 

study was performed without difficulty. 

The effects of permethrin were complex, varying not only with 

concentration but also with the time of administration. Permethrin was 

found to have effects on cell discharge at concentrations between 

10 11 M and 10_a M. The mean time to onset of permethrin effect 

decreased with increasing concentration as presented in Table 1)4. The 

effect of permethrin did not wash out with either van H or TWEA at 

concentrations up to 0.05 volume percent. Cells washed with van H and 

observed for as long as four hours following a five minute 

administration of a single concentration of 5 x 10- 10 Fl permethrin 

solution maintained a drug induced increase in discharge rate. 

The two most consistent effects of permethrin at all 

concentrations studied were a dramatic increase in the neuronal 
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TABLE 13 

CHANGES IN MEMBRANE PROPERTIES PRODUCED BY OUABAIN 

PROPERTY EC25 EC5O EC9O 

number of cells 3 6 3 

CONCENTRATION DEPENDENT CHANGES 

I-thresh (nA) -0.076 -0.177 -0.212 
V-thresh (mV) nsc -1.6 -3.29 
P0 (mV) -0.87 -1.59 -2.117 
PA (mV) -0.87 -1.295 -2.21 
dV/dt-ortho (V/see) +0.85 +2.69 nsc 
AW1O (mV) _O.217* -0.3 -0.5 

NON-CONCENTRATION DEPENDENT CHANGES 

dV/dt-thresh (V/see) nsc -0.206 -0.125 
OW1O (ms) +0.15 nsc nsc 
dV/dt-anti (V/see) nsc +2.98 nsa 
AW9O (uv) +t3 nsc nsc 
AW5O (mV) nsc -0.06 nsc 
RES (Mohm) nsc +1.37 nsc 

NO CHANGE 

RMP (mV) 
OW9O ( uv). 
OWSO (mV) 
U (mV) 
D-ortho (V/see) 
D-anti (V/see) 

Abbreviations as for Table 11. 

* not statistically significant 
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TABLE 1 

TIMES TO ONSET AND PLATEAU OF PERMETHRIN EFFECT UPON DISCHARGE 

ACTIVITY OF THE CRAYFISH STRETCH RECEPTOR NEURON. 

Concentration Mean time to onset Mean time to 

of permethrin of effect plateau of effect 

(molar) (minutes) (minutes) 

N 

10_Il 16.8 ( 1.25)* 21 ( 1) 

5 x 10_il 6.15 ( 5.5) 15.43 (3.8's) 

10 -10 3.36 ( 2. 14) 14.95 ( 1.54) 5 

io 1.6 (0.69) 9 (3) 7 

10 8 1.6 ( 0.69) 7.3 (2.7) 

* The standard deviation is given in brackets after each mean. 
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discharge rate and a decrease in the amplitude of the action 

potential. The rate of neuronal discharge increased with increasing 

permiethrin concentration in a concentration related manner up to 

10_ 8 M. At this concentration, the initial rapid increase in'cell 

discharge rate was followed by a cessation of discharge activity which 

was irreversible under the experimental conditions. With prolonged 

exposure ( 50 minutes) to concentrations of 10 -10 M or 1O 9 M, and to 

smaller volumes of higher concentrations, cessation of cell discharge 

activity was occasionally followed by short high frequency bursts of 

discharge activity. In such cases the duration of bursts was usually 

2-3 seconds, but was always less than 10 seconds and 

characteristically, the number of discharges in each burst decreased 

with consecutive bursts until the cell ceased all measurable discharge 

activity. The bursts displayed a typical pattern, the frequency of the 

discharge activity increasing in an exponential manner with time. The 

length of time that individual cells would continue bursting was 

related to the concentration of permetbrin. For example, one cell 

exposed to 10 M exhibited a pattern of, bursts that decreased in 

duration but occurred regularly every 15-30 sees for two hours 

following cessation of perfusion of 500 mls of solution. On the other 

hand, a cell exposed for 25 min to a 5 x 108 M solution exhibited 

only five short bursts over 15 minutes before ceasing discharge 

activity completely. The concentration response curve for the effects 

of permetbrin upon the discharge activity of the stretch receptor 

neuron is presented in Figure 20. 

The decrease in amplitude of the action potential of permetbrin 
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Figure 20: Concentration response curve for the increase in neuronal 

discharge rate induced by permethrin. Each point is the mean and 

standard deviation of five neurons. 
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exposed cells was noted at all effective concentrations but was 

particularly dramatic at the higher concentrations studied: more rapid 

in onset and more severe. At the highest concentrations, the amplitude 

of the action potentials fell below the minimum sensitivity of the 

frequency counter. Following cessation of normal action potential 

propagation in such cases there would be high frequency fluctuations 

of the membrane potential. 

8.5.6.2 Membrane electrical properties. 

The concentrations which induced. 10%, 50% and 90% increases in 

neuronal discharge activity were 5 x 10_11 M, 2.5 x 1O 10 M and k x 

i0 M respectively. These concentrations were used for the membrane 

electrical property studies. Since the time to plateau of effect 

varied with the concentration of permethrin (Table 1U, the window of 

waveform analysis was different for each of the three concentrations 

of permethrin selected. The time period for waveform analysis was 

selected from discharge activity experiments. The window of analysis 

extended from the time that plateau occurred until ,the end of 

administration of the solution and was at least 14 minutes for the 

EdO, at least 10 minutes for the EC5O and at least 11 minutes for the 

EC9O. 

The concentration dependent changes of the electrical membrane 

properties in the presence of permethrin were: 

1. a decrease in the current required to initiate an action 

potential ( I-thresh). 

2. an increase in the undershoot ( U) 
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3. a decrease in the AW1O. 

The change in the I-thresh was not accompanied by significant change 

in the V-thresh except for a decrease at the permethrin EC9O. The 

membrane resistance varied considerably from concentration to 

concentration. There was an increase in RES at. the EC1O with 

non-significant decreases at the other two concentrations tested. A 

number of changes also occurred in other properties; values are 

presented in Table 15. 

8.5.7 Cypermethrin. 

8.5.7.1 Discharge properties. 

The effects of cypermethrin upon the neuronal discharge rate were 

complex. The main effect was a concentration dependent increase in 

discharge rate which occurred over the concentration range 5 x 10_12 M 

to io H. The time course of both the onset and plateau of increased 

discharge rate varied with the concentration. At concentrations of 5 x 

1012 H it required almost 19 minutes for the onset of effect and 2 

minutes for plateau. Time of onset and plateau both decreased with 

increasing concentration. At i0 H an average of only 1 min 28 sec 

was required for onset and 6 min 1 see to plateau of effect. The times 

to onset and plateau are presented in Table 16. 

Cypermethrin at i0 H caused an increase in cell discharge which 

also reached a plateau. However, after a plateau was attained the 

discharge rate decreased rapidly and after several minutes the cell 

ceased all discharge activity. This did not occur in the presence of 

lower concentrations. 
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TABLE 15 

CHANGES IN ELECTRICAL MEMBRANE PROPERTIES PRODUCED BY PERMETHRIN 

PROPERTY EC1O EC5O EC9O 

CONCENTRATION DEPENDENT CHANGES 

I-thresh (nA) 

U (mV) 

AW1O (mV) 

-0.519 

+0.932 

-0.57 

NON-CONCENTRATION DEPENDENT CHANGES 

-0.517 

+1.833 

-0. 12 

-0.871 
+2.26 

-0.565 

V-thresh (mV) nsc nsc -3.536 
P0 (my) -1.26 nsc nsc 
dV/dt-thresh (V/see) +0.17 +0.12 +0.09 
OW5O (mV) +0.06 nsc nsc 
PA (mV) -1.28 rise nsc 

AW9O (uv) +0.05 nsc nsc 
RES (Mohm) +1.56 nsc nsc 

NO CHANGE 

dV/dt-ortho (V/see) 
0W90 ( uv) 
OW1O (mV) 
dV/dt-anti (V/see) 

AW5O (ms) 
D-ortho (V/see) 
D-anti (V/see) 

Abbreviations as for Table 4. 

Each value is the mean of data from 5 neurons. 
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TABLE 16 

A SUMMARY OF THE TIMES TO ONSET AND PLATEAU OF CYPERMETHRIN EFFECT 
UPON DISCHARGE ACTIVITY OF THE CRAYFISH STRETCH RECEPTOR NEURON. 

Concentration Number Mean time to onset Mean time to plateau 
cypermethrin of cells of effect of effect 
(molar) (minutes) (minutes) 

5 x 10- 12 3 18.7 23.9 

10_ 11 4 9.1 ( 0.8) 16.5 ( 2) 

2.5 x 10- 11 5 '.' 8 ( 1.12) 10.8 (2.89) 

10- 10 6 3.36 ( 1.1 14) 11.8 (3)4) 

10 6 1)46 (0.98) 6.07 ( O.9'4) 

Values given are means followed in brackets by the standard deviation. 
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At concentrations greater than i0 M two types of responses were 

observed. Following the start of drug administration some cells would 

abruptly cease all discharge activity without any period of increased 

activity, others would respond with an initial increase in discharge 

rate followed either by abrupt cessation or a period of rapid decrease 

preceding cessation of discharge activity. Those cells that did 

respond with an increase in discharge at concentrations above i0 M 

did. not reach the maximum discharge rates observed in the presence of 

io M. Therefore, i0 M was selected as the maximum concentration 

for the concentration response curve presented in Figure 21. 

8.5.7.2 Membrane electrical properties. 

The concentrations which produced 10%, 50% and 90% increases in 

neuronal discharge activity were 2.5 x 1011 M, 2 x 10_b M and 6 x 

10 10 M respectively. These concentrations were used for the studies of 

electrical membrane properties. The window selected for analysis of 

waveforms was 11 min from start until the end of administration. 

The effects of cypermethrin on membrane electrical properties did 

not appear to be concentration dependent as observed for the other 

drugs. Important features were: 

1. Increased membrane resistance 

2. Decreased peak height of the ortho- and antidromic action 

potentials (the latter not concentration dependent). 

3. Increased undershoot 

IL Narrowing of the antidromic action potentials at 10% and 50% 

of rise. 



page 104 

300 

%
 
C
O
N
T
R
O
L
 

LU 

200 

D
I
S
C
H
A
R
G
E
 

100 

-12 

10 10_ Il b_b 

CYPERMETHRj M 

-9 

10 

Figure 21: Concentration-response curve for the increased discharge 

rate induced by cypermethrin. Each point is the mean and standard 

deviation of the response of five neurons. 
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These and other findings are presented in Table 17. 

Experiments with intracellular recording often were terminated at 

the highest concentration of cyper'methrin due to a sudden decrease in 

the resting membrane potential of the neuron followed by spontaneous 

discharge of high frequency. This spontaneous discharge was preceded 

by a decrease in both dV/dt-ortho and dV/dt-anti in the immediately 

preceding waveforms. The V-thresh also decreased suddenly in this 

situation in association with the sudden drop in RMP. 

8.6 Neuronal Effects of Drug Combinations. 

8.6.1 0uabain and neomycin. 

0uabain is irreversible and neomycin reversible so therefore 

ouabain was chosen as the constant drug while the concentration of 

neomycin was varied. As the interaction to be studied was one between 

two drugs having opposite effects upon neuronal discharge rates, the 

concentration of ouabain chosen was iO_8 M, a concentration causing an 

approximately 50% increase in the neuronal discharge rate. 

Concentrations of neomycin employed were as listed in Table 18. 

8.6.1.1 Discharge properties. 

Three experiments were performed with this drug combination to 

study the effect of neomycin upon neuronal discharge rate. The only 

effect observed was that of ouabain, ie. an increase in neuronal 

discharge rate. Neomycin appeared unable to exert an effect on the 

function of the cell in the presence of ouabain. 
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TABLE 17 

CHANGES IN MEMBRANE PROPERTIES PRODUCED BY CYPERMETHRIN 

PROPERTY EC1O EC5O EC9O 

CONCENTRATION DEPENDENT CHANGES 

RES (Mobm) 
I-thresh (nA) 
P0 (mV) 
U (mV) 
AW1O (ins) 
AW5O Cmv) 

+1.2 
-0.31 
-2.07 
+1.02 
-0 .24 
-0.05 

+2. 14 
-0.52 
-5.58 
+1-75 
-0.82 

+3.0 
-0.3' 

+0.06' 

-0-93 -

-0.26 

NON-CONCENTRATION DEPENDENT CHANGES 

dV/dt-ortho (V/see) nsc nsc +7.25 
0W90 (us) +37 nsc nsc 
OW5O (ins) nsc nsc -0.16 
V-thresh (mV) nsc 11.22 nsc 
PA (mV) nsc -5.98 -5.08 

NO CHANGE 

RMP (mV) 
dV/dt-thresh (V/see) 
OW1O (ins) 
dV/dt-anti (V/see) 
AW9O ( us) 
D-ortho (V/see) 
D-anti (V/sea) 

Abbreviations as for Table 4. 

Each value is the mean of data from 5 neurons. 

* not statistically significant 
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TABLE 18 

CONCENTRATIONS OF NEOMYCIN AND MONENSIN EMPLOYED IN DRUG COMBINATION 

STUDIES. 

** 

NEOMYCIN 

(MOLAR) 

MONENSIN PERCENT CHANGE IN 

(MOLAR) DISCHARGE RATE* 

1.0 x iO 0% ( sub threshold)** 

2 x iO 2 x 10-7 <10% ( threshold)*** 

2 x i0 5 x 10 -7 25% 

6 x iO 2.5 x 106 

7 x io 3.5 x 1O 75% 

iO 5 x 1O_ 100% 

* effect of each drug when administered alone 

sub-.threshold is a concentration that has no effect when 

administered alone. 

threshold is a concentration that produces an effect of 10% or less 

when administered alone. 
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8.6.1.2 Membrane Electrical Properties. 

Three intracellular experiments were performed with a combination 

of neomycin and ouabain. The concentration dependent changes of this 

combination were: 

1. an increase in dV/dt-ortho (but not at all concentrations) 

2. a decrease in V-thresh. 

A number of other properties changed in a concentration independent 

manner; these were P0 and PA and dV/dt-anti. Results of the 

intracellular experiments are summarized in Table 19. 

8.6.2 Permethrin and neomycin. 

Since the effect of permethrin on discharge activity was 

irreversible and that of neomycin reversible, permethrin was selected 

as the constant drug for the combination experiments while neomycin 

was the variable drug. An EC1O of permethrin (5 x 10 -11  M from the 

concentration response curve) was combined with varying concentrations 

of neomycin as listed in Table 18. For experiments studying the 

electrical membrane properties of the drug combination, the window for 

analysis of permethrin waveforms was 16 minutes from start until the 

end of solution administration. 

8.6.2.1 Neuronal discharge properties. 

The effects observed upon neuronal discharge with the 

permethrin-neomycin combination could be attributed to permethrin 

alone; no effect of neomycin was apparent from the discharge frequency 

histograms. In the presence of the combination, the neuronal disóharge 
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TABLE 19 

EFFECTS OF THE COMBINATION OF OUABAIN AND NEOMYCIN ON THE ELECTRICAL 
MEMBRANE PROPERTIES OF THE STRETCH RECEPTOR NEURON. 

NEOMYCIN CONCENTRATION 

PROPERTY THRESHOLD EC25 EC5O EC75 EC100 

CONCENTRATION DEPENDENT CHANGES 

dV/dt-ortho (V/see) nsc +1.58 

V-thresh (mV) 
+2.06 nsc +2.55 

-2.11 -2.25 

NON-CONCENTRATION DEPENDENT CHANGES 

RES (Mohm) 
P0 (my) 
OWSO (ms) 
D-ortho (V/see) 

PA (mV) 
dV/dt-anti ( V/see) 

AW1O (ins) 
D-anti (V/see) 

NO CHANGE 

RMP (my) 
I-thresh ( nA) 
dV/dt-thresh (V/see) 
OW9O ( us) 
OW1O (ins) 
U ( mV) 
AW9O (us) 
AWSO (ins) 

Each 

Values in the 
concentration 

nsc 
-1.22 
nsc 
nsc 

-1.0I 
+2.81 

-0.36 
+1.15 

-3.21 -3.72 

nso nsc nsc 

_2.07* -1.55 -2.67 
+O.09 nsc nsc 
-0.80 nsc rise 
-0.6 -1.25 -2.7 
+2.59 nsc +1.75 

nso +0.33 -0.55 
rise rise nsc 

• Abbreviations as for Table 4. 

* not statistically significant 

value is the mean of data from 3 neurons. 

+3.61 

-1.96 
+0.17 
•nsc 
-1.76 
rise 
nsc 

rise 

concentration dependent section of the table may not be 
dependent at all concentrations but show a tendency 

towards concentration dependence. 
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rate was increased to a mean 123% of control, which is the expected 

effect of permethrin alone. The mean time to plateau of the increased 

discharge was 13 min 30 sec. Once the increased discharge rate reached 

a plateau in any given experiment, it remained at this level until the 

end of the experiment, appearing to be totally unaffected by the 

addition of neomycin. 

8.6.2.2 Membrane electrical properties. 

The concentration dependent effects of the permetbrin:neomycin 

combination on the electrical membrane property experiments were: 

1. decreased rate of rise of both ortho- and antidromic action 

potentials 

2. decreased height of the orthodromic action potential 

3. widening of the antidromic action potential at 90% of rise. 

A number of properties were altered at most or all of the neomycin 

concentrations tested, but not in a • concentration dependent manner. 

For example, membrane resistance was consistently increased, and both 

threshold current and voltage were reduced. The amplitude of the 

antidromic action potential also was reduced in a concentration 

independent manner. Other properties which also were altered are 

presented in Table 20. 

8.6.3 Neomycin and monensin. 

For experiments combining neomycin and monensin, neomycin was 

selected as the constant drug and monensin as the varible drug. 

Neomycin was administered at the EC5O (5 x 10 M) and monensin at the 
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TABLE 20 

• EFFECTS OF THE COMBINATION OF PERMETHRIN AND NEOMYCIN ON THE 
ELECTRICAL MEMBRANE PROPERTIES OF THE STRETCH RECEPTOR NEURON 

NEOMYCIN CONCENTRATION 

PROPERTY THRESHOLD EC25 EC5O EC75 EC100 

CONCENTRATION DEPENDENT CHANGES 

dV/dt-ortho (V/see) -1.3 _3.119* 14.29 -'L16 -7.78 
dV/dt-anti (V/see) +2.214* _1.20* -1.67 -1.69 -14.07 
PA (mV) -1.10 -1.75 -1.149 -2.20 -2.142 
AW9O (us) +69 +53 +86 +81 +88 

NON-CONCENTRATION DEPENDENT CHANGES 

RES (Mohm) rise rise nsc +3.14 
V-thresh (mV) -2.147 -2.14 -3.19 -2.148 nec 

I-thresh (nA) -0.61 -0.75 nse -0.853 -0.814 
P0 (ml!) nec -1.76 -0.145 -1.02 -0.98 
OW1O (me) nec rise nec nec +0.28 
0W50 (me) nec nec nec +0.06 nec 
D-ortho (V/see) nec nec nsa -1.97 -2.145 
AW1O (me) -0.57 -0.35 nsa nec rise 
AW5O (me) +0.014 0.00* +0.06 +0.05 +0.06* 
D-anti (V/see) +1.16 nec -0.56 nec -1.38 

NO CHANGE 

RMP (my) 

dV/dt-thresh (V/see) 
0W90 ( us) 
U (mV) 

Abbreviations as for Table 14. 

Each value is the mean of data from 3 neurons. 

* not statistically significant 

Values in the concentration dependent section of the table may not be 
concentration dependent at all concentrations but show a tendency 

towards concentration dependence. 
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concentrations listed in Table 18. The window for waveform analysis of 

monensin effects was 1 minutes from start to the end of solution 

administration. 

8.6.3.1 Discharge properties. 

The base concentration of neomycin depressed the neuronal 

discharge rates as previously reported ( section 8.5.3.2). 

Administration of the monensin:neomycin combination resulted in an 

increase of neuronal discharge rate. The neuronal discharge rate at 

all concentrations of monensin in the combination increased to above 

that observed for monensin alone. At the highest càncentration of 

monensin in the combination, the EC100 was 

discharge rate above that of the EC75 in 

same effect as observed with monensin alone 

found not to increase the 

combination. This was the 

at a concentration beyond 

the maximum of the concentration response curve ( 1 x 10 5̀ M): a 

transient increase in discharge that did not achieve the level 

observed at 5 x 106 M, followed by a decrease of discharge rate. The 

times for onset and plateau of effect for monensin in the presence of 

neomycin were both shorter than for monensin alone, 11 seconds and 1 

min 40 sec respectively (Table 21). The concentration response curve 

for monensin in the presence of neomycin is presented in Figure 22. 

8.6.3.2 Membrane electrical properties. 

The concentration dependent changes in electrical membrane 

properties of the neomyóin:monensin combination were: 
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TABLE 21 

MEAN TIME TO ONSET AND PLATEAU OF EFFECT FOR MONENSIN ALONE AND AS A 

COMPONENT OF DIFFERENT DRUG COMBINATIONS. 

COMBINATION MEAN TIME TO MEAN TIME TO N 

ONSET (mm) PLATEAU (mm) 

Monensin alone 0.82 ( OiO)* 3.8 ( 1.08) 20 

Neomycin:monensin 0.64 ( O.'t8) 2.13 ( 0.8) 16 

Permethrin:monensjn 0.81 ( 0. 1) 3.21 ( 1.08) 14 

Cypermethrin:monensin 1.36 ( 0.3) 3.81 ( 1.03) 9 

Ouabain:inonensin 0.46 ( 0.20) 3.03 ( 0.78) 14 

* The standard deviation follows each mean in brackets. 
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Figure 22: Concentration response curve (L) for the effect of 

monensin in the presence of a constant amount of neomycin (5 x 

1O M). Each point is the mean and standard deviation of 3 neurons. 

The concentration response curve for monensin alone is also presented 

(0) for comparison. (* may include increase due to TWEA, mean 6.8%). 
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1. increased width of both the ortho- and the antidromió 

action potentials at 10% 50% and 90% of rise. 

2. a decrease in undershoot 

3. a reduction in the rate of fall of ortho- and antidromic 

action potentials at the higher concentrations of monensin in 

neomycin. 

Membrane resistance was also increased in a concentration independent 

manner. These results and concentration unrelated effects are 

presented in Table 22. 

8.6. 11 Permethrin and monensin. 

Permethrin was chosen as the constant drug and monensin as the 

variable drug since the effect of permethrin is irreversible and that 

of monensin is reversible. The EC1O of permethrin (5 x 10 M) was 

combined with monensin concentrations as listed in Table 18. The 

window for analysis of waveforms during monensin administration was II 

minutes from start to the end of administration of the solution. 

8.6. 11.1 Neuronal discharge properties. 

In the presence of permethrin, concentrations of monensin that 

had subthreshold (no effect) and threshold ( 10% or less) effects when 

applied alone were found to have much greater effects in combination. 

On the other hand, monensin EC75 and EC100 concentrations produced 

less than maximal discharge when applied with permethrin. At the 

monensin EC75 there was a decrease in the rate of discharge with 

almost complete inactivity at the EC100. The concentration response 
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TABLE 22 

EFFECTS OF THE COMBINATION OF MONENSIN AND NEOMYCIN OF THE ELECTRICAL 
MEMBRANE PROPERTIES OF THE STRETCH RECEPTOR NEURON. 

MONENSIN CONCENTRATION 

PROPERTY SUB-THRESH THRESH EC25 EC5O EC75 EC100 

CONCENTRATION DEPENDENT CHANGES 

OW9O ( us) +9.6 +28 +29* +k7 +71 +93 
0W50 (ms) +0.02 +0.05 +0.11 +0.20 +0.26 +0.31 
OW1O (ms) +0.10 +0.01 +0.2k +O.kk +0.5k +0.92 

U (mV) nsc -O.36 -0.87 -1.78 -1.97 nsc 
AW9O (us) +27 +97 +170 +189 +1.77* +16k 
AW5O (ms) +0.0k +0.09* +0.11* +0.18 +0.22 +0.27* 
AW1O (ms) nsc +0.07* +0.16' +0.56 +O.k7 +0.51* 
D-ortho (V/see) nsc nsc nsa -5.70 -5.65 -7.36 
D-anti (V/sea) nsc nsc nsc nsc 1l.67 -5.8 

NON-CONCENTRATION DEPENDENT CHANGES 

RES (Mohm) nsa +2.33 nsc nsc nsa nsc 
V-thresh (mV) nsc nsc nsc nsc -3.38 nsc 
I-thresh ( nA) nsc nsc nsc nsc -0.k8 nsc 

dV/dt-thresh ( V/see). nsa -0.09 nsc +0.13 nsc nsa 
dV/dt-ortho ( V/see) nsc nsc nsc -17.2 -21.7 nsc 
dV/dt-anti ( V/see) nsc nsc nsc nsc -21.3 nsc 

NO CHANGE 

RMP (mV) 
PA (ml!) 

P0 (mV) 

Abbreviations as for Table IL 

Each value is the mean of data from 3 neurons. 

* not statistically significant 

Values in the concentration dependent section of the table may not be 
'concentration dependent at all concentrations but show a tendency 

towards concentration dependence. 
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curve of monensin was shifted to the left in the presence of 

permethrin. The degree of this shift is apparent when the 

concentration response curves of monensin alone and of monensin in the 

presence of permethrin (5 x 1O 11 N) are compared as shown in Figure 

23. The degree of this shift is seen by comparing the effect of a 

threshold concentration of monensin alone with that of the 

permethrin:monensin combination which caused an increase in neuronal 

discharge of 169%. The time to onset of monensin effect was the same 

in the presence of permethrin as alone, while the time to plateau in 

the presence of permethrin was slightly less than that observed for 

monensin alone. While the monensin effect was reversible on wash for 

most concentrations tested, concentrations that completely depressed 

discharge in the presence of permethrin were not reversible. Upon 

wash, cells expose.d to high concentrations would resume discharge 

activity, however, this activity was of low frequency and would not 

return to control values nor achieve a steady discharge rate. In 

addition to the fluctuation of discharge rate, the pattern of 

discharge was altered and action potential amplitudes were variable as 

illustrated in Figure 21. This latter effect appeared to be a feature 

of cells exposed to monensin combined with permethrin, since it was 

not observed with other drug combinations. The changes were indicative 

of irreversible damage to the neuron and were exhibited by all cells 

exposed to an EC100 of monensin in permethrin. 

The concentration response curve for monensin in the presence of 

permethrin is presented in Figure 23 and the times to onset and 

plateau of monensin effect in the presence of permethrin are presented 
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Ba-
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or I 

Figure 24: Example of altered discharge activity of a stretch receptor 

neuron in the presence of a combination of permethrin (5 x 1O 11 M) 

and monensin (5 x iO M). Trace B was photographed from the 

oscilloscope screen 3 minutes after A. Widened portions of the action 

potentials (arrow) indicate marker pulse of the frequency counter. 
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in Table 19. 

8.6.'L2 Membrane electrical properties. 

The concentration dependent effects of monensin in the presence 

of permethrin were: 

1. an increase in the membrane resistance 

2. an increase in undershoot. 

Other properties also altered but not in a concentration dependent 

manner are presented in Table 23. 

8.6.5 Cypermethrin and monensin. 

For the same reasons presented in section 8.6. 1, cypermethrin was 

selected as the constant drug and monensin as the variable drug for 

the cypermethrin-mone.nsifl combination. The EC1O of cypermethrin ( 2.5 x 

1O M) was applied with varying concentrations of monensin as 

indicated in Table 18. The window for monensin analysis was 1 min from 

start to the end of administration. 

8.6.5.1 Neuronal discharge properties. 

The effects of the cypermethrin:monen$in combination on discharge 

activity demonstrate an attenuation of the monensin concentration 

response curve. The lowest concentration of monensin in cypermethrin 

to have an effect upon discharge rate was the EC25, and only one of 

five neurons tested at this concentration exhibited a significant 

response. At EC5O and EC75 concentrations of monensin there was an 

increase in neuronal discharge rate as shown in Figure 25. At an EC100 
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TABLE 23 

EFFECTS OF THE COMBINATION OF PERMETHRIN AND MONENSIN ON THE 

ELECTRICAL MEMBRANE PROPERTIES OF THE STRETCH RECEPTOR NEURON. 

MONENSIN CONCENTRATION 

PROPERTY SUB-THRESH THRESH EC25 ECSO EC75 EC100 

CONCENTRATION DEPENDENT CHANGES 

RES (Mohin) 
U (my) 

+1.511 +1.711 +2.15 +2.12 +1.93 +2.59* 
+1.66 +1.11* +1.85 +2.10 nsa +2.77* 

NON-CONCENTRATION DEPENDENT CHANGES 

V-thresh (mV) nsa nsa nsa nsa -1.86 nsa 

I-thresh (nA) -0.61 nsa nsa -1.10 nsa nsa 
P0 (mV) nsa nsa nsa nsa -1.06 nsa 
OW1O (ins) +0.1111 nsa +0.53 +0.6 nsa nsa 
OW5O (ins) +0.211 nsc nsa +0.22 nsa nsa 

OW9O ( us) nsa nsa +81 nsa nsa nsa 
dV/dt-thresh (V/see) nsa nsa +0.38 nsa use nsa 
PA (mV) nsa nsa nsa nsa -0.63 nsa 
AW1O (ins) -0.110 nsa nsa nsa nsa nsa 
AW9O ( us) nsa +122 +118 nsa nsa nsa 
dV/dt-anti (V/sea) nsa nsa -13.9 -111.6 nsa nsa 

NO CHANGE 

REP (my) 
dV/dt-ortho (V/see) 
D-ortho (V/see) 
AWSO (ins) 
D-anti (V/see) 

Abbreviations as for Table 11. 

Each value is the mean of data from 3 neurons. 

* not statistically significant 

Values in the concentration dependent section of the table may not be 
-concentration dependent at all concentrations but show a tendency 

towards concentration dependence. 
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Figure 25: Concentration response curve for monensin in the presence-

of cyperinethrin (2.5 x 10_il M). Each point is the mean and standard 

deviation of the mean for 3 neurons. 
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of monensin in cypermethrin the discharge rate increased above 

control, but the increase was considerably less than for the EC75, 

indicating that the maximum effective concentration for the drug 

combination had been exceeded. The mean time to onset of monensin 

induced increased discharge was greater for the cypermethrin:monensin 

combination than for monensin alone whereas the mean time to plateau 

of effect was almost identical (Table 19). 

8.6.5.2 Membrane electrical properties. 

The main features of the effects of this combination on the 

electrical membrane properties were: 

1. increased membrane resistance 

2. decreased peak amplitudes of the ortho- and antidromic action 

potentials commencing at the ECSO of monensin 

3. an increase in the width of the orthodromic action potential at 

50% and 90% of maximum amplitude. This was considerably accentuated at 

monensin EC75 and EC100. 

4. a decrease in the D-ortho below the EC5O of monensin. 

Other properties that altered in a concentration independent manner 

are presented in Table 24. 

8.6.6 Ouabain and monensin. 

The slow onset of ouabain, the failure of the reversal of its 

effect on washout and the contrasting rapid onset, plateau and washout 

of effect of monensin indicated that ouabain should be the constant 

drug and monensin the variable drug. Accordingly, an EC25 of ouabain 
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TABLE 211 

EFFECTS OF THE COMBINATION OF CYPERMETHRIN AND MONENSIN ON THE 
ELECTRICAL MEMBRANE PROPERTIES OF THE STRETCH RECEPTOR NEURON. 

MONENSIN CONCENTRATION 

PROPERTY SUB-THRESH THRESH EC25 EC75 EC75 EC100 

CONCENTRATION DEPENDENT CHANGES 

RES (Mohm) nsa nsa +0.76 +1. 113 +2.8 +14.35* 
P0 (ml!) nsa nsa nsa -5.02 -5.15 -5.66 
OW5O (ins) +0.03 +0.07 +0.07 nsa +0.22 +0.211 
D-ortho (V/see) -0.57 -0.611 -0.92 nsa nsa nsc 
PA (mV) nsa nsa risc -5.17 -5.66 -6.36 

NON-CONCENTRATION DEPENDENT CHANGES 

dV/dt-ortho (V/sea) +1.59 nsa +2. 112 nsa nsa nsa 
V-thresh (mV) nsa nsa nsa _11.92 -5.611 -6.0 
I-thresh (nA) 0.31I usc nsa -0.711 nsa nsa 
OW1O (ins) +0.08 +0.1 +0.111 nsa +0.37 +0. 117 
0W90 (us) -17 nsa nsa nsa nsa nsa 
dV/dt-anti (V/see) nsa +2.01 nsa nsa nsa nsa 
AW1O (ins) usc -0.30 -0.52 nsa nec nsa 
AW9O (us) nec rise nec -118 nsa nsa 
D-anti (V/sea) -0.39 nsa nsa nsa nsa nsa 

NO CHANGE 

RMP (my) 
dV/dt-thresh (V/see) 
U (nN) 
AW5O (ins) 

Abbreviations as for Table 11. 

Each value is the mean of data from 3 neurons. 

* not statistically significant 

Values in the concentration dependent section of the table may not be 
concentration dependent at all concentrations but show a tendency 

towards concentration dependence. 



page 125 

(5 x iO H) was selected for the reasons discussed above ( section 

8.6.3.2). Monensin concentrations employed were those indicated in 

Table 18 and the window for monensin analysis was similar to previous 

experiments, 1 min from start until the end of administration of 

solution. 

8.6.6.1 Neuronal discharge experiments. 

The ouabain:monensin combination caused a considerable increase 

in the discharge rate of the stretch receptor neuron. The onset and 

time to plateau for monensin effect were both faster in the presence 

of ouabain than for monensin alone. Monensin effects were reversible 

(except at the EC100); however the ouabain induced increase in 

discharge rate remained. The monensin induced discharge rate in the 

presence of ouabain was greater than for monensin alone as illustrated 

in Figure 26. An important feature of this effect was that the curve 

was' shifted upward, but neither to the right or the left. Another 

important feature of the altered concentration response curve was the 

relatively greater increase in discharge rate that occurred at the 

higher moneñsin concentrations. The divergence between the 

concentration response curve that was expected if the effect of the 

two drugs were summed and the actually observed curve is compared in 

Figure 26. 

8.6.6.2 Membrane electrical properties. 

There was also synergism of the drug effects observed when 

assessing membrane electrical properties. The concentration dependent 
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Figure 26: Concentration response curve for the effects of the 

combination of monensin in ouabain (5 x 10 9 M).. Ouabain alone produced 

a mean increase in discharge of 123% at this concentration. In the 

presence of ouabain the concentration response curve for monensin was 

shifted by more than 25%, demonstrating a synergistic interaction. (* 

may include increase due to TWEA, mean 6.8%). 
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changes were: 

1. decreased amplitude of both ortho- and antidromic action 

potentials 

2. decreased I-thresh and V-thresh 

3. increased width of the orthodromic action potential at 50% of 

maximum 

4. an increase of dV/dt-ortho 

5. decreased width of the antidromic action potential at 10% of 

maximum. There were also concentration unrelated changes for monensin 

as presented in Table 25. The observed effects of selected 

concentrations of ouabain and inonensin alone with the same 

concentrations in combination are compared in Table 26. 
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TABLE 25 

CONCENTRATION RELATED EFFECTS OF THE COMBINATION OF OUABAIN AND 
MONENSIN ON THE ELECTRICAL MEMBRANE PROPERTIES OF THE STRETCH RECEPTOR 

NEURON. MONENSIN CONCENTRATION 

PROPERTY SUB-THRESH THRESH EC25 ECSO EC75 EC100 

CONCENTRATION DEPENDENT 

P0 (mV) nsa -1.01 -1.87 -2.8k -1L82 -7.k6 
OW5O (ins) nso +0.05 +0.08 +0.12 +0.17 +0.19* 
dV/dt-ortho (V/see) nsa +'I.82 +9.21 +6.09 +5.75 +7.31* 
I-thresh -0.71 -1.07 -1.29 -1.5k -1.7k -2.26 
V-thresh -1.31 -2.15 -3.99 -k.98 -6.8k -9.65 
PA (my) nsa -0.88 _1.11k -2.06 1I.13 _6.18* 
AW1O (ins) -O.35 -O.k5 -0.52 -O.k8 -0.77 -1.21 

NON-CONCENTRATION DEPENDENT 

RES (Mohm) +2.19 +2.05 +2.28 +3.15 +3.12 +2.2** 
dV/dt-thresh (V/see) nsc +0.10 nsa nsa -0.92 usc 
OW1O (ins) nsa +0.05 +0.17 nsa nsa nsa 
dV/dt-anti (V/see) nsa +11.55 +5.37 +2.86 +2.11* +3.85* 

NO CHANGE 

RMP (mV) 
OW9O (us) 
D-ortho (V/see) 
U (mV) 
AW9O (us) 
AW5O (ins) 
D-anti (V/sea) 

Abbreviations as for Table 11. 

Each value is the mean of data from 3 neurons. 

* not statistically significant 

Values in the concentration dependent section of the table may not be 
concentration dependent at all concentrations but show a tendency 

towards concentration dependence. 

** May contain a component due to TWEA at this concentration only. 
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TABLE 26 

COMPARISON OF MEMBRANE ELECTRICAL PROPERTY EFFECTS OF AN OUABAIN EC25 

AND A MONENSIN EC5O WITH THE SAME CONCENTRATIONS IN COMBINATION. 

MEMBRANE OUABAIN (EC 25) MONENSIN (EC 50) MONENSIN EC 50 
PROPERTY 5 X i0 M 2.5 X 1O M IN -THE PRESENCE 

OF OUABAIN EC 25 

RES (Mohm) nse nse +3.15 

ORTHODROMIC 

P0 (mV) -0.87 nse -2.8k 
OW1O (ins) +0.15 +0.25 risc 
OWSO (ins) rise +0.08 +0.12 
0W90 ( us) rise rise rise 
dV/dt-thresh (V/see) risc +0.11 risc 
dV/dt-ortho (V/see) +0.85 -2.68 +6.09 

U (my) risc -1.75 nsc 
I-thresh (nA) -0.08 -0.11 -1.5k 
V-thresh (my) risc -3.87 -1L98 

ANTIDROMIC 

PA (my) -0.87 usc -2.06 
AW1O (ins) rise -0.1k8 
AW5O (ins) rise rise rise 
AW9O ( us) rise rise 
dV/dt-anti (V/see) rise rise +2.86 

Abbreviations as for Table k. 

Each value is the mean of data from 3 neurons. 
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9.0 DISCUSSION 

9.1 Controls. 

Control experiments performed in the current study confirm that 

there is constancy of the discharge rate of the stretch receptor 

neuron for several hours. The preparation was found to be stable for a 

period of time in excess of that required for experimental purposes. 

These data agree with the findings of other investigators. A 

maintained stretch-induced discharge rate lasting for an unspecified 

number of hours has been reported by Chaplain, Michaelis and Coenen 

(1971) and Roth, Tan and Maclver ( 1986) and for periods up to 12 hours 

by Maclver ( 1980). A similar preparation with intracellular electrodes 

has been reported to be stable for up to four hours by Chalmers ( 1983) 

and 6-8 hours by Brown, Ottoson and Rydqvist ( 1978). 

The initial decrease in discharge rate following stretch was 

accompanied by a decrease in the tension of the tonic muscle fiber 

which plateaued at the same time that discharge reached a steady 

state. This suggests that a large degree of adaptation of the stretch 

receptor neuron is related to reductions in tonic muscle tension ( see 

also Nakajima and Onodera, 1969b). 

The results presented in Tables 1 and 5 demonstrate that the 

experimental preparation used for measuring electrical membrane 

properties also has considerable stability. This stability is 

remarkable when it is considered that membrane structure is perturbed, 

at least initially, by penetration of the intracellular electrode. 

Table k, which compares alterations of electrical membrane properties 

determined at 30 minute intervals with the original controls taken at 
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1 hour P1 shows that the first significant deviations from control 

occurred at 3.5 hours P1. At this time the amplitude of the antidromic 

action potential, width of the antidromic action potential at 10% of 

rise, the membrane resistance and the rate of fall of the antidromic 

action potential were significantly different from control. By 4.0 

hours P1, alterations in the orthodromic action potential were also 

apparent; the amplitude, initial rate of rise, width at 50% of peak 

amplitude, I-thresh, 

significant change. 

Comparing data collected each half hour 

V-thresh and rate of decline all exhibited 

to those taken in the 

previous sample period (Table 5) revealed less change. At 3.5 hr P1 

the first significant change occurred; a reduction in the I-thresh. At 

ILO hr P1 the V-thresh and PA also changed significantly. 

Some authors claim that the stretch receptor neuron is not as 

hardy as the crustacean nerve-muscle preparation for intracellular 

studies (Nistri and Constanti, 1979). However, from the control 

experimental data, it was concluded that the intracellular preparation 

was stable for at least 3.5 hours P1. In order to provide a margin of 

safety, all subsequent experiments were concluded within 3.0 hrs P1. 

From the control experiments it was determined that 

microelectrode failure (believed to be obstruction of the tip) was as 

common a cause for premature termination of experiments as viability 

of the neuron. Apart from microelectrode failure, the factor limiting 

experiments was decreased threshold to discharge of the orthodromic 

action potential. A neuron was deemed no longer viable for 

experimental purposes when spontaneous discharge occurred. 
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A comparison of the means of control membrane electrical 

properties measured at the beginning of each experiment with published 

material is presented in Table 7. The resting membrane potential, 

membrane resistance and peak amplitude of the orthodromic action 

potential were greater and the V-thresh lower in this study than in 

the studies referenced in Table 7. The dV/dt-thresh was higher and the 

dV/dt-anti lower than that reported by Tan, Sewell and Roth ( 1985). 

The data from different laboratories that are compared in Table 7 

serve to illustrate the problems encountered when comparing raw data 

between laboratories. In the reports cited, experimental conditions 

vary considerably. For example, different species of crayfish are 

employed in some of the studies (Oronectes sp.: Nakajima and Onodera, 

1969a; Austascus fluviatilis: Chalmers, 1983; Procambarus clarkii, 

Sewell, Tan and Roth, 1985). Many authors work at room temperature 

(Nakajima and Onodera, 1969a) which despite claims in the literature 

to the contrary can be quite variable. In some studies, drugs were 

added to the tissue chamber by withdrawing a certain volume of van H 

and then replacing it with an equal volume of drug solution ( Chalmers, 

1983) while in others, a constant flow of either van H or drug was 

maintained (Sewell, Tan and Roth, 1985). The number of intracellular 

electrodes inserted into the cell body vary between studies (Nakajima 

and Onodera, 1969a). It is not surprising that some variation in 

control values occurs as a result of these differences. 

Comparison of data from the present study with data obtained by 

different workers using similar experimental procedures eliminates 

many of these differences. Such a comparison is shown in Table 7 which 
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presents the results of work previously published by Sewell, Tan and 

Both ( 1985) using the same species of crayfish, the same temperature 

and similar protocols to the' present study. This eliminates a number 

of factors that confuse comparison with other work. It can be seen 

from Table 7 that the results obtained for different membrane 

properties in the present study are generally similar to those 

obtained by Sewell, Tan and Roth ( 1985) with the exception of the 

membrane resistance which was found to be higher in the present study. 

9.2 TWEA. 

The investigation of TWEA solvent was undertaken to assess its 

suitability for studies of water-insoluble compounds. TWEA stock was 

found to have no effects at concentrations less than . 0.01 vol % and 

minor effects upon discharge rate between 0.01 and 0.05 vol %. It was 

concluded that TWEA solvent below 0.1 vol % was suitable for 

dissolution of water insoluble drugs; i.e. the water insoluble drugs 

employed could all be dissolved to a i0 M stock with 0.1 vol % TWEA. 

The highest concentration of TWEA in diluted stock solutions applied 

to the experimental preparation was 0.05 vol %. TWEA also prevented 

the adsorption of the synthetic pyrethroids to glassware ( see section 

9.3.4). 

A study of the effects of TWEA upon membrane electrical 

properties was limited to those TWEA concentrations at or below the 

minimum required to produce an effect upon neuronal discharge rate. 

Effects were observed at TWEA concentrations of 0.05 vol % and 0.1 vol 

% and have been detailed above ( section 8.'L2). These changes are only 
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relevant for the monensin EC100 which contained TWEA at a final 

concentration of 0.05 vol %. Evaluating membrane electrical property 

data, the only change due to TWEA 'necessary for consideration was the 

increase in membrane resistance at the monensin EC100 (0.05 vol % 

TWEA). At all other monensin concentrations and for all other drugs 

the TWEA concentration was well below that which produced any effects 

upon the discharge rate or membrane properties. An effect of the 

solvent which may be included in the results is noted in the legend of 

the relevant Table or Figure. 

The effects of each of the components of TWEA on the activity of 

the stretch receptor neuron have been studied and reported elsewhere 

(Nation, MacNabb, and Roth, 1986). 

9.3 Observed Effects of Each Drug. 

9.3.1 Neomycin. 

Neomycin sulfate was found to have a concentration dependent 

inhibitory action upon the stretch-induced discharge activity of the 

stretch receptor neuron. It is unlikely that the depression of 

discharge rate observed in the present experiments was due to 

stimulation of neuronal GABA receptors as neomycin has been shown not 

to affect the inhibitory post-synaptic potential or the response to 

gamma-aminobutyric acid (GABA) in crayfish (Onodera and Takeuchi, 

1977). The resting membrane potential of the stretch receptor neuron 

is less than the chloride reversal potential, therefore further 

membrane hyperpolarization arising from stimulation of the GABA 

receptor would not be expected. Hyperpolarization was observed in the 
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presence of neomycin, therefore it is unlikely that an action of 

neomycin at the GABA receptor is responsible for the observed 

depression of cell discharge activity. 

The pattern of the changes in neuronal membrane properties with 

neomycin suggested an increased membrane conductance for potassium. 

Observed changes consistent with this suggestion were: 

1. a concentration dependent increase in RMP, 

2. concentration related increases in OW1O and 0W90, 

3. decreased dV/dt-ortho and 

io M concentrations, 

IL decreased undershoot, 

5. increased AW1O and AW9O. 

Also consistent with an increase 

dV/dt-anti at 5 x 1OM and 7.5 x 

in potassium conductance were the 

non-concentration dependent increases in W090. Increased potassium 

conductance can also explain the increased widths of action potentials 

at 10% and 90% of rise for at these points sodium flux is slowest and 

the effects of potassium conductance would be expected to be dominant. 

Changes in 

exception 

likely due 

other properties were not sufficiently consistent, with the 

of the increase in dV/dt-thresh. This latter change was 

to the general widening of the action potential causing a 

change in the measurement of dV/dt-thresh ( see footnote 6). 

Increased potassium permeability should raise I-thresh (Nakajima 

and Onodera, 1969a). In approximately half the experiments, increases 

were observed in both V-thresh and I-thresh. However, these increases 

were offset by decreases in these properties in other experiments and 

the net result was not statistically significant. Nevertheless, the 
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predominant pattern of the observed changes supported the suggestion 

that neomycin altered the membrane conductance of potassium resulting 

in depression of the resting membrane potential and a consequent 

reduction in the discharge activity of the cell. 

Previous studies of neomycin have examined the actions of 

neomycin at the neuromuscular synapse (Elmqvist and Joseffson, 1962; 

Onodera and Takeuchi, 1977). The results of the current study 

demonstrate that interactions between neomycin and other drugs that 

act at non-synaptic neuronal sites might also occur. Anesthetics are 

one such class of drugs since a number of anesthetic agents affect the 

neuronal membrane as well as synaptic connections between cells (Roth 

1980b). 

The neuromuscular synaptic effects of neomycin include both a 

pre- and a post-synaptic effect at the vertebrate neuromuscular 

junction (Bushby, 1976). The presynaptic effect is a neomycin-induced 

decrease of quantal content while the post-junctional activity is 

antagonism of acetylcholine-induced end-plate depolarization (Caputy 

et al, 1981). A post-synaptic effect has also been observed in 

invertebrate preparations; at crayfish neuromuscular junctions 

neomycin and the closely-related aminoglycoside antibiotic 

streptomycin depress the excitatory post-synaptic potential of the 

glutamate receptor (Onodera and Takeuchi, 1977). Glutamate receptor 

activity is inhibited in a non-competitive manner, which is not due to 

irreversible binding of antibiotic to the receptor since the effect 

can be reversed upon washing. The effect may be a result of 

interference with influx of sodium ions through the cell membrane 
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(Onodera and Takeuchi, 1977). 

Previous studies of neomycin upon neuromuscular synaptic 

transmission either did not observe or did not mention changes in 

resting membrane potential. For example, Onodera and Takeuchi ( 1977), 

in a study of neomycin effects upon neuromuscular transmission in 

crayfish did not mention resting membrane potential of either muscle 

or nerve. In earlier reports of the synaptic effects of neomycin on 

the rat phrenic nerve/diaphragm preparation, Elmqvist and Josefsson 

(1962) did not observe any change in resting membrane potential of the 

diaphragm muscle fiber at concentrations of 0.3 mg/ml (4.2 

Similarly, a change of resting membrane potential of the 

digitum longus muscle was not observed in a study of a 

antibiotics including 

al, 1981). 

The observation 

study correlates well 

neomycin at 30 ug/mi (4.2 x 10-5 M) 

X 10 M). 

rat flexor 

number of 

(Caputy et 

of membrane hyperpolarization in the present 

with the depression of neuronal discharge ( see 

Figures 15 and 16). The concentrations of neomycin used in this study 

are of the same order of magnitude as those employed in the reports of 

Elmqvist and 

Although there 

appears that 

Josefsson ( 1962) and Caputy, Kim and Sanders ( 1981). 

are differences between the experimental conditions it 

similar concentrations of 

invertebrate neurons 

Sanders, 1981). 

The experimental 

neomycin may hyperpolarize 

but not mammalian myocytes ( Caputy, Kim and 

evidence suggests a selective action of neomycin 

upon the neuronal membrane possibly mediated by a potassium channel. 

If the membrane effect of neomycin were not selective, then a general 
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perturbation of membrane electrical properties would be expected, and 

changes in electrical membrane properties should not exhibit a 

consistent pattern. 

The suggestion that neomycin has a selective effect upon the 

membrane of the stretch receptor neuron is consistent with findings of 

a study which found components of the cell membrane to be the site of 

neomycin action (Schacht, 19711). In mammals the membrane phospholipids 

phosphatidic acid, phosphatidylinositol 11 phosphate and phosphatidyl 

inosito]. 11,5-bisphosphate are the preferred binding sites for neomycin 

and the other aminoglycosides (Schacht, 1978; Wang et al., 19811; 

Williams and Schacht, 1986). Recently Williams and Schacht ( 1986) have 

reported that membrane phospholipids have binding affinities in vitro  

as much as 50 fold greater for neomycin than for calcium. They propose 

that binding of neomycin to anionic phospholipid sites of the outer 

membrane would competitively displace calcium and would account for 

the acute and reversible toxic effects of neomycin. If this binding 

were followed by transport across the membrane and preferential 

binding to phosphoinositides then the lipids would be unavailable as 

substrates for phosphoesterases and phosphatidylinositol kinase 

(Schacht, 1976). The result would be a disturbance of membrane 

- integrity and tranamembrane signalling which could account for the 

chronic and irreversible effects of neomycin (Williams and Schacht, 

1986). 

Similar phospholipids are present in the membranes of 

invertebrate neurons (Berridge, 1985) and it is therefore reasonable 

to suggest that they also may act as aminoglycoside binding sites. 
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Interference with binding of calcium to membrane phospholipids could 

cause an increase in intracellular free calcium. This could increase 

potassium conductance across the membrane (Krnjevic, 1986). 

The evidence suggests that neomycin depresses the discharge activity 

of the stretch receptor neuron via hyperpolarization of the membrane. 

There is associated widening of the action potential which correlates 

in a concentration dependent manner with reduction of cell discharge 

activity. It appears that major depression of cell discharge (90%) is 

associated with only a relatively 

properties (<6%). The observed 

proposal of a specific membrane 

small changein membrane electrical 

effects are consistent with the 

site of activity for neomycin, one 

possibly mediated via membrane phospholipids as has been reported for 

other species. 

9.3.2 Monensin. 

Monensin is one of the few ionophore antibiotics that selectively 

binds sodium (Sutko et al, 1977). It has an affinity for other cations 

such as potassium that is 1/10 of that for sodium (Sutko et al, 1977). 

Monensin increased discharge activity of the stretch receptor neuron. 

The rapid onset and washout 

rapidly induced the movement 

this can just as quickly be 

of this effect indicated that monensin 

of sodium ions into the neuron, and that 

reversed. Neuronal function depends upon 

precise movements of a number, of ions in response to differing 

electrochemical gradients (Koester, 1985) therefore it is not 

surprising that agents such as monensin that induce "moment-to-moment" 

changes in ionic distribution could cause alterations in the 
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physiology and activity of excitable cells (Elsasser, 1981 ). 

The alteration of electrical membrane properties by monensin was 

not as easy to correlate to the alteration of neuronal function as was 

that of neomycin. The main effect appeared to be a concentration 

dependent decrease of the threshold voltage. Interestingly, this was 

unaccompanied by an alteration of the current required to cause an 

action potential (except at the EC5O: see Table 11). The concentration 

associated decrease in the dV/dt-ortho reflects the decreased ratio of 

sodium inside.the cell to sodium outside the cell, and could account 

for the increases in 0W90, 0W50 and OW1O (the action potential 

becoming broader as the rate of rise decreases). 

Evidence in the literature suggests that monensin may also have 

indirect effects upon the movement of ions across cell membranes 

(Elsasser, 1981 ). lonophores can affect the transport of ions that 

they are not directly involved with by affecting the counter transport 

of other ions (Bihler, Sawh and Charles, 1985). This can occur not 

only for monovalent ions which may be directly linked in an ion 

exchange pump (Kirk et al, 1985) but also for divalent cations if the 

transport mechanism of the divalent ion is linked to that of a 

monovalent ion as in the case of the sodium-calcium exchange pump 

(Bihier, Sawh and Charleá, 1985) or if there were alterations in the 

energy available for divalent ion transport due to changes in the 

monovalent ion gradient (Elsasser, 1981). An example of this is the 

alteration of intracellular concentrations of calcium produced by 

monensin (Bihier, Sawh and Charles, 1985; Elsasser, 1984). In 

radiotracer experiments, the intracellular concentrations of 15Ca in 
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the mucosal cells of the intestine was reduced by monensin (Elsasser, 

1981 ). Therefore, the effects which monensin produces upon the 

electrical membrane properties of the stretch receptor neuron may not 

be simply due to its direct effect upon intracellular sodium 

concentrations but may also be due to indirect effects upon other ions 

as well. 

The concentration range over which monensin exerted an effect 

upon neuronal discharge was 2 x i0 M to 5 x 10-6 M. In contrast, 

experiments with myocardial tissue demonstrated that higher. 

concentrations of monensin were required to give a positive ionotropic 

effect (Shlafer and Kane, 1980). The effective concentration range for 

monensin in myocardial experiments was between 0.5 and 30 uN (5 x 

10-5M to 3 x 10 M). The different effective concentrations in the 

two systems may be accounted for in large part by the differences in 

cell type, and to a lesser extent by experimental temperatures. 

Studies of potassium ionophores in, physical systems have shown that 

their ability to transport K+ ions increases as the temperature 

decreases (Thoman, 1985). While this does not appear to have been 

studied for Na in biological systems, it might account at least for 

some of the observed differences. The differences in effective 

concentration of monensin in the two tissue types likely indicates a 

greater sensitivity of the sensory neuron to monensin supporting the 

suggestion that it may be a useful model for drug toxicity testing. 

The observation of a decrease in undershoot at, the 50% effective 

concentration of monensin without , change at the other two 

concentrations studied is surprising. Monensin is reported to drive 
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the Na/K exchange pump (Smith and Rozen,gurt 1978) and in at least one 

in vitro system, mouse neuroblastoma-rat glioma hybrid cells, monensin 

increased membrane potential by indirectly activating the Na/K 

exchange pump (Lichtstein et al, 1979). Therefore, inthe present 

study, an increase in undershoot was expected with monensin, 

reflecting activation of the Na/K exchange pump. One explanation for 

this difference between anticipated and actual observations is the 

relatively short time of exposure to monensin ( 10 minutes) which may 

have been insufficient to have permitted the Na/K exchange pump to be 

affected. Longer periods of neuronal exposure to monensin may be 

required to observe the onset of measurable pump activity reflected as 

increased undershoot. This is likely the case as both permethrin and 

cypermethrin caused an increase in undershoot and both had longer 

times to onset of effect, requiring a longer period of exposure and 

thus allowing sufficient time for pump function to be revealed. 

Another possible, though less tenable, suggestion is related to the 

- dynamics of the Na/K pump. In fibroblasts, the activity of the Na/K 

pump is limited by the supply of internal sodium (Smith and Rozengurt, 

1978). If the same is true of the crayfish stretch receptor, then 

monensin may not carry sufficent sodium into the cell to activate the 

PUMP. 

9.3.3 Ouabain. 

The increase of stretch induced discharge rate for the stretch 

receptor neuron has been reported previously for ouabain in Austacus 

fluviatilis ( Chalmers, 1983). Chalmers ( 1983) did not report whether 
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the effect was reversible. There is another study of ouabain on the 

crayfish stretch receptor neuron that reports the effect to be 

reversible upon wash with control saline (Ruigt, Klis and van den 

Bercken, 1986). The reason for the difference between those results 

and the present ones are not obvious, but temperature might play a 

role, the experiments of Ruigt, Kils and van den Bercken ( 1986) being 

carried out at 180 C. One of the possible mechanisms of the 

ouabain-induced increase in neuronal discharge may be prevention of 

adaptation to stretch induced discharge. In a steadily discharging 

cell there is a buildup of intracellular sodium which causes increased 

activity of the Na/K exchange pump (Nakajima and Takahashi, 1966). The 

activity of this pump produces a current which causes an 

hyperpo].arization of the neuronal membrane (Nakajima and Onodera, 

1969a). This hyperpolarization is a major mechanism of spike 

adaptation (Nakajima and Onodera, 1969b; Sokolove and Cooke, 1971). 

Ouabain blocking the activity of the Na/K exchange pump may therefore 

block adaptation to stretch-induced discharge. 

Adaptation in a constantly discharging cell such as the crayfish 

stretch receptor may occur as the result of the viscoelastic 

properties of the receptor muscle, decrease of the generator potential 

under maintained tension, and/or activation of the Na/K ion exchange 

pump (Sokolove and Cooke, 1971). Certainly a decrease in the tension 

of the tonic muscle fiber was consistently observed during the 30 

minute equilibration period, indicating that the viscoelastic 

properties of the muscle fiber play a major role in adaptation. 
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Viscoelastic properties of the muscle have been reported to account 

for approximately 70% of the generator adaptation of the stretch 

receptor neuron (Nakajima and Onodera, 1969b). There was no alteration 

in the muscle fiber tension after attainment of a steady discharge 

rate and therefore ouabain could not be implicated in altering 

adaptation by affecting the muscle fiber tension. Adaptation in the 

stretch receptor neuron also occurs as the result of a decrease in the 

generator potential (Sokolove and Cooke, 1971), but when this is 

accounted for, there is still a degree of adaptation remaining 

(Nakajima and Onodera 1969b). The remaining adaptation is apparently 

due to the Na/K exchange pump which, when blocked, would be seen as an 

increase in discharge rate. 

Reduction of spike adaptation via blockade of the Na/K exchange 

pump has also been demonstrated as the mechanism of increased stretch 

induced discharge rate in the stretch receptor neuron by 

strophanthidin which is structurally similar to ouabain (Hoffman and 

Bigger, 1985). At room temperature, strophanthidin caused a slight 

depolarization of the steadily discharging stretch receptor neurons of 

the crayfish Oronectes virilis (Sokolove and Cooke, 1971). 

Strophanthidin depolarization was proposed to be due to blockade of 

the Na/K ATPase ion exchange; thus the action of strophanthidin was 

attributed to be entirely due to inhibition of the electrogenic pump 

(Sokolove and Cooke, 1971). 

In the present study an increase in undershoot of the action 

potential was characteristic of two drugs that increased intracellular 

sodium levels, permethrin and cypermethrin. This is consistent with 
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the observation that increased intracellular Na+ stimulates the Na/K 

exchange pump (Yamamoto, Akera and Brody, 1979). Ouabain, however, did 

not alter the undershoot; therefore the experimental observations of 

the electrical membrane properties support the suggestion that the 

increased neuronal discharge activity that is induced by ouabain was 

the result of a blockade of one of the adaptive mechanisms of the 

neuron, the Na/K exchange pump. This is consistent with the finding of 

Chalmers ( 1983) who observed that thehyperpolarization that resulted 

from the activity of the Na/K pump was reduced after injection of 

current into the ouabain-exposed stretch receptor neuron. The 

concentration of ouabain that was used by Chalmers to cause this 

effect was 5 x iO N (Chalmers, 1983), a concentration above that 

studied in the present work. Chalmers also reported that at 5 x iO N 

ouabain, gradual depolarization and block of discharge occurred 

(Chalmers, 1983). This correlates with the observations that neuronal 

discharge activity decreased at concentrations of ouabain above 51 N 

and ceased at iO N. 

The onset of ouabain effect was observed to be variable and 

relatively slow when compared to the other drugs studied. The slow 

onset was consistent with a time requirement to block an enzyme system 

while the variability in time to onset might reflect the metabolic 

state of the cell at the time of drug administration. 

The cause of the decrease in the height of action potentials 

noted with ouabain was likely due to alterations in concentrations of 

the ratio of external/internal sodium (Edwards, Terzuolo and Washizu, 

1963). Decreased height of action potentials of the stretch receptor 
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neuron has been reported upon reduction of external sodium ion 

concentrations (Edwards, Terzuolo and Washizu, 1963). It is unlikely 

that the external sodium ion concentration was reduced in this case as 

continuous flow of van H at 10 ml/min was maintained throughout 

experiments. One might argue that the immediate microenvironment of 

the neuron was being depleted of sodium, however, it has been 

demonstrated that there is no significant diffusion barrier 

surrounding the stretch receptor neuron (Obara, 1968; Obara and 

Grundfest, 1968). If there were local depletion or a diffusion. 

barrier, then a similar decrease in the action potential amplitude 

would be expected for monensin, permethrin and cypermethrin which 

would also deplete the microenvironment. Decreased action potential 

height was not observed for these latter drugs, making it unlikely 

that depletion of the microenvironment resulted in the observed 

changes. Thus, the decreased height of the action potentials in the 

presence of ouabain was likely due to an increase in internal sodium 

in the presence of a constant external sodium concentration as 

described for other crustacean neurons (Hodgkin and Keynes, 1955). 

The reduction of action potential amplitude could also be related 

to the internal K concentration, which also changes with ouabain. It 

has been demonstrated that if the external Kconcentration increases, 

.the height of the action potential will decrease (Edwards, Terzuolo 

and Washizu, 1963). When ouabain reduces the outflow of sodium and 

associated inflow of potassium, the internal concentration of 

potassium will move closer to the external concentration. The ratio of 

potassium in/potassium out is therefore reduced and the result is a 
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decrease in the height of the action potential (Edwards, Terzuolo and 

Washizu, 1963). 

9.3.11 Permethrin. 

It was possible to obtain an accurate concentration response 

curve for the two synthetic pyrethroids on the stretch receptor neuron 

due to the effectiveness of TWEA solvent in overcoming the problems of 

solubility of these drugs. TWEA was prepared daily and permethrin 

stock solutions mixed prior to 'each experiment. On occasion, 

permethrin solutions were left for periods of 2 to II hours prior to 

administration with no apparent loss of potency. The use of TWEA 

prevented a major problem encountered in the study of pyrethroids, 

adsorption to glass and plastic (Chalmers, personal communication). 

There are two proposed sites of action of permethrin in 

invertebrate preparations; the voltage dependent sodium channel 

(Chalmers and Osborne, 1986a; Narahashi, 1985) and the nicotinic 

acetylcholine receptor channel (Eldefrawi et al, 1985). The former is 

the most important in terms of neuronal function (Chalmers and 

Osborne, ' 1986b) and it is affected at lower concentrations than the 

nicotinic acetylcholine channel (Sherby et al, 1986). 

The increase in discharge activity is consistent with an increase 

in the conductance of sodium ions across the eell membrane via the 

sodium channel (Narahashi, 1985). In this study initial effects were 

observed at 10_li M and a 50 % increase in discharge rate was observed 

at 5 x 10- 10 M. Above 5 x 10 - 10 M the pattern of response became more 

complex. At 108 M a peak frequency of discharge activity was followed 
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by a plateau period and the,n a decrease in discharge rate. 

Concentrations greater than 1OM produced rapid cessation of discharge 

activity which was often preceded by a short period of increased 

discharge frequency. 

The decreased amplitude of the action potential noted in the 

studies of neuronal discharge rate was not observed in studies of 

electrical membrane properties. There are 'two possible explanations 

for this anomaly. The first is found in the differences between the 

experimental conditions. The neuronal discharge preparation was 

induced by increased tension of the tonic muscle fiber and measured 

axonal action potentials; the intracellular preparation was 

electrically stimulated and measured somatic action potentials. The 

discharge rate of the former was approximately 5Hz or greater while 

that of the latter preparation was set at a constant 0.2 Hz throughout 

the experiment. The continuous and more rapid discharge activity' of 

the stretched preparation may cause a greater degree of depletion of 

neuronal homeostatic mechanisms when exposed to permethrin than the 

slower, electrically stimulated intracellular preparation. The 

permethrin modified sodium channels (Narahashi, 1985) increase the 

intracellular concentrations of sodium and decrease intracellular 

potassium and this situation can result in a continuous decrease in 

the amplitude of the action potential (Hodgkin and Keynes, 1955). A 

progressive decrease in amplitude of the action potential in 

permethrin exposed neurons that were stimulated by tension applied to 

the tonic muscle fiber was also observed by Chalmers ( 1983). 

A second explanation for the decrease in action potential 
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amplitude is the location of the electrodes in the two experiments. In 

the extracellular experiments the recording electrode was placed onto 

the axon, however in the intracellular experiments, an electrode was 

inserted into the soma. The action potentials from the soma may not be 

properly propagated in the permethrin exposed axon, and this might 

account for the observed decrease in amplitude. While the propagation 

of the action potential is in itself an all or none event, the 

amplitude might not necessarily be uniform all along the axon, if 

there is compromise of the sodium channels. Chalmers ( 1983) provides 

experimental support for this hypothesis. She found that in some 

permethrin exposed neurons axon action potentials could be propagated 

after abolition of soma spikes, and that in others the soma could 

exhibit normal action potentials when axon spikes were abolished or 

abnormal. In the experients reported upon here, soma action potentials 

were of normal amplitude while those of the axon tended to decrease in 

amplitude with time and concentration of permethrin. 

The RMP was unaffected by permethrin. This is in accord with the 

findings of other authors studying permethrin (Chalmers and Osborne 

1986b) and the non-cyano pyrethroid fenfluthrin (Ruigt, Klis and van 

den Bercken, 1986) on the stretch receptor. Lund and Narahashi ( 1983) 

found a slight depolarization of the giant axon of Procambarus clarkii 

with permethrin concentrations that were generally higher than those 

employed in the present study. 

A slight increase in the V-thresh is reported for fenfluthrin 

without change in the dV/dt-ortho and D-ortho. In some preparations a 

small ( 1-' mV) increase in the amplitude of the action potential was 
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den Bercken, 1986) while others have 

reduction in the amplitude of action 

discharge ( Chalmers, 1983). One study 

reported considerable variation in the membrane resistance with 

permethrin ( Chalmers, 1983). Resistance was reported to be variable 

during trains of discharge in permethrin exposed neurons and to 

return to normal levels between bursts of activity (Chalmers, 1983). 

This same author reported that resistance decreased as poisoning 

progressed, with a reduction to approximately 1 Mohm at the point of 

blockade of all discharge activity (Chalmers, 1983). In the current 

experiments the resistance was found to vary without any clear trend; 

resistance increased at the EC1O but decreased at all other 

concentrations studied, albeit not significantly. 

The undershoot of the action potential increased in a 

concentration dependent manner. This may be a reflection of the 

increased intracellular concentrations of sodium caused by permethrin, 

and the result of activation of the Na/K ion exchange pump. A similar 

activation of the ion exchange pump has been demonstrated in the 

stretch receptor neurons of the crayfish Austacus leptodactylus and 

Procanibarus spp. when exposed to the pyrethroid fenfluthrin (Ruigt, 

Klis and van den Beroken, 1986). 

The concentration 

the stretch receptor 

studies using the same 

range for permethrin to exert its effects on 

neuron correlates with the findings of other 

experimental model. For example, Chalmers and 

Osborne ( 1986b) using intracellular recording techniques (at 2k ° C) 

found a similar effective concentration range with depolarization of 
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the membrane occurring at 10 10 M, gradual depolarization and block at 

10 -8 M and rapid block at 5 x 108 M. These observations correspond 

well with the pattern of effects on discharge rate observed in the 

present study; the pattern of discharge at 10_8 14 corresponds to the 

gradual depolarization and block and that above 8 to the onset of 

rapid block reported by Chalmers and. Osborne ( 1986b). Slight 

differences in effective concentrations for onset are likely due to 

the different temperatures employed in the two investigations: 10°C vs 

2I °C. Enhanced toxicity of pyrethroids at lower temperatures is a well 

established phenomenon (van den Bercken, Kroese, and Akkermans, 1978). 

Another explanation for the differences is the different species of 

crayfish utilized in the two studies; Procanibarus clarkii for the 

present experiments and Astacus fluviatilis in Chalmers and Osbornets 

(1986b) studies. 

Induction of bursting discharge patterns was dependent upon the 

concentration and length of drug exposure. Chalmers and Osborne 

(1986b) also observed bursting activity with permetbrin; however, the 

bursting they observed lasted for periods of up to five minutes, 

unlike the bursts of a few seconds observed in the present study, a 

difference that may also be related to temperature. 

9.3.5 Cypermethrin. 

The effects of cypermethrin upon neuronal discharge were complex 

and, not reversible under the experimental conditions employed. Most 

cells responded to cypermethrin with an increase in discharge rate; 

occasional cells would continue discharging at the control rate for a 
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few minutes during cypermethrin administration and then abruptly cease 

all discharge activity. These cells were not included in the data 

analysis used to generate the concentration response curve for 

cypermethrin, but should not be ignored. They suggest that some 

neurons do not demonstrate any initial response to cypermethrin before 

action potential conduction is blocked. This is an effect that was not 

seen with permethrin and is considered further in section 9.3.6 where 

differences between the effects of cypermethrin and permethrin are 

discussed. 

The alterations of electrical membrane properties observed with 

cypermethrin were similar to those of permethrin; there was a decrease 

in the current required to initiate an action potential without a 

consistent decrease in the threshold at which the action potential was 

induced. The undershoot increased and the antidromic action potential 

changed in shape as with permethrin. The feature of cypermethrin 

effect that differed from permethrin was the decrease of the peak 

- amplitude of the action potentials, an indication that the 

intracellular concentrations of sodium were higher than for 

permethrin, an observation that is consistent with the kinetic 

differences in effect upon the sodium channel between the two classes 

of pyrethroid (Lund and Narahashi, 1983). 

Spontaneous depolarizations and repolarizations of the neuronal 

membrane have been observed in cells exposed to permethrin and 

cypermethrin ( Chalmers, 1983). These were not observed in the current 

study with the exception of the sudden reduction of the RMP at the 

highest concentration of cypermethrin. In this situation, affected 
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neurons were not observed to repolarize to the point that spontaneous 

discharge ceased. Chalmers' ( 1983) studies reported spontaneous 

alterations of the membrane potential of stretched neuronal 

preparations, were conducted at room temperature and recorded the 

effects of pyrethrpids on trains of action potentials. In the present 

study neuronal discharge was induced by electrical stimulation, 

temperature was 100 C and the effects of the drug were examined on 

single action potentials. Temperature is very likely the explanation 

for these differences, as Chalmers ( 1983) reported a decrease of the 

frequency of spontaneous depolarizations and repolarizations from 58% 

to 33% with a decrease of temperature from 2i ° C to 19 ° C. Moser et a]. 

(1979) have studied the effects of a range of temperatures on the 

stretch receptor neuron and observed that spontaneous depolarizations 

and repolarizations normally occur above 250 C in the stretch receptor 

independent of any drug exposure. Taken together, this suggests that 

the spontaneous depolarizations and repolarizations observed by 

Chalmers ( 1983) are as much temperature-related as they are 

drug-related, or perhaps that the pyrethroids accentuate,a property of 

the membrane to spontaneously alter potential at higher temperatures. 

If there is a counterpart in the present experiments to the 

spontaneous depolarizations reported by other authors, it is likely 

the sudden decrease of RMP observed immediately prior to the onset of 

spontaneous discharge described in section 8.5.7 above. This sudden 

depolarization was an indication that, the neuron was no longer able to 

maintain a resting potential below the threshold of discharge. 
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9.3.6 Comparison of permethrin and cypermethrin. 

One of the striking features of the pyrethroids was the very low 

concentrations that were required to exert dramatic changes on the 

function of the neuron. Concentrations in the picomolar range caused 

significant increases in discharge. This is not surprising as sensory 

systems of both invertebrates and vertebrates are the most susceptible 

parts of the nervous system to the effects of pyrethroids(Ruigt, IClis 

and van den Berôken, 1986). The effects are consistent with the 

finding that the function of less than 1% of the sodium channels needs 

to be modified to reach the threshold of repetitive discharge, 

demonstrating a remarkable amplification of the toxic effects of 

pyrethroids (Narahashi, 1985). 

It is not unexpected that the effects of permethrin and 

cypermethrin are irreversible for their highly lipophilic nature would 

result in high concentrations in nerve membranes and an unlikely 

ability to re-dissolve in the aqueous phase (Chalmers, 1983). 

Cypermethrin and permethrin were originally chosen for this study 

because they serve as prototypes of two subgroups within the 

pyrethroids that produce two entirely different poisoning syndromes in 

mammals (Gray, 1985). Despite this, the only structural difference 

between these two drugs is the presence of the alpha cyano group on 

cypermethrin. Evidence is accumulating that this structural difference 

may not be as important for toxicity in invertebrates as it is for 

mammals. Recent evidence has been interpreted as indicating that the 

different mammalian toxicity pattern of the two groups resides in the 

alpha cyano group. The alpha cyano pyrethroids such as cypermethrin 
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appear to bind and block the GABA(A) receptor, while permethrin and 

the other non-alpha cyano pyrethroids do not bind at this site 

(Lawrence and Casida, 1983; Gammon, Lawrence and Casida, 1982). This 

proposal is as yet controversial and unresolved with different authors 

stating conflicting results (Bloomquist, Adams and Soderlund, 1986; 

Staatz-Benson and Hosko, 1986). While the basis of the difference in 

mammals is not as yet resolved, experimental evidence with the stretch 

receptor neuron indicates that at least for some alpha cyano 

pyrethroids there is no effect in this preparation at the GABA 

inhibitory synapse ( Chalmers and Osborne, 1986a). 

There were a number of differences observed between the effects 

of permethrin and those of cypermethrin. For example, cypermethrin was 

more potent, having an onset of effect at a lower concentration than 

permethrin and exerting its effect over a more narrow range of 

concentrations. The concentration response curve for cypermethrin 

occurred over 2.5 log units from 5 x 1O_12 M to 1O M whereas that of 

permethrin covered 3 log units, from 10- 11 M to M. Paralysis of 

discharge activity occasionally occurred without any previous increase 

of discharge with cypermethrin but not permethrin. 

The effects of pyrethroids on the stretch receptor neuron can be 

accounted for entirely by activity at the voltage-sensitive sodium 

channel (Chalmers, Miller and Olsen, 1987); the stretch sensitive ion 

channels and the generator potential not being sensitive to pyrethroid 

activity (Ruigt, Kils and van den Bercken, 1986). The differences in 

effect between the pyrethroids can be accounted for by differences in 

the kinetics of modification of the sodium channel (Lund and 
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Narahashi, 1983; Lund, 1984). It is well established that the rates at 

which sodium channels arrive in and leave the modified open state 

varies with each pyrethroid (Lund, 1984), the rate constant of closing 

being much slower for cyano pyrethroid modified channels than 

non-cyano modified channels (Lund and Narahashi, 1983; Salgado et al, 

1984). As the time course of the modified open state of the sodium 

channel is longer for oypermethrin than perniethrin the result can 

occasionally be a paralysis of discharge activity without a preceding 

period of hyperexcitability (Lund and Narahashi, 1983). This is what 

was observed in the experiments with cypermethrin, and the differences 

that were found in the current experiments can be explained by and are 

consistent with action of the two pyrethroids at the sodium channel. 

These findings are also consistent with recent investigations of 

the effects of the two different classes of pyrethroids on spinal 

neurons (Staatz-Benson and Hosko, 1986). These suggest that different 

kinetic interactions with the sodium channel might account for the 

different clinical syndromes produced by the two classes of pyrethroid 

,(Staatz-Benson and Hosko, 1986). Further support is found in an 

investigation of the effects of a series of pyrethroids on the cercal 

sensory nerves of the cockroach P. americana which revealed that 

non-alpha cyano pyrethroids would induce repetitive discharge but 

alpha cyano pyrethroids would not induce repetitive discharge (Gammon 

et al, 1981). 

Differences in kinetics are logical when the three dimensional 

structure of cyano pyrethroids and their non-cyano analogues are 

considered. The presence of the cyano group causes a considerable 
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aggregation of negative charge which results in major differences of 

the three dimensional structure of a pyrethroid and its non-cyano 

analogue. The cyano pyrethroid deltamethrin differs from cypermethrin 

only by the substitution of bromine atoms for the terminal chlorine 

atoms. X-ray crystallography performed on deltamethrin and its non 

cyano counterpart reveal major differences in conformation, size, 

position and orientation in the crystal structure (Owen, 1976). If 

these differences also occur in solution, for which there is some 

evidence (Owen, 1976), they might account for the variation in effect 

on the sodium channel, and hence the differences in neuronal function. 

9.3.7 Bursting activity. 

The phenomenon of a bursting pattern of sensory neuron discharge 

has been described in this model system by previous authors (Roth and 

Maclver, 1979). In these studies, the neuronal bursting was found to 

be induced by a variety of anesthetic and some non-anesthetic agents, 

to occur at concentrations slightly lower than those that completely 

depressed the cell, to occur immediately prior to complete depression 

of discharge and to have a pattern that was drug-related (Roth and 

Maclver, 1979). The features of bursting described previously for 

anesthetics were also observed with these two insecticides: 

1. bursting occurred at concentrations slightly lower than those 

which caused cessation of neuronal discharge, 

2. it occurred immediately prior to total cessation of discharge 

but after rhythmic discharge activity had ceased, 

3. it had a characteristic drug-related pattern. 
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The following additional features were noted for pyrethroid-induced 

bursting: 

1. it was time and concentration dependent, 

5. it did not occur in all cells, 

6. with permethrin there was an increased frequency and decreased 

total number of bursts. 

Bursting activity has also been described in the stretch receptor 

neuron with permethrin (Chalmers and Osborne, 1986b) and with the 

pyrethroid fenfluthrin (Ruigt, Klis and van den Bercken, 1986) as well 

as for pyrethroids in the neurons of other invertebrates (Wouters and 

van den Bercken, 1978). The basis of permethrin induced bursting 

activity in Retzius cells of the central nervous system of the leech 

has been investigated by Wouters and van den Bercken ( 1978) and found 

to be caused by spontaneous depolarizations of the neuronal membrane. 

The frequency of the bursts in Retzius cells increased with increasing 

amplitude of the depolarization (Wouters and van den Bercken, 1978). 

9.4 Effects of Drug Combinations. 

9,1.1. Ouabain and neomycin. 

The effect of the combination of ouabain and neomycin was a 

complete block of the inhibitory effect of neomycin upon neuronal 

discharge; changes in membrane electrical properties were also clearly 

only those of ouabain. The reduction of amplitude of ortho- and 

anti-dromic action potentials, characteristic of ouabain, was seen 

with the combination, indicating that the effect of ouabain dominated. 

Also indicative of a dominant ouabain effect was the reduction of 
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V-thresh and dV/dt-orth6, changes that were seen with ouabain alone. 

The reduction of I-thresh that was also a feature of ouabain alone was 

not observed with the combination, suggesting that red"uction in the 

current to initiate the action potential was perhaps not a major 

mechanism of ouabain on neuronal discharge. This is consistent with 

the discussion in section 9.3.2 which suggests that interference with 

spike adaptation is the main mechanism of the ouabain-induced increase 

in neuronal discharge rate. 

The increase in RN? that was observed for neomycin alone did not 

occur in the presence of the ouabain-neomycin combination, nor were 

any concentration dependent alterations in the width of the ortho- or 

anti- dromic action potentials, a feature of neomycin alone. 

Whether the effect of neomycin is being totally inhibited or only 

masked by ouabain is not clear. The data do however raise an 

intriguing possibility. The mechanism of neomycin action might be 

connected in some way to the Na/K exchange pump. This would explain 

the total lack of effect of neomycin in the presence of ouabain. 

9.1.2 Permethrin and neomycin. 

The combination of permethrin and neomycin resulted in an 

alteration of neuronal discharge that could be attributed to 

permethrin alone. The degree of the observed increase in neuronal 

discharge rate was consistent with that seen for the same 

concentration of permethrin alone, and the times to onset and plateau 

of effect were also similar. Administration of neomycin, once the 

permethrin effect was established, had no effect upon the neuronal 
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discharge rate despite the demonstrated effectiveness of neomycin 

controls administered prior to permethrin. 

In contrast to the rather clear out results with neuronal 

discharge, the effects of the permethrin:neomycin combination upon 

electrical, membrane properties were mixed. The change in V-thresh and 

I-thresh that occurred at most neomycin concentrations could be 

primarily attributed to permethrin, as indicated by the lack of 

concentration dependence of this effect. Interestingly, an alteration 

was observed in a property that was a feature of neomycin alone: a 

concentration dependent decrease in dV/dt-ortho. This strongly 

suggests that neomycin exerted an effect upon the neuronal membrane, 

despite the fact that this was not reflected in the discharge activity 

of the cell. Another very interesting feature of the combination was 

the depression in the peak amplitude of the antidromic action 

potential in a concentration dependent manner, and in the peak 

amplitude of the orthodromic action potential in a non-concentration 

dependent manner. This was a novel effect which was not seen with 

neomycin or permethrin alone, and indicates that there was some 

synergism of action between the two drugs at the level of the neuronal 

membrane despite the opposite effects of each drug upon neuronal 

activity. Also suggestive of synergistic action is the finding that 

membrane resistance increased with the combination but did not 

consistently increase with either drug alone. 

Not all effects of the combination were synergistic. The 

undershoot decreased with neomycin and increased with permethrin, but 

in combination, there was no alteration of undershoot. The outward 
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current that is produced by activation of the Na/K exchange pump 

secondary to pyrethroids ( Ruigt, Klis and van den Bercken, 1986) may 

apparently be matched by the inward potassium current proposed for 

neomycin. 

For this combination, both the synergistic and the antagonistic 

effects of the two drugs can be explained by their opposite effects 

upon ionic movement across the neuronal membrane, and lead to a number 

of conclusions. Permethrin, the excitatory member of the combination 

was more effective in altering neuronal function as indicated by the 

neuronal discharge experiments. This effect predominates despite the 

finding that at the level of electrical membrane properties both drugs 

are exerting ' an effect. Thus, the combination yields synergism of 

effects upon membrane resistance, production of novel effects upon 

action potential amplitude, and antagonism of effects upon undershoot. 

9.4.3 Neomycin and monensin. 

The combination of neomycin and monensin resulted in expression 

of both the neomycin induced depression of discharge and monensin 

induced increase of discharge. Surprisingly, the effect of monensin 

upon neuronal discharge was enhanced in the presence of neomycin. This 

enhancement also resulted in narrowing of the monensin concentration 

response curve. Although the curve for monensin in the presence of 

neomycin began at the same concentration as for monensin alone, it 

reached maximum at the monensin EC75. The discharge rate for the 

combination was actually reduced at the monensin EC100, indicating a 

degree of synergism. 
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Alteration in the times to onset and plateau of monensin effect 

occurred in the presence of neomycin. The former effect was slightly 

decreased while the latter decreased to a greater extent than with any 

other combination (Table 21). This was an unanticipated observation, 

since the effects of each drug alone upon neuronal function were 

antagonistic, and it would have been expected that antagonism would 

result in the form of increased times to initial effect and plateau. 

The striking feature of the neomycin-monensin combination on 

membrane electrical properties was the lack of expression of the main 

feature exhibited by each of the drugs when administered alone. The 

depression of resting membrane potential caused by neomycin and the 

decrease of V-thresh caused by monensin were both lacking. This is 

surprising indeed as these effects appeared to be closely correlated 

with the effects of each drug alone. It may be that the two effects 

are cancelling each other sufficiently that they do not appear as 

statistically significant upon analysis. If this were the case, it 

would not explain why the effect of each drug is still exerted on the 

discharge activity of the cell. 

On the other hand, the drug combination manifested a widening of 

both the ortho- and anti-dromic action potential. This reflected the 

widening by monensin at 50% of rise and the widening by neomycin at 

the 10% and 90% levels. The decrease of undershoot that was observed 

with neomycin alone was also evident with the combination. 
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Permethrin and monensin. 

The combination of permethrin and monensin resulted in a striking 

enhancement of the neuronal discharge rate (Figure 23). This was 

reflected in two main features of the concentration response 

relationshp of monensin in the presence of permethrin: 

1. there was a left shift of the concentration response curve 

2. there was enhancement of the discharge rate of the shifted 

curve. 

The concentration response curve was shifted to the left in a parallel 

manner. Concentrations of monensin that were subthreshold when applied 

to the preparation alone produced a remarkable increase in discharge 

rate when administered in the presence of permethrin. The first 

effects of monensin in permethrin were observed one half log 

concentration below, the concentration at which they first exerted 

effects alone. At the other end of the curve, the EC75 and ECICO of 

monensin were found to produce irreversible toxic effects in the 

presence of permethrin, and the increase in discharge rate which they 

would induce did not reach that of the monensin EC5O in permethrin. 

The enhancement of the discharge rate with this combination was 

striking, the actual and anticipated monensin curves diverging 

progressively with increasing monensin concentrations. The peak 

discharge rate of the combination was considerably greater than that 

of monensin alone (Figure 23). Interestingly, the time to onset of 

monensin in the presence of permethrin was the same as for monensin 

alone, while the time to plateau was only slightly shorter for the 

combination than for monensin alone (Table 21). 
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In addition to the enhancement of effect there was an alteration 

of the discharge pattern of the neuron following exposure to the EC100 

of monensin in permethrin. The discharge pattern was irregular and the 

frequency fluctuated widely. Relatively normal action potentials were 

interspersed with action potentials of reduced amplitude that were 

little more than fluctuations of the RMP. This pattern of discharge is 

illustrated in Figure 24. 

As with the previous combination, the membrane effects of this 

combination did not produce the expected major effects of each drug 

alone: the decreased V-thresh of monensin and I-thresh of permethrin 

did not appear as major features of the combination. Instead, the 

permethrin and monensin combination increased membrane resistance, and 

this appeared to be the primary effect on the electrical membrane 

properties which correlated with increased discharge rate. The other 

parameter that was altered, in' somewhat of a concentration dependent 

manner, was the undershoot which was associated with permethrin 

induced increase in intracellular sodium. There was a tendency towards 

a concentration dependent effect on this property which indicates that 

there was extra sodium being introduced into the neuron by monensin 

with increased activity of the pump observed in the presence of 

permethrin. The electrical membrane properties were not altered in an 

equivalent synergistic manner as observed with change of discharge 

rate. 

9.4.5 Cypermethrin and monensin. 

The combination of cypermetbrin and monensin was anticipated to 
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produce results that were similar to those of permethrin and monensin. 

This was based upon the closely related structures and the relatively 

similar effects of both drugs on neuronal discharge. In fact, the 

effects of monensin in the presence of cypermethrin were the opposite 

of what was expected. Figure 25 demonstrates that the concentration 

response curve for monensin in the presence of cypermethrin was 

markedly attenuated, extending only from the monensin EC25 to the 

EC5O. The maximum discharge rate for monensin in the presence of 

cypermethrin was slightly enhanced above that for the same 

concentration of monensin alone, but did not reach the maximum that 

was achieved when administered alone. 

The findings with the concentration response curve are reflected 

in some of the observations of electrical membrane properties. The 

decrease in V-thresh that occurred with monensin alone was not 

apparent in the combination until the EC5O, above which point it 

became concentration dependent. The decrease of P0 and PA which were 

cypermethrin associated effects also became evident at the monensin 

EC5O, at which point they also became concentration dependent. 

Therefore, with the cypermethrin:monensin combination, the main 

features of the electrical membrane properties become apparent at the 

same concentrations that an effect is exerted on discharge rate. 

The cypermethrin:monensin combination also produced synergistic 

effects at the level of membrane electrical properties even though 

there was attenution of effects at the level of neuronal discharge. 

The best example of this was the decrease in action potential 

amplitude, a cypermethrin effect that was anticipated to remain 
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constant in the combination as the concentration of cypermethrin 

remained constant. However, the action potential amplitudes decreased 

in a concentration dependent manner and the decrease commenced at the 

concentrations of monensin which in the combination exerted an effect 

on discharge rate. Another example of potentiation of a cypermethrin 

effect by monensin was the increase of membrane resistance. This was a 

cypermethrin effect which was expected to remain constant with 

cypermethrin concentration. However, it also changed with the 

concentration of monensin, a phenomenon that did not occur for 

monensin alone, an indication of synergism. 

9.4.6 Ouabain and monensin. 

The effect of the ouabain-monensin combination upon neuronal 

discharge activity and electrical membrane properties was synergism 

that was similar in quality but of lesser degree than that of the 

perxnethrin-monensin combination. The data obtained indicates that the 

synergistic effect was reciprocal, the increase in discharge rate 

demonstrated an enhancement of monensin effect while the electrical 

membrane property changes indicate an enhancement of ouabain effect. 

The decrease in I-thresh and V-thresh that was seen with ouabain alone 

and intermittently at the various concentrations of monensin alone 

became consistent and concentration dependent with the 

ouabain-monensin combination. This supports the reciprocity of the 

synergism, the weak effect of ouabain alone being remarkably 

potentiated by the presence of monensin. 

Other ouabain effects were also potentiated in the presence of 
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monensin. Ouabain induced decreases in the amplitude of both ortho-

and anti-dromic action potentials were greater in the presence of 

monensin and the degree of reduction of the amplitude was dependent 

upon the concentration of monensin. Membrane resistance was altered at 

only one concentration of ouabain alone, but in the presence of 

monensin membrane resistance was increased in a non-concentration 

dependent manner. This suggests- that a latent ouabain tendency to 

increase membrane resistance was enhanced by monensin to the point 

that it became significant. That the reverse is not the case is 

supported by the lack of concentration dependence of the increased 

resistance. 

Further evidence of synergism was observed for dV/dt-ortho which 

was increased for two concentrations of ouabain alone and dV/dt-anti 

which was increased at one concentration of ouabain alone. Monensin 

alone exhibited a concentration dependent decrease of.dV/dt-ortho and 

no change in dV/dt-anti. However, the combination resulted in an 

increased rate of rise of both ortho- and anti-dromic action 

potentials. This is strong evidence of synergism, for if the effects 

of the two drugs in combination were simply sunmiative, the 

antagonistic effects of the drugs would be anticipated to cancel each 

other. 

The enhancement of ouabain effects by monensin is consistent with 

reports that ouabain binding to Na/K ATPase with consequent inhibition 

of the exchange pump is enhanced by increasing intracellular sodium 

concentration (Yamamoto, Akera and Brody, 1979). The only other study 

of the effects of a combination of ouabain and monensin on an 
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excitable membrane system was Sh].afer and Kane's ( 1980) study of the 

effects of these drugs on myocardium. They found that mildly effective 

concentrations of monensin in the presence of nontoxic concentrations 

of ouabain produced irreversible contracture and irregular responses 

to electrical stimulation. These were not seen with monensin alone. 

These observations were attributed to intracellular overload of sodium 

with secondary elevations of intracellular calcium. Shlafer and Kane 

(1980) comment that the mutual enhancement of effect demonstrated by 

monensin and ouabain was surprising in its degree. 

Increased intracellular concentrations of sodium might enhance 

the binding of ouabain to Na/K ATPase (Shiafer and Kane, 1980). 

Therefore a possible mechanism by which monensin might enhance the 

activity of ouabain is by increasing the 

of sodium and thus indirectly enhancing 

target enzyme. This is the mechanism 

responsible for the mutual enhancement of 

intracellular concentrations 

the binding of ouabain to 

that was suggested to be 

effect of these two drugs in 

myocardium (Shiafer and Kane, 1980). It is difficult to entirely 

attribute the mutual enhancement of monensin and ouabain in the 

present . set of experiments to such a mechanism. Certainly it might 

operate, but in an experimental regimen such as was employed in these 

studies there would be a delay expected between the onset of monensin 

effect and the effect induced by increased binding of ouabain. Such a 

lag in the effect of monensin was not observed. In fact the onset and 

washout of the monensin effect was not statistically different for 

monensin alone or in combination with ouabain. Despite this there was 

still a considerable enhancement of the monensin effect, •which 
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suggests that there must be some other mechanism of enhancement of 

effect occurring in the neuronal system. 

9.5 Evaluation of the Stretch Receptor as a Model. 

One of the aims of this study was to evaluate the crayfish 

stretch receptor for its suitability in neurotoxicologic studies. The 

preparation was used in two ways for the experiments reported here. 

The first of these was as an indicator of the cellular effects that 

neuroactive drugs have on the function of an isolated sensory neuron, 

that is, the integrated effects of all drug activities as reflected in 

neuronal discharge activity. The second was to demonstrate the 

membrane alterations caused by neuroactive drugs. 

The general advantages of the preparation have already been 

presented in section 5.1.2, and a number of criteria for assessing the 

suitability of a model for evaluation of drug interactions are 

provided in section 3.2. The stretch receptor preparation is easily 

obtained, prepared and manipulated. The stability of the preparation 

was a major advantage for the studies of drug combinations. This has 

been mentioned by previous authors ( Chaplain, Michaelis and Coenen, 

1971; Brown, Ottoson and Rydqvist, 1978; Chalmers, 1983) and confirmed 

in the current study. The control experiments of sections 8.1 and 8.2 

convincingly demonstrate this point. The electrical membrane 

properties were demonstrated to be stable as well, although the period 

of stability was shorter. The important point is there was no 

significant variation in mean membrane properties when compared to 

original control values until 3.5 hours post impalement. The length of 
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this stable period was particularly important for the combination 

studies for two reasons: they were relatively long in duration, 

requiring up to two hours from the time of administration of the first 

drug concentration, and it was necessary to be able to compare values 

obtained for drugs with controls taken at the commencement of the 

experiment. 

The stability of the preparation leads directly to another 

important feature. Experimental results were consistently 

reproducible. This is extremely important for any scientific 

investigation, but is especially so for those that are concerned with 

drug toxicity and safety testing. 

That the stretch receptor neuron is a suitable in vitro system 

for the study of interactions of neurotoxins on neuronal membranes has 

been demonstrated by the present study. Whether these results can be 

extrapolated to higher organisms remains to be evaluated. 

9.6 Choice of Model in Neurotoxicology. 

The level of biological organization at which one studies 

neurotoxic phenomena may determine whether or not toxic effects are 

observed. It is clear that for some combinations the presence of a 

drug effect at one level does not necessarily mean that there will be 

an effect at another level, i.e. the level at which a study is 

conducted may predetermine whether or not there is a finding of 

neurotoxicity. If the level that is studied is inappropriate to the 

function of the cell, tissue, or organ, a drug may be considered toxic 

when in fact, in functional terms, it may not be so. 
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Associated with the choice of model.is the sensitivity and the 

choice of effect. The present study draws attention to the neuronal 

membrane as a site where drugs can interact to produce an effect on 

neuronal activity. The neuronal membrane has been largely overlooked 

in favour of the synapse. The synapse remains an important site for 

investigation, but does not exist in isolation from the membrane. 

Rather, synaptic function depends intimately upon the state of the 

membrane. Integration of function of more complex circuits such as the 

spinal reflex or central pathways involve both the neuronal membrane 

as well as the synapse. 
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10. CONCLUSIONS 

The hypothesis of this study was that the combined effect of two 

drugs acting at different sites on neuronal membranes would result in 

a net effect that was not the sum of the individual actions. This 

hypothesis has been proven to be correct, but the degree of complexity 

of the interactions was surprisingly greater than expected. The 

complex nature of the interactions did not make it possible to propose 

any generalizations or principles that would apply to all drug-drug 

interactions. 

The following points illustrate the complexity of the 

interactions that were observed in this study: 

1. Drugs that were inhibitory and excitatory, administered 

together, were more likely to produce excitatory effects ( eg. ouabain 

and neomycin, permethrin and neomycin). 

2 Administration of two excitatory drugs produced effects on 

neuronal function that were either synergistic or antagonistic but 

never summative (eg ouabain and monensin, permethrin and monensin, 

cypermethrin and monensin). 

3. The effect of a drug in combination that was not expressed 

at the level of function or activity of the cell could still be 

expressed at the level of membrane electrical properties (eg. 

permethrin and neomycin). 

It. Novel changes in electrical membrane properties that are 

unaccounted for by the known mechanisms of action of either drug alone 

may occur when drugs are administered in combination (eg. neomycin and 

monensin). 
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5. The alteration of membrane properties characteristic of a 

single drug are not necessarily expressed when drugs are administered 

in combination. 

Of the statements above, numbers 3, 1! and 5 are particularly 

interesting. There were two drug combinations in which the effect of 

one member of the combination was not expressed in the action on 

discharge rate, yet was expressed at the level of the cell membrane 

properties (permethrin:monensin and cypermethrin:monensin). An 

important point is illustrated by this observation. A drug in 

combination that has an effect sufficient to alter the electrical 

membrane properties of a neuron may not produce an effect in the 

actual function of the cell. 

Novel effects on electrical membrane properties were encountered 

with combinations in two sets of experiments. There was a decrease in 

the peak amplitude of the ortho- and anti-dromic action potentials in 

the presence of pennethrin and neomycin that was unique. Similarly, 

there was an increase in the membrane resistance with the combination 

of permethrin and monensin that was not observed with either drug 

alone. Since no correlation could be made between any property and the 

appearance of novel effects of a drug combination, there was not a 

method of predicting a novel effect of a combination on membrane 

properties. 
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11.0 RELEVANCE OF THIS STUDY TO CLINICAL MEDICINE 

The stretch receptor neuron is responsive to concentrations of 

the drugs tested at or below their therapeutic ranges. For example, 

the maximum therapeutic level of neomycin ( Caputy, Kim and Sanders, 

1981) falls approximately midway between the extremes of response of 

the stretch receptor neuron to neomycin. The responses of the neuron 

to permethrin and cypermethrin occur not only well below the 

concentrations encountered on the skin of treated cattle but also 

below the values reported for cypermethrin residues in the milk of 

treated cattle ( 11.2-9.2 ug/kg butterfat which is approximately i0 M 

cypermethrin) (Braun, Frank, and Miller, 1985). The oral LD5O for 

monensin in cattle is 21.9 mg/kg (Galitzer and Oehme, 1984). This is 

approximately 3 x 10 H and is a level that is toxic to the stretch 

receptor neuron. The therapeutic level of 30 gins per ton of feed 

(Galitzer and Oethne, '198k) translates to a rumen concentration of 

approximately 5 x i0 M which is the lower 25% of the concentration 

response curve for inonensin on the stretch receptor neuron. Therefore, 

the model system is responsive over the range of therapeutic and toxic 

concentrations of the drugs under study, and will likely be for other 

neuroactive drugs as well. 

This study is the first approach of this kind made to the problem 

of drug-drug interactions on neuronal function. The findings are very 

significant in that the interactions of neuroactive therapeutic drugs 

on neuronal membranes proposed in section 1.3 have been shown to occur 

in vitro. More significantly, these interactions can occur at in vivo 

therapeutic concentrations of these drugs, raising the serious 
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question of whether they occur under therapeutic ( i.e. clinical) 

conditions. 

The effects that have been described and discussed in this 

dissertation are those that occur at the level of a single neuron. The 

next logical step is to ask what occurs when these drug combinations 

are tested in the more complex nervous circuitry of the reflex are, 

the spinal afferent-efferent pathways, and the integrated function of 

the central nervous system of the intact animal. If such interactions 

occur under clinical conditions, the implications are serious for both 

animal and human health. There is also the possibility that humans 

maintained on therapeutic (or illicit) neuroactive drugs could be 

exposed to residues of other neuroactive drugs in food products. The 

potential for interactions also occurs in this situation. In fact, 

such interactions are more probable in humans than in animals simply 

because of the greater use 

population and a lesser degree 

man than in animals. 

of neuroactive drugs in the human 

of control of their administration in 



page 176 

12.0 SIGNIFICANCE OF THIS STUDY 

The foregoing study is of importance for a number of reasons. It 

has not only contributed to an understanding of the complexity of drug 

combination effects at the level of the single cell, but it has also 

provided new information about the effects of the individual drugs 

themselves. Specifically, the membrane effects of neomycin have been 

studied and a possible mechanism of neomycin action on the neuronal 

membrane examined. The effects of monensin upon sensory nerve function 

and electrical membrane properties have been described for the first 

time. Accurate concentration response curves for the drugs ouabain, 

permethrin and cypermethrin have been developed, and the concentration 

dependent effects of these drugs on a number of electrical membrane 

properties have been studied. For permethrin and cypermethrin, this 

was made possible by the assessment of the suitability of TWEA solvent 

for neurophysiological studies. 

This study is the first attempt to study the effects of 

neuroactive therapeutic drugs in combination acting at different sites 

on neurona]. membranes. It draws attention to the degree of complexity 

of the interactions of neuroactive drugs and also to the importance of 

the neuronal membrane as a site for drug action. This study gives 

support for caution in the use of combinations of drugs that possess 

neuroactive properties. This caution particularly applies to the 

introduction of new drugs to therapeutic use in animals and man when 

all of the activities of such drugs may not be completely known. 
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14.0 FOOTNOTES 

1. The term "neuroactive" varies in meaning according to author 

and context. In most situations, the meaning of the word is 

restrictive. For example, Webster's Collegiate Dictionary defines a 

neuroactive drug as " stimulating neural tissue". This definition is 

too narrow because it ignores compounds that depress nervous tissue. 

The term neuroactive is also used to refer to that group of peptides 

that exerts pharmacological activity on neurons (Schwartz, 1985). For 

the purposes of this thesis, neuroactive shall be given the broad 

definition of "a property possessed by a drug that alters the function 

of nervous tissue". 

2. For the purposes of this dissertation, the term "toxicity" 

will be defined as that property possessed a drug which upon  

exposure to a living organism results in an alteration of 

physiological function at the cell, tissue, or organ level to the 

extent that with sufficient exposure and under the appropriate  

conditions irreversible alteration of some aspect of physiological  

function of the organism may result. Toxic effects may be 

pharmacologic, pathologic or genotoxic. A toxin is any drug that 

possesses toxicity. This definition loosely follows the ideas 

presented in the discussion by Klaassen ( 1985). 

3. The term " summative" is used in this thesis. The term 

"additive" is reserved for those situations in which two or more drugs 
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acting at the same receptor have a net effect that is the sum of their 

individual effects. Sumxnative refers to situations in which two or 

more drugs acting at different receptors or target sites have a net 

effect that is the sum of the individual effects. This follows the 

definition given by Levine ( 1978). 

Il. The ionophore antibiotic group has a number of applications 

both in therapeutics and 

monensin typify this. For 

an anticoccidia]. (Blood, 

agricultural practice as 

in basic research. The many applications of 

example, monensin is used therapeutically as 

Henderson and Radostits, 1983), in general 

a growth promotant in ruminants (Schelling, 

19811), and in basic research for a number of purposes ( see Stinissen, 

Peumans and Chrispeels, 1985; Den, 1985; Cheng, Horst and Kowal, 

1985). 

5. The term "window" will be used from this point forward to 

refer to the period of time during which waveforms were collected for 

statistical analysis of electrical membrane properties. This period is 

different for each drug and corresponds to the time during which a 

plateau of drug effect was observed in the neuronal discharge 

experiments. 

6. The increase that is occasionally observed in dV/vt-.thresh in 

association with an increase in W050 is likely an artifact of the 

analysis program rather than a true drug effect. The analysis program 

measures dV/dt-ortho at a set time prior to the peak amplitude of the 
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orthodromic action potential. Increased width of the action potential 

will tend to cause the dV/dt-thresh to be measured at a point slightly 

closer to the peak than decreased width of the action potential. The 

sane artifact does not occur with the dV/dt-ortho and dV/dt-anti 

because they, are measured over a much longer segment of the waveform 

and are therefore not subject to the same errors. 
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15.0 APPENDIX 

DATA ANALYSIS PROGRAMS DEVELOPED FOR THE DATA 6000 WAVEFORM ANALYZER 

These programs were developed for the DATA 6000 model 611 digital 

waveform analyzer with model 681 disk drive (Data Precision Division 

of Data Analogic Corporation). The first two programs analyze the 

voltage waveform, the third analyzes the current waveform and the 

fourth stores the waveforms on disk. 

PROGRAM 1: NAT1 PROGRAM 

10 C = NAT1.PGM" PROGRAM NAME 

20 KEY = 11128 DISARM 

30 KEY = 30611 PROGRAM KEY 

itO UKEYM = 2 

50 LABEL ( 1,1) CALCULATION OF NATION'S DATA LABEL SCREEN 

6OUKEY - 

70 CURSOR = 2 TURN ON CURSOR 

80 XSTART 1mB SET CURSOR START TO 1 MILLISECOND 

90 XEND = 314.32mS SET CURSOR END 

100 RMP = CR:MEAN TAKE CURSOR MEAN AND CALL THE 

RESULTING NUMBER RMP 

110 XSTART = 135mB SET CURSOR START 

120 XEND = 168.32mB SET CURSOR END 

130 HYP = CR:MEAN TAKE CURSOR MEAN AND CALL THE 

RESULTING NUMBER HYP 

140 BLEVEL = HYP + 50mV SET THE BASELINE TO 50mV ABOVE HYP 
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150 DSPL(BL:SX:CRSP:(BUF.A1) SET SCREEN DISPLAY TO THE FIRST 

CROSSING OF BASELINE AND TRACE 

160 XSTART = BL:CRSP SET CURSOR START TO THE FIRST POINT 

AT WHICH THE TRACE CROSSES THE 

BASELINE IN A POSITIVE 

DIRECTION 

170 XSTART = XSTART - 70 MS SET CURSOR START TO THE POINT 7OrnS 

BEFORE THE LAST POINT 

180 XEND XSTART + 33.32iiiS SET CURSOR END TO THE POINT 33.32inS 

AFTER THE STARTING POINT 

190 DEP = CR:MEAN TAKE CURSOR MEAN AND CALL THE 

RESULT DEP 

200 XSTART = TR:XMAX SET CURSOR START TO THE MAXIMUM 

POINT OF THE TRACE ON THE 

SCREEN 

210 XSTART = XSTART - 3mS SET THE CURSOR START TO 3ni8 PRIOR 

TO LAST STARTING POINT 

220 XEND = XSTART + 1.5m8 SET CURSOR END TO 1 . 5iiiS AFTER START 

230 DVDTA , = OS DEFINE A NUMBER CALLED DVDTA 

20 DVDTA = CR;STL1 DVDTA IS THE CURSOR SETTLING TIME 

250 DVDTA = YDELTA/XDELTA REDEFINE DVDTA AS THE CHANGE IN Y 

DIVIDED BY THE CHANGE IN X 

260 XSTART = TR:XMAX (AS IN LINE 200) 

270 XSTART = XSTART - 1.linS SET THE CURSOR START TO 1.lniS 

PRIOR TO LAST STARTING POINT 
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280 XEND = TR:XMAX 

290 A = TR:XMAX 

300 A = A - RMP 

310 DVDT = OS 

320 DVDT = CR:SC:SE:RISE 

330 DVDT = YDELTA/XDELTA 

340 BLEVEL = CR:XMAX 

350 XSTART = TR:BL:CRSP 

360 XEND = TR:BL:CRSN 

370 W90 = OS 

380 W90 = BL:HCYC 

390 BLEVEL = DEP + 0.5 X A 

400 XSTART = TR:BL:CRSP 

• SET THE CURSOR END TO THE MAXIMUM 

POINT DISPLAYED ON THE TRACE 

CALL THE MAXIMUM VALUE OF THE 

DISPLAYED TRACE A 

REDEFINE A AS A - RMP 

DEFINE A NUMBER CALLED DVDT 

SET THE CURSOR TO RISE (DEFINED IN 

DATA 6000 MANUAL) AND CALL THIS 

DVDT 

(AS IN LINE 250) 

SET BASELINE TO MAXIMUM CURSOR 

POINT 

SET CURSOR START TO FIRST POSITIVE 

TRACE CROSSING OF THE BASELINE 

SET CURSOR END TO THE FIRST 

NEGATIVE TRACE CROSSING OF THE 

BASELINE 

DEFINE A NUMBER CALLED W90 

TAKE THE HALF CYCLE FREQUENCY OF 

THE BASELINE AND CALL IT W90 

SET THE BASELINE TO DEP + HALF THE 

VALUE OF A 

SET CURSOR START TO THE FIRST 

POSITIVE CROSSING OF THE 

BASELINE 
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410 XEND = TR:BL:CRSN 

1420W5005 

1130 W50 = BL:HCYC 

11110 BLEVEL = DEP + 0.1 X A 

1150 XSTART = TR:BL:CRSP 

1160 XEND = TR:BL:CRSN 

1170 XSTART = TR:XMAX. 

1180 DROP = OS 

1190 DROP = CR:SC:SE:FALL 

500 IROP = YDELTA/XDELTA 

510 W1O = OS 

520 W1O = BL:HCYC 

530 XSTART = TR:XMAX 

SET CURSOR END TO THE FIRST 

NEGATIVE TRACE CROSSING OF THE 

BASELINE 

DEFINE A NUMBER CALLED W5O 

TAKE THE HALF CYCLE FREQUENCY OF 

THE BASELINE AND CALL IT W50 

SET THE BASELINE TO DEP + 10% OF 

THE VALUE OF A 

SET CURSOR TO THE FIRST POSITIVE 

TRACE CROSSING OF THE BASELINE 

SET THE CURSOR END TO THE FIRST 

NEGATIVE TRACE BASELINE 

CROSSING 

SET CURSOR START TO THE MAXIMUM 

DISPLAYED VALUE OF THE TRACE 

DEFINE A VALUE CALLED DROP 

SET THE CURSOR BETWEEN THE 10% AND 

90% FALL AND CALL THIS FALL 

REDEFINE DROP AS THE CHANGE IN Y 

DIVIDED BY THE CHANGE IN X 

DEFINE A NUMBER CALLED W1O 

W1O IS THE HALF CYCLE FREQUENCY OF 

THE BASELINE 

SET CURSOR START TO THE MAXIMUM 

DISPLAYED VALUE OF THE TRACE 
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510 XEND = XSTART + 30m5 

550 DEP. = DEP - RMP 

560 U = OS 

570 U = CR:XMIN 

580 XSTART = U - 500uS 

590 XEND = XSTART + ThiS 

600 U = CR:MEAN 

610 U = U - RMP 

620 U = DEP - U 

630 SER1 = A 

610 SER1 = DVDTA 

650 SER1 : DVDT 

660 SER1 = DROP 

670 SER1 = W90 

680 SER1 = W50 

SET CURSOR END TO 3OinS AFTER CURSOR 

START 

REDEFINE DEP AS THE PREVIOUS VALUE 

FOR DEP MINUS RMP 

DEFINE A VALUE CALLED U 

U IS THE MINIMUM POINT OF THE 

CURSOR 

SET CURSOR END TO U LESS 500uS 

SET CURSOR END TO linS AFTER ITS 

START 

REDEFINE U AS THE MEAN OF THE 

CURSOR 

REDEFINE U AS U MINUS RMP 

REDEFINE U AS DEP MINUS U 

SEND THE VALUE FOR ATO THE PRINTER 

VIA SERIAL PORT 1 

SEND THE VALUE FOR DVDTA TO THE 

PRINTER VIA SERIAL PORT 1 

SEND THE VALUE FOR DVDT TO THE 

PRINTER VIA SERIAL PORT 1 

SEND THE VALUE FOR DROP TO THE 

PRINTER VIA SERIAL PORT 1 

SEND THE VALUE FOR W90 TO THE 

PRINTER VIA SERIAL PORT 1 

SEND THE VALUE FOR W50 TO THE 

PRINTER 'VIA SERIAL PORT 1 
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690 SER1 = W10 

700 KEY = 3064 

710 LOAD("A:ANALB.PGM) 

SEND THE VALUE FOR W1O TO THE 

PRINTER VIA SERIAL PORT 1 

PUSH PROGRAM KEY 

LOAD ANALYSIS PROGRAM FROM DRIVE A 

PROGRAM 2: ANALYSIS B PROGRAM 

10 C = "ANALB.PGM" PROGRAM NAME 

20 DSPL(NX:SX:MAX:BUF.A1) SET THE DISPLAY TO THE NEXT MAXIMUM 

VALUE AFTER THAT WHICH IS 

CURRENTLY SHOWN 

30 DSPL(NX:SX:MAX:BUF.A1) SET THE DISPLAY TO THE NEXT MAXIMUM 

VALUE AFTER THAT WHICH IS 

CURRENTLY SHOWN 

ZO DSPL(NX:SX:MAX:BUE.A1) SET THE DISPLAY TO THE NEXT MAXIMUM 

VALUE AFTER THAT WHICH IS 

CURRENTLY SHOWN 

50 DSPL(NX:SX:MAX:BUF.A1) SET THE DISPLAY TO THE NEXT MAXIMUM 

VALUE AFTER THAT WHICH IS 

CURRENTLY SHOWN 

60 KEY = 3001 PUSH X KEY 

70 KEY = 1036 ADVANCE WAVEFORM 

8O KEY = 1036 

90 TO 150 INCLUSIVE ARE KEY = 1036" 

160. KEY = 3064 

170 XSTART = TR:XMAX 

PUSH PROGRAM KEY 

SET CURSOR START TO THE MAXIMUM 

DISPLAYED VALUE OF TRACE 
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180 XSTART = XSTART - 1.lms SET THE CURSOR START TO 1.1mS 

PRIOR TO LAST STARTING POINT 

190 XEND = TR:XMAX SET THE CURSOR END TO THE MAXIMUM 

POINT DISPLAYED ON THE TRACE 

200 A2 = TR:XMAX CALL THE MAXIMUM VALUE OF THE 

DISPLAYED TRACE A2 

210 A2 = A2 - RMP REDEFINE A2 AS A2 - RMP 

220 DVDT2 = OS DEFINE A NUMBER CALLED DVDT2 

230 DVDT2 = CR:SC:SE:RISE SET THE CURSOR TO RISE (DEFINED IN 

DATA 6000 MANUAL) AND CALL THIS 

DVDT2 

240 DVDT2 YDELTA/XDELTA REDEFINE DVDT2 AS THE CHANGE IN Y 

DIVIDED, BY THE CHANGE IN X 

250 BLEVEL CR:XMAX SET BASELINE TO MAXIMUM CURSOR 

POINT 

260 XSTART BL:CRSP SET CURSOR START TO FIRST POSITIVE 

TRACE CROSSING OF THE BASELINE 

270 XSTART = NX:BL:CRSP SET CURSOR START TO THE NEXT 

POSITIVE TRACE CROSSING OF THE 

BASELINE 

280 XEND = TR:BL:CRSN SET CURSOR END TO THE NEXT 

NEGATIVE TRACE CROSSING OF THE 

BASELINE 

290 W290 = OS DEFINE A NUMBER CALLED W290 

300 W290 = BL:HCYC TAKE THE HALF CYCLE FREQUENCY OF 

THE BASELINE AND CALL IT W290 
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310 BLEVEL = RMP + 0.5 X A SET THE BASELINE TO RMP + HALF THE 

VALUE OF A 

320 XSTART = TR:BL:CRSP SET CURSOR START TO THE FIRST 

POSITIVE CROSSING OF THE 

BASELINE 

330 XEND = TR:BL:CRSN SET CURSOR END TO THE FIRST 

NEGATIVE TRACE CROSSING OF THE 

BASELINE 

340 W250 = OS DEFINE A NUMBER CALLED W250 

350 W250 = BL:HCYC TAKE THE HALF CYCLE FREQUENCY OF 

THE BASELINE AND CALL IT W250 

360 BLEVEL = RMP + 0.1 X A2 SET THE BASELINE TO RMP + 10% OF 

THE VALUE OF A2 

370 XSTART = TR:BL:CRSP SET CURSOR TO THE FIRST POSITIVE 

TRACE CROSSING OF THE BASELINE 

380 XEND = TR:BL:CRSN SET THE CURSOR END TO THE FIRST 

NEGATIVE TRACE BASELINE 

CROSSING 

390 W210 = OS DEFINE A NUMBER W210 

400 W210 = TR:BL:HCYC TAKE THE HALF CYCLE FREQUENCY 

OF THE BASELINE AT THE 

DISPLAYED PORTION OF THE TRACE 

410 XSTART = TR:XMAX SET CURSOR START TO THE MAXIMUM 

DISPLAYED VALUE OF THE TRACE 

420 DROP2 = OS DEFINE A VALUE CALLED DROP2 
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130 DROP2 = CR:SC:SE:FALL SET THE CURSOR BETWEEN THE 10% AND 

90% FALL. AND CALL THIS FALL 

440 DROP2 = YDELTA/XDELTA REDEFINE DROP AS THE CHANGE IN Y 

DIVIDED BY THE CHANGE IN X 

450 PROG 

J6O PR?1MOD = 2 

1170 SERI = U 

1180 SERI = A2 

1190 SERI = DVDT2 

500 SERI = DROP2 

510 SERI = W290 

520 SERI = W250 

530 SERI = W210 

5110 SERI = DEP 

550 SERI = RMP 

SEND THE VALUE FOR U TO THE PRINTER 

VIA SERIAL PORT 1 

SEND THE VALUE FOR A2 TO THE 

PRINTER VIA SERIAL PORT 1-

SEND THE VALUE FOR DVDT2 TO THE 

PRINTER VIA SERIAL PORT 1 

SEND THE VALUE FOR DROP2 TO THE 

PRINTER VIA SERIAL PORT 1 

SEND THE VALUE FOR W290 TO THE 

PRINTER VIA SERIAL PORT 1 

SEND THE VALUE FOR W250 TO THE 

PRINTER VIA SERIAL PORT 1 

SEND THE VALUE FOR W210 TO THE 

PRINTER VIA SERIAL PORT 1 

SEND THE VALUE FOR DEP TO THE 

PRINTER VIA SERIAL PORT 1 

SEND THE VALUE FOR RMP TO THE 

PRINTER VIA SERIAL PORT 1 
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560 SER1 = HYP 

570 LOAD ("A:VOLT.PGM) 

580 KEY = 2001 

10 C = VOLT PROGRAM 

20 KEY = 3002 

30 KEY = 1221 

1€ CURSOR = 2 

50 BLEVEL = 0 

60 XSTART = 15mS 

70 XEND 2lt0znS 

80 HYP CR:MEAN 

90 HYP = HYP X 0.05 

100 XSTART = 185mS 

110 XEND.= 525m8 

120 DEP = CR:MEAN 

130 DEP = DEP X 0.05 

140 DSPL(HYP) 

150 DSPL(DEP) 

SEND THE VALUE FOR HYP TO THE 

PRINTER VIA SERIAL PORT 1 

LOAD THE PROGRAM VOLT FROM DRIVE A 

STOP RUNNING ALL PROGRAMS 

PROGRAM 3: VOLT PROGRAM 

NAME OF PROGRAM 

TURN ON DISPLAY 

PUT BUFFER B IN DISPLAY 

TURN CURSOR ON 

SET BASELINE AT 0 

SET CURSOR START TO t5mS 

SET CURSOR END TO 21l0mS 

CALCULATE CURSOR MEAN AND CALL 

RESULT HYP 

CONVERSION FACTOR TO GIVE CURRENT 

IN NANOAMPS 

SET CURSOR START TO 1185m3 

SET CURSOR END TO 525mS 

THE CURSOR MEAN IS TO BE CALCULATED 

AND THE RESULTING VALUE CALLED 

DEP 

CONVERSION TO GIVE CURRENT IN 

NANOAMPS 

DISPLAY THE VALUE FOR HYP 

DISPLAY THE VALUE FOR DEP 
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160 SER1: = HYP SEND THE VALUE FOR HYP TO THE 

PRINTER VIA SERIAL PORT 1 

170 SER1: = DEP SEND THE VALUE FOR DEP TO THE 

PRINTER VIA SERIAL PORT 1 

180 LOAD("A:BUG.PGM") LOAD BUG PROGRAM FROM DRIVE A 

190 KEY = 2001 STOP RUNNING ALL PROGRAMS 

PROGRAM 11: BUG PROGRAM 

10 C = "BUG.PGM" NAME OF THE PROGRAM 

20 KEY = 5004 ACTIVATE THE TRANSFER KEY 

30 KEY = 1058 OPEN THE NEXT AVAILABLE FILE IN 

DRIVE B 

10 KEY = 1066 ENTER THE BUFFER IN TRACE 1 INTO 

DRIVE B 

50 KEY = 3002 ACTIVATE THE DISPLAY KEY 

60 KEY = 1020 PLACE BUFFER Al INTO TRACE 1 

70 KEY = 5001 ACTIVATE THE TRANSFER KEY 

80 KEY = 1058 OPEN THE NEXT AVAILABLE FILE IN 

DRIVE B 

90 KEY = 1066 ENTER THE BUFFER IN TRACE 1 INTO 

DRIVE B 

100 KEY = 3004 ACTIVATE TIMEBASE KEY 

110 LOAD("A:NATl.PGM") LOAD NAT1 PROGRAM FROM DRIVE A 

120. KEY = 2001 STOP RUNNING ALL PROGRAMS 


