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Foreword 

T H E ACS S Y M P O S I U M S E R I E S was first published in 1974 to 
provide a mechanism for publishing symposia quickly in book 
form. The purpose of this series is to publish comprehensive 
books developed from symposia, which are usually "snapshots 
in time" of the current research being done on a topic, plus 
some review material on the topic. For this reason, it is neces
sary that the papers be published as quickly as possible. 

Before a symposium-based book is put under contract, the 
proposed table of contents is reviewed for appropriateness to 
the topic and for comprehensiveness of the collection. Some 
papers are excluded at this point, and others are added to 
round out the scope of the volume. In addition, a draft of each 
paper is peer-reviewed prior to final acceptance or rejection. 
This anonymous review process is supervised by the organiz
er^) of the symposium, who become the editor(s) of the book. 
The authors then revise their papers according to the recom
mendations of both the reviewers and the editors, prepare 
camera-ready copy, and submit the final papers to the editors, 
who check that all necessary revisions have been made. 

As a rule, only original research papers and original re
view papers are included in the volumes. Verbatim reproduc
tions of previously published papers are not accepted. 

M. Joan Comstock 
Series Editor 
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Preface 

INSECTICIDES H A V E BEEN T H E BOON and the bane of human societies. 
Their use has resulted in the most plentiful, least expensive, and most 
secure food source thus far produced by our agrarian efforts. As with all 
simplistic, directed approaches, the use of insecticides has had far-
reaching and, in most cases, unforeseen environmental impacts. 
Nevertheless, it is unlikely that in the near future the quality or quantity 
of foodstuff can be maintained in the absence of pesticidal chemicals, par
ticularly insecticides. Thus, our efforts as pesticide scientists should be 
focused on research approaches that will result in the availability of novel 
pesticide products that have been evaluated in terms of what we have 
learned from past faults in pesticide design and unmanaged overuse. 

Molecular biological approaches have provided the means to funda
mentally change the way in which pesticidal chemicals are discovered and 
used. Technical knowledge for the production of genetically engineered 
crop plants and biotechnological pest control strategies already exist and 
soon will become economically feasible. Because the large majority of 
currently used insecticides are neurotoxic and many are directed toxico-
logically to ion-channel disruption, an extensive database is currently 
available for assessment. Thus, the most enduring contribution of insecti
cides such as D D T and the cyclodienes may be in providing well-studied 
models to assess the advantages and disadvantages of new molecular tech
nologies. It is an appropriate time to assess the impact that these molec
ular approaches have had on pest control and to evaluate the future of 
molecular pesticide science. 

This scenario provided the idealistic focus for the organization of an 
ACS symposium entitled "Molecular Action and Pharmacology of Insecti
cides on Ion Channels", upon which this book is based. Topics were 
chosen principally in terms of their contemporary relevance to insect pest 
control and concentrated on those aspects in which a molecular under
standing of insecticide action was being actively researched. Chapters 
were then requested from researchers and scholars drawn equally from 
academia and industry. These researchers are leading experts in their 
chosen areas of study and present a truly international group from 
Canada, Israel, Japan, the United Kingdom, and the United States. 

This book is divided into three sections, each concerned with the 
action of insecticides on a major ion-channel family: voltage-sensitive 
channels, ligand-gated channels, and biopesticide-induced channels. 

ix 
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Presented in this volume are recent advances in how we envision molecu
lar binding sites of insecticides on ion channels and molecular alterations 
of these sites that result in site-insensitive resistance mechanisms. Addi
tionally, new receptor-ion channels and mosaic receptor organizations 
are described as novel sites of insecticide action and perhaps as means of 
genetically managing the development of insecticide resistances in the 
future. 

I thank the authors for their presentations in the symposium and for 
their contributed chapters that encompass this volume. In particular, I 
extend my deepest appreciation to the many expert colleagues who pro
vided helpful and necessary critical reviews. I thank Anne Wilson of ACS 
Books for all her help, suggestions, and encouragement; and Margaret 
Malone, Amity Lee-Bradley, and Julia Connelly of the Department of 
Entomology, University of Massachusetts, for endless organizational and 
editorial concerns. Their efforts and the generous financial support of 
the Division of Agrochemicals of the American Chemical Society; F M C 
Corporation; Ciba-Geigy Corporation; Miles, Inc.; Mycogen Corporation; 
N O R - A M Chemical Corporation; Nissan Chemicals of America Corpora
tion; and Rollins, Inc., made this book possible. 

J. MARSHALL CLARK 

Department of Entomology 
University of Massachusetts 
Amherst, MA 01003 

January 17, 1995 
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Chapter 1 

Ion-Channel Diversity 
Present and Future Roles in Insecticide Action 

J. Marshall Clark 

Department of Entomology, University of Massachusetts, 
Amherst, MA 01003 

Insecticides have played an enormous role in the development of 
pesticide and environmental sciences. In our attempts to understand 
the toxic action of insecticides on target organisms, we have 
elucidated many fundamental physiological processes and recently 
have began the study of these interactions at the molecular level. 
Given the effectiveness and wide-spread use of insecticides, it was 
probably naive not to have envisioned the environmental concerns 
that the use of these chemicals has caused. Nevertheless, the 
negative aspects of insecticides and their use have resulted in a much 
more complete and rigorous understanding of the toxicokinetics and 
toxicodynamics of environmental contaminants, their environmental 
fate and degradation, and problems associated with extensive 
overuse, such as resistance. 

Because the large majority of insecticides are neurotoxic and 
many interact directly with ion channels in neurons and elsewhere, 
an extensive research data base now exists that is available for 
assessment. Thus, the most enduring contribution of insecticides 
such as DDT, the cyclodienes, etc., may be in providing well-studied 
models to assess the advantages or disadvantages of new molecular 
biotechnologies as they become available for use in pesticide 
science. This aspect, of course, was the focus of the ACS 
symposium presentations that served as the template for the 
following chapters which comprise this volume. 

The past fifty years of agricultural productivity have been largely the result of the 
widespread availability of synthetic chemicals, such as fertilizers and pesticides. 
These compounds have allowed the farmer to protect the high quality 

0097-6156/95/0591-0001$12.75/0 
© 1995 American Chemical Society 
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2 MOLECULAR ACTION OF INSECTICIDES ON ION CHANNELS 

food and fiber produced with synthetic fertilizers that are necessary to feed and 
clothe an ever increasing human population. Currently, the world market value for 
pesticides is approximately $23 billion with herbicides, insecticides and fungicides 
accounting for 47, 28 and 22% of this total cost, respectively. (1). Even with a 
projected growth rate of 10% per annum, the market share for biologicals has been 
estimated at 2 to 10% of the total pesticide market share by the year 2000 (2). 
Thus, synthetic chemical pesticides will remain the primary method of efficacious 
pest control into the next century and, at least in some fashion, well into the future. 

As impressive as our progress has been in agriculture, we now face 
enormous challenges as pesticide scientists. In five years, we will begin the 21st 
century with an estimated world-wide population of 6 billion people (3). This 
population is likely to double in only a few decades resulting in tremendous 
pressure for agriculture to be even more productive. The past excessive and 
indiscriminate use of nonselective pesticides has made these challenges even more 
difficult (4). We now are all aware and concerned about the short and long term 
effects of pesticides in the environment. Societal response to these concerns has 
resulted in increasingly difficult and costly development and registration processes 
for new and novel pesticides. More disconcerting, perhaps, than even the 
environmental impact that certain pesticides have produced, is the ever increasing 
incidence of pests that are resistant to pesticides and the loss of these chemicals as 
effective pest control agents. Thus, at precisely the time we should be developing 
more selective, biodegradable, efficacious, and environmentally-benign chemical 
pesticides, we are not even keeping pace with those that are being lost through 
regulatory bannings or pest resistance problems. 

From the above scenario, it follows that the pesticide scientists' most 
serious task at hand is to begin anew the development of innovative and rational 
means for crop protection (3). These advances must avoid previous faults in 
pesticide design, lack of selectivity, and over-use. More emphasis needs to be 
placed on the genetic, biochemical, and pharmacological differences of target 
versus nontarget organisms. Additionally, more natural products should serve as 
molecular models for the design of new synthetic but biodegradable pesticides. 

Recent advances in molecular biology have provided a fundamentally novel 
manner in which we analyze the genetic, physiological, and developmental 
properties of organisms. Molecular approaches have revolutionized the study of 
pesticide mode of action, the determination of selective toxicities of target versus 
nontarget organisms, and the elucidation of mechanisms of pest resistance (4). The 
availability of such molecula. biological tools has greatly increased our basic 
understanding of allied sciences including pharmacology, neurobiology, ion 
channel and receptor biology, signal transduction, and developmental biology (5). 
From these basic studies, we now have a wealth of new information applicable to 
many applied aspects of pesticide science. The technical know-how for the 
production of genetically-engineered crop plants and bibtechnological pest control 
strategies already exists and will soon be economically feasible (4). Obviously, it is 
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1. C L A R K Ion-Channel Diversity 3 

an appropriate time to assess the impact that these molecular approaches have had 
on pest control and to evaluate the future of molecular pesticide science. 

Molecular Basis of Toxicity of Insecticides on Ion Channels 

Investigation into the toxic action of insecticidal chemicals has provided much of 
the leadership on how we conduct, evaluate, and use mode of action studies on 
pesticides and on their environmental impact. Over the past 25 years, these studies 
have elucidated new and novel sites of action in insects. Knowledge pertaining to 
insecticide receptors and xenobiotic metabolism have allowed the more efficient 
design of efficacious analogues. These findings, together with pharmacological and 
genetic information, have lead to a fundamentally new way in which insecticides 
are being used to suppress the selection of resistant insects. Such approaches are 
now well known as resistance management strategies. 

The reasons for these early advancements in the insecticide aspects of 
pesticide science are many. Included in these are that insect pests are particularly 
numerous and potentially devastating to many essential crop systems. Therefore, 
we allotted a large portion of our effort to find ways to control them. Also, insects 
are advanced physiologically and present complex developmental systems, such as 
the nervous and endocrine systems, that are easily targeted for chemical disruption. 
Of particular importance is the role that Drosophila melanogaster has played in 
cytological, developmental, and molecular genetic studies in insect and pesticide 
science (5). 

Pesticide chemists were enormously successful in producing a variety of 
extremely cheap and effective insecticides by applying the wealth of information 
obtained from relevant animal studies in neurobiology, pharmacology and 
developmental biology. Of these early products, the huge majority were found to 
be active by disrupting the insects' nervous system and in particular, by acting as 
modulators of various ion channel functions. Because of this, there now exists a 
robust toxicological data base on the structure-activity relationships, toxicokinetics, 
metabolism, receptor biology, environmental fate and impacts, and resistance 
development of these ion channel-directed insecticides. Because some of these 
neurotoxic insecticides are no longer widely used due to environmental concerns 
(e.g., DDT, cyclodienes, etc.), their most enduring contribution will most likely be 
in providing a historical data base to review and to assess the advantages of various 
molecular biological tools as they become available for use in pesticide science. 

Ion Channels Perturbed by Insecticides 

Neuronal ion channels certainly have been the most widely exploited group of ion 
channels in terms of providing a site of action for existing insecticidal chemicals, 
however, they are far from the only type of ion channel available for such use. As 
more ion channel pharmacology and molecular sequence data is analyzed, it has 
become more and more evident that many ion channels, regardless of their tissue 
location, share many topological and functional similarities. Such similarities, can 
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4 MOLECULAR ACTION OF INSECTICIDES ON ION CHANNELS 

even extend to considerable amino acid and nucleic acid homologies (6). Our 
understanding of the basic structure and function of ion channels has been 
revolutionized certainly by the use of molecular biology. Specifically, molecular 
cloning and sequence analysis of complementary DNAs (cDNAs) have provided 
primary structures of ion channels which have allowed the first biochemical-based 
interpretation of the tertiary structure of the encoded proteins. Cloned DNAs can 
be overexpressed in various cells. Function can then be assigned directly to 
specific proteins or polypeptides or indirectly by the use of specific antibodies. 
Additionally, oligonucleotide-directed mutagenesis can be used to site-specifically 
mutate cDNAs which allows us to test biophysical interpretations concerning 
channel kinetics, ion-selectivity, ligand binding domains, etc (6). 

Thus, our studies on the molecular action of insecticides on ion channels is 
a start to our understanding of these processes and not an end. Such investigations 
will inevitably elucidate the nature of vulnerable sites for pest insect control which 
will be of value in parallel research for the control of weeds and microbial 
pathogens and vice versa. Molecular knowledge of the target sites of insecticides, 
natural products, and pharmaceuticals, will be used in the design of new pesticides 
and in the search of new and novel sites of action. 

Voltage-Sensitive Sodium Channels, The voltage-sensitive (or voltage-gated) 
sodium channel is a transmembrane protein complex that is essential in the 
generation of action potentials in excitable cells, in particular those associated with 
the all-or-nothing electrical impulse carried by nerve cell axons (7). On receiving a 
depolarisation signal, the permeability of the sodium channel rapidly increases for 
approximately 1 millisecond. The rising phase of the action potential is due to this 
increased N a + permeability and the process that causes it is termed activation. The 
activation process also determines the rate and voltage dependence of N a + 

permeability upon depolarisation. If depolarisation persists, the permeability of the 
channel will subsequently decrease in a less dramatic fashion and return to a 
nonconducting state over the next 2-3 milliseconds. This process is termed 
inactivation and determines the rate and voltage dependence of N a + permeability as 
it returns to a nonconducting state. These two processes, activation and 
inactivation, allow the voltage-sensitive sodium channel to exist in any one of three 
distinct functional states; active, inactive, or resting. Although both inactive and 
resting channels are nonconducting, they are very different in how they enter the 
"active" conducting state upon depolarisation. A n inactivated channel is 
recalcitrant to depolarisation and must first return to the resting state by 
repolarization prior to being activated. 

The primary structures of at least five distinct sodium channels have been 
reported (8). These are: 1) the sodium channel from the electric organ of the eel 
Electrophorus electricus, 2-4) three separate sodium channels from rat brain (Types 
I, II & III); and 5) the ul sodium channel from rat skeletal muscle. A l l sodium 
channels possess an a subunit that is approximately 1,800-2,000 amino acids in 
length. The eel electroplax sodium channel is comprised only of an a subunit 
whereas the rat skeletal channel has both a and p-1 subunits. The rat brain sodium 
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1. CLARK Ion-Channel Diversity 5 

channels all have a heterotrimeric composition with a, P - l and P-2 subunits. 
Sodium channel a subunits have been expressed in both Xenopus oocytes and in 
Chinese hamster ovary cells, both resulting in functional channels (9-14). These 
results and other corroborative experiments have established that the protein 
structure encoded in the a subunit is sufficient to form a Na+-specific 
transmembrane pore that undergoes voltage-dependent activation and inactivation 
gating processes. Additionally, a subunits expressed in these cells have a number 
of pharmacologically-specific receptor sites indicative of native sodium channels 
including a high affinity inhibition by tetrodotoxin and saxitoxin, a prolonged 
activation by veratridine, a slowed inactivation by cc-scorpion toxins, and a 
frequency- and voltage-dependent inhibition by local anesthetic, antiarrhythmic, 
and anticonvulsant drugs (8,9). Evidently, the a subunit is of primary importance 
to the overall functioning of the intact sodium channel. However, in cases where 
other subunits are present, the function of the a subunit seems to be modified by 
the presence of these additional subunits and leads to a more native functioning of 
the channel. This is particularly true in the case of rat brain sodium channels 
expressed in Xenopus where the co-expression of the P - l subunit greatly increases 
the decay rate of the sodium current during inactivation (15). 

The deduced amino acid sequence of the a subunit of the eel electroplax 
presents a primary structure with four internal repeats (I-IV) that exhibit a high 
degree of sequence homology (13,14). Each of these four homologous repeats, or 
domains, potentially form multiple (S1-S6) a-helical transmembrane segments 
(Figure 1). To date, all other sodium channels have shown close structural 
similarities to the electroplax channel. Overall, amino acid homology is highly 
conserved in the transmembrane repeats SI to S6 but the cytoplasmic connecting 
loops are less well conserved except for a short region between repeats III and 
IV(8,9). 

By applying a coordinated experimental approach including polypeptide 
specific antibodies, site-directed mutagenesis, and consensus sequence 
deterrninations, specific structural components of the sodium channel have been 
identified as essential to specific channel functions. A number of these components 
are of importance to our current investigations into the molecular basis of 
insecticide toxicity at the sodium channel. 

One, it is now widely held that the voltage sensor which provides the 
positive gating charges necessary for voltage-dependent activation is associated 
with specific repeated motifs of positively-charged amino acids (e.g., arginine) 
followed by two hydrophobic residues within qach of the S4 transmembrane 
segments (16-20). 

Two, the fast gating aspect of inactivation appears to be highly dependent 
on a presence of three contiguous hydrophobic amino acid residues (i.e., isoleucine-
1488, phenylalanine-1489, and memionine-1490) that occur within the cytoplasmic 
linker between homologous repeats III-IV. The phenylalinine-1489 residue appears 
the most critical and the hydrophobic cluster of the surrounding 10 amino acids 
probably functions in large part as the inactivation gate for the sodium channel in a 
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6 MOLECULAR ACTION OF INSECTICIDES ON ION CHANNELS 

01 a 

FIGURE 1. Primary structures of the a and p i subunits of the sodium 
channel illustrated as transmembrane folding diagrams. The bold line 
represents the polypeptide chains of the a and p i subunits with the length of 
each segment approximately proportional to its true length in the rat brain 
sodium channel. Cylinders represent probable transmembrane a-helices. 
Other probable membrane-associated segments are drawn as loops in 
extended conformation like the remainder of the sequence. Sites of 
experimentally demonstrated glycosylation Q¥), cAMP-dependent 
phosphorylation (P in a circle), protein kinase C phosphorylation (P in a 
diamond), amino acid residues required for tetrodotoxin binding (small 
circles with +, -, or open fields depict positively charged, negatively charged, 
or neutral residues, respectively), and amino acid residues that form the 
inactivation particle (h in a circle). (Reproduced with permission from ref. 8. 
Copyright 1993 Annals of New York Acad, of Sci.). 
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1. CLARK Ion-Channel Diversity 7 

manner similar to the "hinged lids" associated with many allosteric enzymes 
(8,9,21). 

Three, the tetrodotoxin/saxitoxin receptor site of the a subunit of the rat 
brain sodium channel II has been localized to a set of two clusters of primarily 
negatively-charged residues (D384, E942, K1422, A1714 and E387, E945, M1425, 
D1717, respectively). A l l these amino acids exist as paired residues, one from each 
cluster (e.g., D384 and E384, etc.), and are associated with the short segment SS2 
region between the S5 and S6 hydrophobic segments in each of the four repeating 
domains I-IV (6,8,9). Mutations of these residues that result in a net decrease in 
negative charge drastically reduce single channel conductance and overall toxin 
sensitivity. Thus, it seems likely that these negatively-charged residues in 
analogous locations in each repeating domain form a ring-like structure that serves 
as the tetrodotoxin/saxitoxin binding site at the extracellular surface of the 
transmembrane sodium pore (6,8,9). 

Four, at least five distinct sites on the a subunit are phosphorylated by 
cAMP-dependent protein kinase. The phosphorylations all occur on residues 
associated with the large cytoplasmic loop connecting homologous domain I and II 
and all cAMP-dependent phosphorylations result in a reduced sodium ion flux 
(6,8,9). 

Five, a subunits also are phosphorylated by protein kinase C which results 
in a slowing of sodium inactivation and in a reduced peak sodium current. 
Apparently, phosphorylation by protein kinase C results in the phosphorylation of 
serine-1506 which occurs in the intracellular loop between domains III and IV. 
Because of its close proximity to the inactivation gate, this phosphorylation process 
likely results in a direct effect on the inactivation gate itself (6,8,9). 

Voltage-Sensitive Calcium Channels. Voltage-sensitive (or voltage-gated) calcium 
channels are transmembrane proteins that allow Ca^+ influx to occur when the 
open configuration is produced during a depolarisation signal (7,22). By allowing 
Ca2+ flux, calcium channels play pivotal roles in the regulation of a vast array of 
cellular processes, including axonal growth, enzyme modulation, membrane 
excitability, muscle contraction, and neurotransmitter release (23). Their existence 
and most early research involved excitable cells such as neuron, muscle and heart. 
However, voltage-sensitive calcium channels now have been found in most cell 
types. Recently, it has become apparent that many cell types not only have voltage-
sensitive calcium channels but most cell membranes have several types of calcium 
channels associated with them (23). 

At least four separate types of voltage-sensitive calcium channels have been 
classified based on the electrophysiological and pharmacological properties of each. 
These four classes have been designated as L- , N - , P-, and T-type calcium channels 
(Table I). Examples of each of these physiological classes have been described in a 
variety of cell types and all are expressed in neurons. 

L-type voltage-sensitive calcium channels. L-type calcium channels are 
associated with practically all excitable tissues, are found in many nonexcitable 
cells, and are the most abundant calcium channel in muscle. L-type channels are 
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TABLE I. 

MOLECULAR ACTION OF INSECTICIDES ON ION CHANNELS 

Functional Properties of Voltage-Sensitive Calcium Channels 

Type L N P T 

Function 

Activation 
Range 

High voltage High voltage High voltage Low voltage 

Single-Channel 
Kinetics 

Hardly any 
inactivation 

Long burst, 
inactivation 

Long burst, 
inactivation 

Late opening, 
brief burst, 
inactivation 

Physiology Excitation contraction-, 
excitation secretion -
coupling in endocrine 

cells and some 
neurons 

Triggers 
neurotrans

mitter release 

Triggers 
neurotransmitter 

release, Ca 2 + 

spike in some 
neurons, induces 

long-term 
depression 

Pacemaker 
activity and 

repetitive firing 
in heart and 

neurons 

Cd 2 + Block Yes Yes (?) No 

Co2+Block No No (?) Yes 

Ni2+Block No No (No) Yes 

Dihydropyridin 
e(DHP) Block 

Yes No No No 

co-conotoxin 
(©-CgTx) 

Block 

No Yes No No 

©-agatoxin-
IVA 

(co-AgalIVA) 
Block 

No No Yes No 

Funnel-web 
spider toxin 

No No Yes No 

Octanol Block No No No Yes 

SOURCE: Adapted from ref. 24. 
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distinguished from the other classes by being sensitive to 1,4-dihydropyridine 
antagonists (DHP-sensitive), eliciting high voltage activation, and having a single-
channel conductance of 22-27 pS (24). L-type channels are sensitive to Cd 2 + block 
at low concentrations but are less sensitive to C o ^ + , N i 2 + , and omega-conotoxin 
GVIA (©-CgTx) block (24, Table I) . 

Calcium ion flux via L-type channels results in long-lasting calcium 
currents that inactivate only relatively slowly and then only i f Ca^+ is not the 
charge carrier. These currents activate excitation-contraction coupling in heart, 
skeletal and smooth muscle, and result in hormone and /or neurotransmitter release 
from endocrine cells and from some neurons (8,24). 

The most common conformation for the skeletal muscle L-type calcium 
channel is a complex of five separate subunits; a l (165-190 kDa), cc2 (143 kDa), P 
(55 kDa), y (30 kD), and 8 (24-27 kDa) (8). The DHP-sensitive L-type channels of 
brain are similar to skeletal muscle channels and are comprised of multisubunit 
complexes of analogous ccl, a28, and p subunits (8, Figure 2). Interestingly, the a l 
subunit of L-type channels has a high level of homology to the a subunit of the 
voltage-sensitive sodium channel (24). When expressed in Xenopus oocytes or 
mammalian cells, the a l subunit can function alone as a voltage-sensitive calcium 
channel. The cDNA sequence of the a 1 subunit encodes a protein of 1,873 amino 
acids and its hydropathy profile suggests that this subunit consists of four repeating 
homologous transmembrane domains (24). Each repeating domain has one positive 
charged segment, S4, that is widely believed to be the voltage sensing region and 
five hydrophobic segments,Sl, S2. S3, S5, and S6). As discussed below for the 
sodium channel, the glutamic acid residues in the SS1-SS2 region, that are likely 
responsible for the ion selectivity of calcium channels, are conserved in all a 1 
subunits to date (8,24). The a l subunit also contains the pharmacologically-
relevant DHP and phenylalkylamine receptors. The phenylalkylamine receptor, an 
intracellular pore blocker of calcium channels, is associated with residues on the 
cytoplasmic side of the hydrophobic segment IVS6 (24). 

The DHP-sensitive L-type channels are modulated by similar mechanisms 
as are voltage-sensitive sodium channels including cAMP-dependent kinases 
(8,23,24), Ca2+/calmodulin-dependent kinases (23), protein kinase C (8), GTP-
binding proteins (23), and inositol polyphosphates (23). Given such overall 
similarities, it is most intriguing that recent mutagenesis experiments have 
established that mutation of lysine-1422 and alanine-1714 to negatively-charged 
glutamic acid residues results in an alteration in the ion selectivity of the sodium 
channel from Na+-selective to Ca2 +-selective (8,24). 

Molecular biological approaches have established that at least six distinct 
genes encode a l subunits (Table II): rabbit skeletal muscle DHP-sensitive calcium 
channel (Class Sk); rabbit cardiac muscle DHP-sensitive calcium channel (Class 
C); rat brain D class or neuroendrocrine-type DHP-sensitive calcium channels from 
brain, human neuroblastoma IMR32 cells, pancreatic islet cells, hamster pancreatic 
B-cells, and ovarian cells (Class BIV); rat brain A class calcium channels that are 
widely distributed in the brain but most abundant in the cerebellum, Purkinje cells, 
and granule cells (Class BI); rat brain E class calcium channels that have a different 
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10 MOLECULAR ACTION OF INSECTICIDES ON ION CHANNELS 

|W 
V.C02* • H 3 N J 

FIGURE 2. Subunit structure of skeletal muscle calcium channels. 
Transmembrane folding models of the calcium channel subunits derived from 
primary structure determination and analysis. Cylinders represent predicted 
a-helical segments in the transmembrane regions of the a l , a28, and y 
subunits and in the peripherally associated P subunit. The transmembrane 
folding patterns are derived only from hydropathy analysis for a28 and y and 
from a combination of hydropathy analysis and analogy with the current 
models for the structures of sodium and potassium channels for a l . The 
transmembrane arrangement of a28 is not well-defined by hydropathy 
analysis and the indicated structure should be taken as tentative. 
(Reproduced with permission from ref. 8. Copyright 1993 Annals of New 
York Acad, of Sci.) 
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TABLE II. Molecular Classification of Voltage-Sensitive Calcium Channels 

Numa Snutch Perez-Reyes Primary Tissue Functional 
Class Class Class Location Class 

Sk — 1 skeletal muscle L type 

C C 1 heart, smooth muscle L type 

BIV D 3 brain pancreas L type 

BI A 4 brain Ptype 

BII E — brain ? 

Bill B 5 brain N type 

SOURCE: Reprinted with permission from ref. 24. Copyright 1993.  J
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12 MOLECULAR ACTION OF INSECTICIDES ON ION CHANNELS 

distribution than the BI type being most abundant in cerebral cortex, hippocampus, 
and corpus striatum (Class BII); and rat brain B class co-CgTx-sensitive calcium 
channels from cerebral cortex, hippocampus, corpus striatum, midbrain, and 
cerebellum (Class Bi l l ) . Of these six calcium channel isoforms, Class Sk, C, and 
BIV types represent L-type calcium channels (Table II). 

N-type voltage-sensitive calcium channels. N-type calcium channels are 
largely restricted to neurons and may exist only in neurons (8,23,24). They are 
pharmacologically distinct from L-type calcium channels due to their lack of DHP-
sensitivity and being specifically blocked by the peptide neurotoxin, omega-
conotoxin GVIA (©-CgTx). Like L-type channels, N-type channels are blocked by 
low concentrations of Cd 2+ but are resistant to Co^+ and N i 2 + . Also, N-type 
channels are high voltage-activated channels similar to L-type channels but have a 
single channel conductance of 11-15 pS and undergo inactivation much more 
rapidly than do L-type channels (Table I). 

It is widely held that N-type calcium channels are critical in providing the 
Ca 2 4 " which triggers neurotransmitter release at presynaptic nerve terminals (23). 
The presence of N-type channels at high density in the synaptolemma membrane 
and the inhibition of omega neurotransmitter release by ©-CgTx supports this 
contention (24). Additionally, N-type channels are also believed to function in 
some aspects in the directed migration of immature neurons (24). 

The N-type ©-CgTx-sensitive calcium channel has been purified from rat 
brain and consists of a l , a28, and p subunits that are analogous to those of the 
neuronal L-type channels. These subunit proteins are likewise phosphorylated by 
cAMP-dependent kinases and protein kinase C and result in the modulation of 
Ca2+ flux (23). The most striking modulation of N-type channels is their 
interaction with neurotransmitters (e.g., noradrenaline, acetylcholine, G A B A , 
serotonin, etc.) and neuropeptides (e.g., opioids) (23). Interestingly, in all cases 
where neurotransmitters have resulted in the inhibition of N-type channels (i.e., 
down regulation), GTP-binding proteins have been involved, in particular the G 0 

type (23,24). 
The gene encoding N-type ©-CgTx-sensitive calcium channels (Class B i l l 

or class rbB, Table II) has been cloned from rat brain and human neuroblastoma 
IMR32 cells (8,24). This gene encodes an a l subunit 2,336 amino acids. Two 
isoforms were identified by differences in their carboxy-terminal (C-tenninal) 
sequences which probably were the result of alternative RNA splicing. Polyclonal 
antiserum generated against a peptide from a unique sequence of the Class B i l l 
gene immunoprecipitated high-affmity co-CgTx binding sites associated with N -
type channels isolated from brain membranes. When expressed in mammalian cells, 
the resulting a l subunit functions as a voltage-sensitive co-CgTx-sensitive N-type 
calcium channel. Additionally, a northern blot analysis using a Class B i l l cDNA 
probe resulted in cross-hybridization only with a specific 9,500 nucleotide-long 
species of mRNA isolated from brain tissue. The mRNAs from other non-neural 
tissues did not cross hybridize. 

P-type voltage-sensitive calcium channels. P-type calcium channels were 
first identified in Purkinje cells and have now been found in various types of 
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neuronal cells (24). P-type channels are high voltage-activated calcium channels 
with single-channel conductance of 16 pS that are insensitive to Ni2+, DHP 
antagonists (i.e., nifedipine), and ©-CgTx blockage (Table I). They are, however, 
selectively blocked by funnel-web spider toxin (FTX), cD-agatoxin-IVA (©-
AgalVA), and low concentrations of C d 2 + (e.g., 50% block at 0.5|uM). P-type 
channels function in the Ca 2+ spike generation in some neurons, have been shown 
to be involved in neurotransmitter release, and are critically involved in the 
induction of long-term depression (23,24). 

The gene encoding P-type calcium channels (Class BI or class A , Table II) 
has been cloned and consists of at least two isoforms (BI-1 and BI-2) which 
apparently have arisen due to alternative RNA splicing (24). Most sequence 
variation occurs in the cytoplasmic loop between domains II-III, in the 
transmembrane segment IVS6, and in the C-terminal region. Both isoforms, BI-1 
and BI-2, have been expressed in oocytes and result in single-channel kinetics and 
pharmacology representative of a P-type calcium channel (24). 

T-type voltage-sensitive calcium channels. T-type calcium channels were 
originally identified in vertebrate sensory neurons but have now been recognized in 
a number of excitable and nonexcitable cells from a variety of organisms (8,23,24). 
They have been referred to in earlier literature by a number of alternative names 
including; low threshold activated, \fast, and slowly deactivating channels (23). 

T-type channels are low voltage-activated calcium channels with single 
channel conductance of 8-10 pS and show steady inactivation even for small 
depolarization (Table I). They are insensitive to DHP antagonists, ©-CgTx, and 
Cd^+ but sensitive to N i 2 + , C o ^ + , octanol, arnirolide, and tetramethrin (23) . 
However, none of these ligands which the T-type channels are sensitive to are 
particularly specific. The lack of specific ligands has hindered studies on the 
biochemical and molecular composition of these calcium channels. Nonetheless, 
they appear to be separate molecular entities due to unique single-channel kinetics, 
their Ni^+ sensitivity, their selective inhibition during oncogene transformations 
that leave L-type channels unperturbed, and their relatively unique functional role 
in repetitive firing and pacemaker activity in neurons and heart (23). 

T-type calcium channels have not been shown to be modulated by cAMP-
dependent kinases and there are conflicting reports of modulation by angiotensin II 
(23). Recently, however, an inhibitory action by a diacylglycerol analog has been 
reported, possibly implicating an involvement of protein kinase C (23). 

Ligand-Gated Receptors / Ion Channels. Given the enormous amount of 
information available on this subject, the discussion of ligand-gated receptors/ion 
channels will be limited to those receptors/ion channels that have been implicated 
as possible sites of insecticidal action. These are as follows; the GABA^-gated 
chloride channel, the glycine-gated chloride channel, the glutamate-gated cationic 
channel, the glutamate-gated chloride channel, and the Bacillus thuringiensis (Bt) 
toxin-induced cation-specific channel. 

GABAj\- and glycine-gated chloride channels. Garnma-aminobutyric acid 
(GABA) and glycine are major neurotransmitters in the nervous systems of both 
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14 MOLECULAR ACTION OF INSECTICIDES ON ION CHANNELS 

vertebrates and invertebrates (25). Both neurotransmitters mediate synaptic 
inhibition by opposing excitatory inputs into postsynaptic membranes. This is 
accomplished by the binding of each neurotransmitter ligand to its specific 
postsynaptic receptor (GABA^-receptor or glycine receptor, respectively,) which 
activates chloride ion (CO"selective channels. The increased permeability to CI" 
shifts the postsynaptic potential towards Eq\, the equilibrium potential for chloride. 
Because in most cells the E ^ l is close to the resting membrane potential, the 
increase in CI" flux results in membrane hyperpolarization. Thus, chloride channels 
stabilize the membrane potential by opposing deviations from rest (26). 

In vertebrates, GABA^-gated chloride channels are widely distributed in 
the brain and central nervous system whereas the glycine-gated chloride channels 
are primarily restricted to the brain stem and spinal cord (27). The two receptors are 
usually separated by the selective sensitivities to bicuculline (i.e., GABA^-receptor 
inhibition) and strychnine (i.e., glycine-receptor inhibition) (27). Additionally, 
these receptors have been implicated as sites of action to a wide variety of 
pharmaceuticals, toxicants, and insecticides (27-29). Specifically, the vertebrate 
GABA^-gated chloride channel has at least five types of binding sites: 1) G A B A 
binding site (including binding of agonists such as muscimol and antagonists such 
as bicuculline); 2) the benzodiazepine binding site (including diazepam and 
flunitrazepam); 3) the convulsant binding site (including picrotoxins, PTX, and t-
butylbicyclophosphorothionates,TBPS) within the CI" ionophore, itself, 4) the 
depressant site (including the CNS-depressant barbiturates and barbiturate-acting 
steroids); 5) externally-facing anionic binding sites for CI" ions (30). It is 
particularly mtriguing that each of these types of ligand binding sites interact 
allosterically with one or more of the other sites. This results in extremely complex 
pharmaco- and toxicodynamics that may be due to the structural diversity of these 
receptor/ion channel complexes as evidenced in their heteromultimeric structure 
and variable subunit make-up (27). 

Using molecular biological approaches, it is now apparent that the genes 
encoding the G A B A ^ - and glycine-gated chloride channel comprise a family of 
homologous ligand-gated chloride channel genes that is part of a larger superfamily 
of ligand-gated ion channel genes. Molecular cloning and expression techniques 
have identified five classes of GABA^-receptor subunits (a, P, y, 8, and p) 
associated with vertebrate GABA-gated chloride channels and two classes of 
glycine-receptor subunits (a and P) associated with the glycine-gated chloride 
channel (28). In the case of the GABA^-receptor, (Figure 3) multiple subunit 
isoforms have been determined for some of these classes including six a subunits 
(al-a6); four p subunits (P1-P4); three y subunits (yl-y3); a 8 subunit, and p i 
subunit that may substitute for an a subunit in the retina. Isoforms of the same class 
of subunits have a high level of amino acid homology (60-80%) and lower levels of 
homology between classes (20-40%) (28). Apparently, each subunit isoform is 
encoded by a separate gene, resulting in more than 15-20 separate genes being 
characterized as members of this ligand-gated chloride ion channel gene family. 
Given the multiplicity of various classes of subunits and subunit isoforms within 
each class, it is finally becoming evident how a single inhibitory neurotransmitter 
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a 

FIGURE 3. A schematic model for the topology of the G A B A A receptor in 
the membrane. Four membrane-spanning ex-helices in each subunit are 
shown as cylinders. The structures in the extracellular domain are drawn in 
an arbitrary manner, but the presumed p-loop formed by the disulphide bond 
predicted at cysteines 139 and 153 (a-subunit numbering) is shown. 
Potential extracellular sites for N-glycosylation are indicated by triangles, and 
a possible site for cAMP-dependent serine phosphorylation, present only in 
the p subunit, is denoted by an encircled P. Those charged residues which 
are located within or close to the ends of the membrane-spanning domains are 
shown as small, charged-marked circles. It is proposed that two such 
structures are complexed in the receptor molecule so as to align the 
membrane spanning domains, only some of which will form the inner wall of 
a central ion channel. (Reproduced with permission from ref. 31. Copyright 
1987 Nature). 
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16 MOLECULAR ACTION OF INSECTICIDES ON ION CHANNELS 

such as G A B A can be so widely employed by various neuronal circuits and yield so 
varied a response. 

Sequence analysis of the gene products of the ligand-gated chloride channel 
gene family has revealed a number of conserved, channel-specific, features 
(28,30,31). First, all have four regions of highest homology that make up the 
hydrophobic, transmembrane-helices, M1-M4, that function in the formation of the 
chloride ionophore (see Knipple et a/., this volume). Second, a highly conserved 
sequence of approximately 12 hydroxy-containing amino acids is observed in the 
M2 transmembrane domain and contributes to the ion selectivity of the channel. 
Third, a relatively high degree of homology is associated with the amino terminal 
(N-terminal) extracellular domain, particularly the 15-residue "cysteine loop". 
Forth, two homologous segments of the extracellular loop exist between the 
cysteine loop and the M l transmembrane domain and are implicated as functioning 
in the formation of neurotransrnitter-binding site. 

Vertebrate GABA A -and glycine-gated chloride channels have been 
determined to be heteromultimeric complexes and probably exist as pentameric 
arrangements of glycoprotein subunits (27,28,30). Using protein purification and 
photoaffinity labelling techniques, a 53 kDa a subunit and a 57 kDa P subunit has 
been identified (28). [3H]flunitrazepam binding to the a subunit has indicated that 
the a subunit serves as the benzodiazepine binding site whereas [^H]muscimol 
binding to the P subunit suggests that this subunit serves as the agonist binding site 
(28). 

Glutamate-gated channels. Glutamate receptor-gated ion channels function 
in several important roles in signal transmission at excitatory synapses in the 
central nervous systems of vertebrates (32). They also are found in the central 
nervous systems of invertebrates where they are involved in inhibitory as well as 
excitatory synaptic transmissions (32). Indeed, the best pharmacologically and 
physiologically characterized glutamate receptor-gated ion channels are those 
present postjunctionally at excitatory junctions on arthropod skeletal and visceral 
muscles (33). 

In vertebrates, glutamate is a major excitatory neurotransmitter and besides 
functioning in synaptic transmission, it is also involved in the modification of 
synaptic connections during development, and in the modulation of transmission 
efficacy during plastic changes in the adult brain (34). In such roles, glutamate 
receptors are believed to be involved in many higher brain functions such as 
learning and memory. Additionally, overreaction of glutamate receptors results in 
pathological conditions such as neurodegeneration and cell death. Progressive 
neurodegenerative disorders such as Huntington's disease and Alzheimer's disease 
are believed to be the result of such overreaction (34,35). 

On vertebrate neurons, glutamate receptors gate integral cation-selective 
channels and are categorized into two distinct groups, the ionotropic glutamate 
receptors and the metabotropic glutamate receptors. The ionotropic receptors can be 
further divided into pharmacologically distinct quisqualate-sensitive receptors, N -
methyl-D-aspartate (NMDA)-sensitive receptors, and S-a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionate (AMPA)/kainate-sensitive receptors. The 
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metabotrophic receptors modulate intracellular second messengers via GTP-binding 
proteins (34,35). 

The NMDA-sensitive glutamate receptor functions in long-term 
potentiation, a long-lasting and activity-dependent enhancement of neural 
transmission that is believed to be critical in the processes of memory and learning 
(35). Additionally, this receptor is involved in neurodegeneration and cell death 
under pathological conditions such as epilepsy and cerebral ischemia (35). The 
AMPA/kainate-sensitive glutamate receptors are most likely involved in nerve 
rectification and Ca 2+ permeability (34). 

Molecular cloning and expression experiments have established that the 
NMDA-sensitive glutamate receptors are assembled from NMDAR1 and 
NMDAR2A-NMDAR2D subunits in mosaics of heteromeric channels (35). A l l 
N M D A subunit types are believed to possess four transmembrane segments and 
belong to the ligand-gated ion channel gene family. The NMDAR1 subunit is a 
single protein of approximately 940 amino acids, has seven major isoforms, and 
forms a functional channel as a homomeric complex. However, the N M D A R 2 A - D 
subunits are involved in enhancement of the glutamate response and controls 
functional variability by forming heteromeric native channel complexes (35). 

The AMPA/kainate-sensitive glutamate receptors are assembled from four 
subunits, GluR-1 to GluR-4 (or GluR-A to GluR-D) and, similar to the N M D A -
type receptors, are believed to form mosaics of heteromeric channels (34). In 
heteromeric combinations, the GluR-2 (or -B) subunit dominates the steady-state 
current-voltage relationship and channel permeability to Ca2+ (34). 

Pharmacologically and electrophysiologically distinct groups of glutamate-
gated receptors/ion channels have also been identified on arthropod muscle (33,36). 
At the excitatory neuromuscular junctions on locust extensor tibiae muscle bundles, 
depolarising glutamate receptors gate a mixture of cation-selective channels that are 
either quisqualate-sensitive, ibotenate-sensitive, or aspartate-sensitive (33). At this 
site, the quisqulate-sensitive glutamate receptor predominates. Glutamate receptors 
are also distributed across the extrajunctional sarcolemma of this muscle bundle 
and are comprised of two distinct types. The D-type glutamate receptor which is 
quisqulate-sensitive and gates depolarising cation-selective channels and the H-type 
which is ibotenate-sensitive and gates hyperpolarising chloride channels (33,37). 

Bt toxin-induced cation-specific channels. Bacillus thuringiensis {Bt) is a 
gram-positive, entomopathogenic bacterium that forms a proteinaceous parasporal 
crystalline inclusion during sporulation (38). The proteins that make up the 
crystalline inclusion are solubilized in the insect midgut upon ingestion. These 
protoxins are called 8-endotoxins and range in molecular weight from 140 to 27 
kDa. They are activated to the ultimate toxic configuration by midgut proteases and 
pH by specific C-tenninal proteolytic cleavages, releasing a toxic fragment 
encompassing the N-terminal domain of the protoxin. Once activated, the toxin 
must pass the insect peritrophic membrane, interact with the larval midgut 
epithelium, cause a disruption in apical membrane integrity, and induce a leakage 
of cations (e.g., K + , etc.) and water into the midgut epithelium cells. Ultimately, the 
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insect will die from complications produced by extensive osmotic swelling and 
midgut epithelium cell lysis (39,41). 

The Bt 5-endotoxin proteins are toxic to select larval Lepidoptera, Diptera 
and Coleoptera. A variety of Bt 8-endotoxins and the genes that encode them have 
been identified. These protein toxins generally can be classified into three size 
classes; 125-138 kDa (encoded by cryl and crylVA-B genes), 65-75 kDa (encoded 
by cryll, III, and IVC-D genes) and 25-28 kDa (encoded by the cyt genes)(39). The 
cry toxin genes have high amino acid homology and are believed to share a 
common evolutionary history. Toxins encoded from cryl genes are toxic to 
lepidopterans, cryll gene products to dipterans and lepidopterans, crylll to 
coleopterans, and cryTV to dipterans. The cyt genes and their encoded protein 
products are not well related to the cry genes or their protein products and have 
been shown to be toxic only to dipterans (39,40). 

The three-dimensional structure of the toxic fragment of the Cryl l l crystal 
8-endotoxin from B. thuringiensis subsp. tenebrionis has recently been determined 
by X-ray crystallography (42). The activated toxin consists of three structural 
domains; a N-terminal hydrophobic and amphipathic domain that consists of 6-7 oc-
helices (amino acids 1-279), a middle variable region that consists of a three-sheet 
assembly (amino acids 280-460), and a conserved C-terminal domain that forms a P 
sandwich (amino acids 461-695). The first domain is apparently involved in pore 
formation with the hydrophobic and amphipathic cc-helics playing a critical role in 
forming the transmembrane spanning regions of the proposed nonselective cation-
specific channel. The three sheet second domain, particularly the region between 
amino acids 307-382, is probably responsible for glycoprotein receptor binding. 
The p sandwich third domain has been implicated in the protection of the toxic 
fragment from nonspecific degradation during proteolytic processing. 

At this time, it is widely held that Bt toxins form nonselective cation-
specific channels in the apical membranes of the epitheliar columnar cells of the 
insect midgut (41, Figure 4). Although both the Cry and Cyt toxins may share this 
pore forming process, they do so by interaction with very different cell-membrane 
"receptors". Cry toxins are believed to bind initially to glycoprotein receptors 
whereas Cyt toxins bind to 5y«2-unsaturated phospholipids (39,40). However, once 
the toxins insert, they form pores that are permeant to small cations such as K + . 
Ultimately, the leakage of cations and water will destroy the basal-side to apical-
side transepithelial potential difference which in turn disrupts pH regulation and 
nutrient uptake. These physiological events culminate in the cytolysis of midgut 
epithelium cells and cause the death of the insect (41). 

Conclusions 

This book presents a summary of our current state of knowledge concerning the 
molecular action of insecticides on ion channels. The information has been 
presented in three separate sections: 1) action of insecticides on voltage-gated 
channels; 2) action of insecticides on ligand-gated channels and 3) action of 
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FIGURE 4. Proposed model for the formation of the Bt toxin-induced pores. 
(A) Putative mechanism by which the Cry toxins form a pore. 1. The cell 
membrane-binding domain of the toxin binds to a high affinity receptor on 
the apical membrane of the insect midgut columnar cells. The carbohydrate 
moiety of the receptor may not be involved in binding toxin, as e.g. in H. 
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FIGURE 4. Continued. 
virescens. 2. The toxic domain of the toxin inserts into the cell membrane 
after a change in toxin conformation. 3. Oligomerization of toxin molecules 
in the cell membrane, resulting in the formation of a pore, which leads to 
osmotic imbalance resulting from the influx of water and actions (M + ) or 
other small molecules. 4. Cross-section of the resulting pore; each circle 
represents one toxin molecule. (B) Putative mechanism for pore formation 
by Cyt toxins. 1. The C-terrninal hydrophobic region of the Cyt toxin inserts 
into the cell membrane following hydrophobic interactions between the toxin 
and the membrane phospholipids. 2. Following this initial binding, 
aggregation of the Cyt toxin molecules occurs in the cell membrane, resulting 
in the formation of a pore. Cell lysis occurs because of osmotic imbalance 
resulting from the influx of water and actions (M + ) and other small 
molecules. 3. Cross-section of the Cyt toxin pore; each circle represents 2-3 
molecules of toxin with 12-18 toxin molecules per pore. Whether the Cry 
and Cyt toxin pores are formed from the a-helices or P-sheets is not known, 
although a-helices are depicted in the formation of pores in both A and B. 
(Reproduced with permission from ref. 39. Copyright 1992 Annu. Rev. 
Entomol.) 

biopesticide-induced channels. In each section, a variety of channels and affects 
are examined from both an industrial and an academic point of view. 

The overwhelrning consensus of this group of scientists was that in their 
endeavors to determine the molecular site of insecticide action, a wealth of 
information has been made available concerning their particular ion channel gene 
and encoded protein. Certainly, as more ion channel sequence is determined and 
analyzed, additional channel binding motifs will be recognized and utilized in the 
development of new and novel insecticidal compounds. In cases where insecticide 
resistant genes have already been selected, information is already available on the 
mutational basis of resistance and schemes have been designed to use this 
information in genetically-based resistance management strategies. 

Finally, these systems will very likely provide fundamental information on 
how these insecticide receptor genes are regulated. The roles of alternative R N A 
splicing, post-transcriptional and -translational processes, etc., in the selection of 
receptor subunit isoforms are just beginning to be understood. Such mechanistic 
insights will surely provide a vast variety of selective means to effectively manage 
pest insects in the future. 
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Chapter 2 

Sodium Channels and y-Aminobutyric Acid 
Activated Channels as Target Sites 

of Insecticides 

T. Narahashi, J . M . Frey1, K. S. Ginsburg2, K. Nagata, M . L. Roy3, and 
H. Tatebayashi 

Department of Molecular Pharmacology and Biological Chemistry, 
Northwestern University Medical School, Chicago, IL 60611 

It is now well established that the voltage-activated sodium channels 
and the GABA-activated chloride channels are the major target sites of 
certain insecticides. Pyrethroids prolong the sodium current as a result 
of the increase in open time of individual sodium channels thereby 
causing hyperexcitation in both mammals and invertebrates. 
Tetrodotoxin-sensitive (TTX-S) and tetrodotoxin-resistant (TTX-R) 
sodium channels of rat dorsal root ganglion neurons exhibited 
differential sensitivity to the pyrethroids, the former which is abundant 
in the brain, being much less sensitive than the latter and invertebrate 
sodium channels. The effects of pyrethroids on both types of the 
mammalian sodium channels were more easily reversed after washing 
than those on invertebrate sodium channels. These two factors, 
together with the negative temperature dependence of pyrethroid actions 
on the nervous system, the positive temperature dependence of 
pyrethroid metabolism, and the difference in body size, are deemed 
responsible for the selective toxicity to pyrethroids between mammals 
and insects. Lindane and dieldrin suppressed the activity of the G A B A 
-activated chloride channels thereby causing hyperexcitation in animals. 
However, the dieldrin action was more complex, including a reversible, 
fast stimulating action and an irreversible, slow suppressive action. 
These two actions required different subunit combinations of the G A B A 
receptor-channel complex. By contrast, δ-HCH enhanced the G A B A 
-induced current in keeping with its depressant action on animals. 

1Current address: Department of Psychiatry, Johns Hopkins University Medical School, 
5510 Nathan Shock Drive, Baltimore, MD 21224 

2Current address: Department of Physiology, Loyola University Medical School, 
2160 South First Avenue, Maywood, IL 60153 

3Current address: Department of Neurology, Yale University School of Medicine, 
New Haven, CT 06510 
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Certain types of neuronal ion channels have been demonstrated to be the major 
target sites of insecticides. For example, pyrethroids and DDT modify the gating 
mechanisms of sodium channels resulting in their prolonged openings which in turn 
cause hyperactivity of the nervous system (1-6). The cyclodiene insecticides and 
lindane suppress the activity of the G A B A A receptor-chloride channel complex 
thereby causing hyperactivity of animals (7,8). However, other types of ion 
channels, including potassium channels, calcium channels, acetylcholine-activated 
channels and glutamate-activated channels, have not been thoroughly documented 
to be the major targets of any insecticides (2). The present paper gives recent 
developments in our studies of modulation of sodium channels and GABA-activated 
channels by the pyrethroid insecticides and dieldrin and lindane insecticides, 
respectively. 

Pyrethroid Modulation of Sodium Channels 

The symptoms of pyrethroid poisoning in animals are characterized by various 
forms of hyperexcitation and are ascribed to repetitive discharges of the nervous 
system. Pyrethroids can be classified into type I and type II based on the absence 
and presence, respectively, of a cyano group at the a position (1). Although the 
symptoms in animals caused by intoxication with type I and type II pyrethroids are 
different somewhat, the basic mechanisms of action at the cellular and channel level 
are the same. In this paper, the experimental results with type I pyrethroids are 
described. 

When tetramethrin or allethrin is applied at a low concentration to an isolated 
giant nerve fiber of the squid or crayfish, the action potential is not affected but the 
depolarizing after-potential is increased and prolonged, eventually reaching the 
threshold for initiation of repetitive action potentials. The next question is how the 
depolarizing after-potential is increased. This question can be answered by voltage 
clamp experiments which allow us to measure the sodium and potassium channel 
activities that underlie the generation of action potentials. At low concentrations of 
pyrethroids, the sodium current is greatly prolonged while the potassium current is 
not substantially changed. These ionic currents represent an algebraic sum of 
currents flowing through a large number of ion channels. Patch clamp experiments 
to record single sodium channel currents have indeed demonstrated that individual 
sodium channels are modified to remain open for long periods of time. Thus it has 
been clearly demonstrated that pyrethroids cause hyperactivity of the nervous system 
by modulating the gating kinetics of individual sodium channels (1-3). 

Tetrodotoxin-sensitive and Tetrodotoxin-resistant Sodium Channels. Dorsal root 
ganglion (DRG) neurons of rats are endowed with two types of sodium channels, 
tetrodotoxin-sensitive (TTX-S) and tetrodotoxin-resistant (TTX-R) sodium channels 
(9-12). In addition to a large difference in T T X sensitivity which amounts to I n 
fold, there are differences in voltage dependence and kinetics between them. T T X -
R sodium channel currents are much slower in time course than TTX-S sodium 
channel currents. TTX-R channels are activated and inactivated at less negative 
membrane potentials than TTX-S channels. There also are pharmacological and 
toxicological differences. TTX-R channels are less sensitive than TTX-S channels 
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to the blocking action of lidocaine, but are more sensitive than TTX-S channels to 
the blocking action of lead and cadmium (12). 

Differential Actions of Pyrethroids on TTX-S and TTX-R Sodium Channels. 
TTX-S and TTX-R sodium channels responded differently to the action of allethrin 
and tetramethrin (13,14) (Fig. 1). The purified isomers, 1R, 3R, 35 (+)-trans 
allethrin and (+)-trans tetramethrin, were used. The data shown in Figures 1-5 
were obtained at room temperature (21-23°C). In the presence of 1 ptM 
tetramethrin, the peak current of TTX-S sodium channels was not much affected 
while the slow component of current during step depolarization was increased 
slightly (Fig. 1A). Upon step repolarization, there appeared a slowly rising and 
slowly decaying tail current in tetramethrin (Fig. 1 A). In TTX-R sodium channels, 
the peak and slow currents were increased by tetramethrin, and step repolarization 
generated a large instantaneous tail current which decayed slowly (Fig. IB). 

The slowly rising and slowly decaying (hooked) tail current in tetramethrin-
treated TTX-S sodium channels resembles that observed in frog myelinated nerve 
fibers (15). They interpreted the hooked tail current as being due to the activation 
(m) gate being stuck at the open position. When the membrane is suddenly 
repolarized, the inactivation (h) gate that has been almost unimpaired by pyrethroids 
and closed during step depolarization slowly opens, generating the rising phase of 
the hooked tail current. Meanwhile, the activation gate slowly closes at large 
negative potential causing the tail current to decrease. The slowing of opening and 
closing kinetics of both activation and inactivation gates was indeed demonstrated 
by single-channel experiments with neuroblastoma cells (16). 

The behavior of TTX-R sodium channels in response to tetramethrin is similar 
to that of sodium channels of squid and crayfish giant axons which are highly 
sensitive to T T X (17,18). The sodium channel inactivation mechanism is partially 
inhibited and slowed, and the sodium channel activation kinetics are also slowed. 
Thus the peak sodium current is increased and the slow phase of sodium current 
during step depolarization is increased as a result of impairment of the sodium 
channel inactivation. Due to the large amplitude of slow current, a large 
instantaneous tail current appears upon repolarization and decays slowly, due to 
slowing of the sodium channel activation kinetics. 

In the presence of tetramethrin, although both TTX-S and TTX-R sodium 
channels opened at potentials more negative than the respective control, tetramethrin 
was less efficacious in the former channel (14) (Fig. 2). This change, together with 
prolonged openings of single-channels, explains the membrane depolarization in the 
pyrethroid-exposed preparations. Fenvalerate, a type II pyrethroid, also causes a 
shift of activation voltage in the hyperpolarizing direction (19). 

In contrast to the differential actions of tetramethrin and allethrin on TTX-S and 
TTX-R sodium channels as described above, the voltage dependence of the steady-
state sodium channel inactivation was affected equally in both types of sodium 
channels (Fig. 3). It should be noted that the inactivation kinetics were slowed to 
a lesser extent in TTX-S channels than in TTX-R channels by the action of 
tetramethrin (Fig. 1). Thus despite the various differences in the tetramethrin on 
TTX-S and TTX-R sodium channels, there is a common denominator between the 
two types of channels with respect to the action of tetramethrin in shifting the 
steady-state sodium channel inactivation curve. 
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B 

4nA 

10 msec 

Fig. 1. Effects of tetramethrin on TTX-S sodium current (A) and TTX-R 
sodium current (B) in rat dorsal root ganglion neurons. A step depolarization 
to 0 mV was applied from a holding potential of -110 mV (A) or -90 mV (B) 
in control and in the presence of 1 j*M tetramethrin (Reproduced with 
permission from ref. 14. Copyright 1994 by the American Society for 
Pharmacology and Experimental Therapeutics). 
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TTX-S 

-100 -80 -60 -40 -20 0 20 40 
Vm (mV) 

TTX-R 

-100 -80 -60 -40 -20 0 20 40 
Vm (mV) 

Fig. 2. Conductance-voltage relationships for TTX-S and TTX-R sodium 
channels of rat D R G neurons before and during application of 10 /xM 
tetramethrin. Ordinate, normalized conductance; abscissa, membrane potential 
(Reproduced with permission from ref. 14. Copyright 1994 by the American 
Society for Pharmacology and Experimental Therapeutics). 
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A T T X - S 

Vh (mV) 

Fig. 3. Effects of 10 /xM tetramethrin (TM) on the steady-state inactivation 
curve for TTX-S and TTX-R sodium channels of rat D R G neurons. The 
membrane potential was held at various levels for 20 sec and then sodium 
current was evoked by a step depolarization to 0 mV. A , TTX-S sodium 
current; the peak amplitude of sodium current during a step depolarization is 
plotted as a function of the conditioning voltage. O , control; • , 10 /xM T M . 
B, TTX-R sodium current; O , control; • , 10 fiM T M ; V , washout. The curves 
were drawn according to the equation, I/Im a x = 1/{1 +exp[(Vh - V l y i)/k]}, where 
V h is the holding potential, V 1 > 4 is the potential at which sodium current is one-
half maximum, and k is the slope factor (Reproduced with permission from ref. 
14. Copyright 1994 by the American Society for Pharmacology and 
Experimental Therapeutics). 
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Difference in Pyrethroid Sensitivity of TTX-S and TTX-R Sodium Channels. 
Tetramethrin and allethrin were more potent on TTX-R sodium channels than on 
TTX-S sodium channels (13,14). Modification of the tail current kinetics was 
noticeable at a niinimum concentration of 0.1 jxM of tetramethrin in TTX-S sodium 
channels. By contrast, the minimum effect was observed in TTX-R sodium 
channels at a concentration of 0.01 /xM. In order to compare the tetramethrin 
sensitivity in a more quantitative manner, the percentages of sodium channels that 
are modified by various concentrations of tetramethrin were calculated by the 
following equation (14): 

M = [ { ^ / ( E h - E N j J / i W C E r E ^ J l X 100 (1) 

where 1 ,̂ is the tail current amplitude obtained by extrapolation of the slowly 
decaying phase of the tail current to the moment of membrane repolarization, 
assuming a single exponential decay, Eh is the potential to which the membrane was 
repolarized, E N a is the equilibrium potential for sodium ions obtained as the reversal 
potential for sodium current, and E t is the potential of step depolarization. The 
concentration-response data were fitted to the Hi l l equation (Fig. 4). 

The maximum percentages of sodium channel modification were 15 % and 85 % 
for TTX-S and TTX-R sodium channels, respectively, and the apparent dissociation 
constants of tetramethrin were 2.9 /xM and 0.44 /xM for TTX-S and TTX-R 
channels, respectively. The average percentages of sodium channel modification 
at various concentrations of tetramethrin were calculated and are given in Table I 
(14). Although the difference in the apparent dissociation constant between TTX-S 
and TTX-R sodium channels is seven-fold, the differences in the concentrations to 
modify 1 % and 10% of sodium channels are estimated to be approximately 30- and 
70-fold, respectively. 

Table I. Percentages of the Fraction of the TTX-S and TTX-R Sodium 
Channels Modified by Various Concentrations of Tetramethrin 

Modification of sodium channels (%) 

Tetramethrin {\iM) TTX-S TTX-R 

0.01 - 1.31 ± 0.28 
0.03 0 5.15 ± 0.30 
0.1 0.24 ± 0.10 15.35 ± 0.79 
0.3 1.25 ± 0.13 35.48 ± 2.70 
1 3.53 ± 0.66 57.82 ± 2.29 
3 7.70 ± 1.20 74.85 ± 1.23 

10 12.03 ± 1.89 81.20 ± 1.57 

Mean ± S .E .M. (n=4) (Reproduced with permission from ref. 14. Copyright 1994 
by the American Society for Pharmacology and Experimental Therapeutics). 
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A 

1 1 5 -

B 

TETRAMETHRIN (-log molar concentration) 

Fig. 4. Concentration-dependent effect of tetramethrin (TM) on TTX-S and 
TTX-R sodium currents in rat D R G neurons. A , TTX-S currents were evoked 
by a 5-msec step depolarization to 0 mV from a holding potential of -110 mV 
under control condition and in the presence of 0.1, 0.3, 1 and 3 fiM T M , and 
the dose-response relationship for induction of slow tail current is plotted. Each 
point indicates the mean ± S .E .M. (n=4). Data were fitted by the Hi l l 
equation. B, TTX-R currents were evoked by a 5-msec step depolarization to 
0 mV from a holding potential of -90 mV under control condition and in the 
presence of 0.01, 0.03, 0.1, 0.3, and 1 ptM T M , and the dose-response 
relationship for the induction of slow tail current is plotted. Each point 
indicates the mean ± S .E .M. (n=4). Data were fitted by the Hi l l equation 
(Reproduced with permission from ref. 14. Copyright 1994 by the American 
Society for Pharmacology and Experimental Therapeutics). 

 J
ul

y 
22

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ay

 9
, 1

99
5 

| d
oi

: 1
0.

10
21

/b
k-

19
95

-0
59

1.
ch

00
2

In Molecular Action of Insecticides on Ion Channels; Clark, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 



34 MOLECULAR ACTION OF INSECTICIDES ON ION CHANNELS 

Toxicity Amplification and Comparison of Potency. A traditional method to 
evaluate whether an in vitro effect of a test compound is relevant to the symptoms 
in whole animal or human is to compare the in vitro E C ^ with the concentration in 
the serum of animal or human exhibiting the symptoms. However, this would not 
be logical in the cases in which a threshold phenomenon is involved. We have 
previously found in squid giant axons that tetramethrin induces repetitive after-
discharges at 0.03 /xM which is much less than the high affinity component of the 
apparent dissociation constant of 0.15 /xM and at which the percentage of modified 
sodium channels is estimated to be less than 1 % (20). Thus a concentration much 
lower than the E C ^ value modifies a very small percentage of sodium channels and 
increases the depolarizing after-potential to the threshold level to initiate repetitive 
discharges. 

The calculations of the percentage of sodium channel modification by Lund and 
Narahashi (20) had several assumptions, including the single sodium channel 
conductance. The study of Tatebayashi and Narahashi (14) described in a preceding 
section has provided more accurate calculations of the percentage of sodium channel 
modification. If comparison is made of the apparent dissociation constants, the 
following potency order is obtained: squid axon sodium channels (0.15 jxM, the 
high affinity component that is crucial for initiation of repetitive discharges) > rat 
TTX-R sodium channels (0.44 /xM) > rat TTX-S sodium channels (2.9 /xM). Thus 
the potency ratio for squid: TTX-R : TTX-S is 1 : 0.34 : 0.05. If comparison is 
made of the concentrations to modify approximately 1% of sodium channels, the 
following potency order is obtained: squid (-0.01 /xM) - TTX-R (0.01 /xM) > 
TTX-S (0.3 jxM). The potency ratio is: 1 : 1 : 0.03. It can be concluded that 
TTX-S sodium channels of rat DRG neurons are much less sensitive to tetramethrin 
than either TTX-R sodium channels of rat DRG neurons or squid axon sodium 
channels. 

Two questions may be raised regarding behavior of mammalian neurons in 
response to pyrethroids. First, a question is asked how mammalian neurons in the 
brain respond to the actions of T T X and pyrethroids. Since D R G neurons are in 
the peripheral nervous system, the action of pyrethroids on them may or may not 
be relevant to the symptoms of pyrethroid poisoning in animals and humans. Our 
preliminary experiments with rat cerebellar Purkinje neurons clearly indicate that 
all of the sodium channels examined are T T X sensitive and relatively insensitive to 
tetramethrin (Song, J . -H. , Narahashi, T., unpublished observation). Their 
tetramethrin sensitivity is in the same order of magnitude as that of the TTX-S 
sodium channel of rat D R G neurons. A second question is whether mammalian 
neurons generate repetitive after-discharges when intoxicated with pyrethroids as in 
the case of squid, crayfish or insect axons. This has proven to be the case in rat 
cerebellar Purkinje neurons exposed to low concentrations of tetramethrin (Song, 
J . -H. , Narahashi, T., unpublished observation). Thus the conclusion given in the 
preceding paragraph may be generalized: the sodium channels of mammalian 
neurons are less sensitive to pyrethroids than those of invertebrate nerves. 

Reversibility. Another significant difference between rat sodium channels and 
squid or crayfish sodium channels is the rate at which pyrethroid effects are 
reversed after washing. The recovery after washing was very slow in squid and 
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crayfish axons with a time constant in the order of one hour (18,20). By contrast 
rat D R G neurons recovered much more quickly within 5-15 min after washing out 
tetramethrin (Fig. 5) (14). 

Mechanisms of Selective Toxicity between Mammals and Invertebrates. 
Pyrethroids are much more potent on insects than on mammals. At least five 
factors are deemed important in contributing the selective toxicity. First and 
possibly the most important factor is temperature dependence of pyrethroid action. 
It is well established that pyrethroids as well as DDT which mimics type I 
pyrethroids in terms of the mechanism of sodium channel modulation (21) have 
negative temperature coefficients of action (2). The temperature dependence was 
very large and the potency increased 4- to 10-fold, as temperature was lowered by 
10°C (19,22). Thus a 10°C difference in body temperature between mammals 
(37°C) and insects (27°C, ambient temperature) would cause very drastic 
differences in the potency of pyrethroids. 

A second factor is the rate of metabolism. Since pyrethroids are metabolized 
by enzymes, the rate of metabolism is expected to be 2- to 3-fold faster in mammals 
than in insects. Differences in esterase levels in insects and mammals also are 
likely an important factor. A third factor is the sensitivity of sodium channels to 
pyrethroids. As has been discussed in the present chapter, there are large 
differences between mammals and invertebrates. Although data are not very 
quantitative, the sodium channels of squid, crayfish and insect nerves are highly 
sensitive to pyrethroids. In rat DRG neurons, although TTX-R sodium channels are 
almost equally sensitive to pyrethroids to invertebrate sodium channels, TTX-S 
sodium channels are much less sensitive with a pyrethroid potency of 3-5% of the 
former two groups. In rat brain, the majority of sodium channels is T T X sensitive, 
and our preliminary experiments have shown that pyrethroids are almost equipotent 
to rat D R G TTX-S channels (Song, J.-H., Narahashi, T., unpublished observation). 

A fourth factor is reversibility of pyrethroid action. Although data are not 
quantitative, it is clear that rat D R G sodium channels recover much more quickly 
than invertebrate sodium channels after washing out pyrethroids. A fifth factor is 
the body size. Since mammals are much larger than insects, pyrethroids are likely 
to be detoxified more in mammals than in insects before reaching the target site. 
Thus when all of these factors are multiplied, the overall difference in pyrethroid 
potency between mammals and insects may amount to as much as one thousand
fold. These overall differences are in the same order of magnitude as those in 

Dieldrin and Lindane Modulation of G A B A Receptor-channel Complex 

Lindane and cyclodienes such as dieldrin were demonstrated some 40 years ago to 
stimulate the central nervous system by facilitating synaptic transmission (23,24). 
However, it was not until the early 1980s that the G A B A system was identified as 
a target site by ^ 1 uptake and [35S]TBPS binding experiments (25,26). We 
reported that lindane and cyclodiene insecticides block GABA-induced current in 
rat hippocampal neurons (7). Our recent patch clamp experiments have unveiled 
more complex actions of dieldrin and lindane on the G A B A receptor-channel 
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Fig. 5. Effects of 10 /xM tetramethrin (TM) on TTX-R sodium channel 
currents of rat D R G neurons. Currents were evoked by 40-msec 
depolarizations to various levels from a holding potential of -90 mV. Test 
potentials ranged from -90 to +60 mV in 5-mV increments and were delivered 
at a frequency of 0.1 Hz. Currents under control condition, in the presence of 
10 fiM tetramethrin, and after washing with tetramethrin-free solution are 
shown (Reproduced with permission from ref. 14. Copyright 1994 by the 
American Society for Pharmacology and Experimental Therapeutics). 
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complex (27,25). Furthermore, the roles of some of the G A B A receptor subunits 
in these actions have been identified (29). 

Dual Action of Dieldrin on G A B A System. Dieldrin has been found to exert a 
dual action on the G A B A A receptor-chloride channel complex of rat D R G neurons 
(27). When 1 /xM dieldrin was co-applied with 10 jxM G A B A , the amplitude of 
GABA-induced current was greatly augmented, reaching over 200% of control (Fig. 
6). However, repeated co-applications caused the current to decrease gradually, 
and after the 8th co-application it was reduced to a low steady state at about 50% 
of control (Fig. 6). An additional effect of dieldrin was the acceleration of current 
desensitization. This change was not merely due to the increase in current 
amplitude, as it was observed even after the current amplitude was reduced beyond 
the control level (Fig. 6A). The dose-response curves for dieldrin enhancement and 
suppression indicate E C 5 0 values of 754 nM and 92 n M , respectively (Fig. 7). It 
was noted that the enhancing action of dieldrin was reversible after washing with 
dieldrin-free solutions while the inhibitory action was not. It appears that these two 
effects of dieldrin are exerted by two different mechanisms. The inhibitory action 
which is more potent than the stimulating action is directly responsible for the 
hyperactivity produced by dieldrin in the nervous system and whole animals. The 
role of the stimulating action in symptomatology remains to be seen, and it is 
expected that this action will suppress the animal behavior. 

Binding Site of Dieldrin on G A B A System. The G A B A A receptor-chloride 
channel complex is endowed with several binding sites. These include the G A B A 
site, the benzodiazepine site, the barbiturate site, the picrotoxin site, the C u 2 + / Z n 2 + 

site and the L a 3 + site (30,31). Competition experiments were performed to 
determine the site of action of dieldrin (27). Dieldrin at 0.1 /xM suppressed the 
GABA-induced current to 45% of control, and pentobarbital at 5 /xM enhanced the 
current to 201% of control. When 0.1 /xM dieldrin was added to 5 /xM 
pentobarbital, the GABA-induced current was 102% of control, indicating 50% 
suppression of the pentobarbital-potentiated current by dieldrin. Similar results 
were obtained with chlordiazepoxide, a benzodiazepine, which also enhanced the 
current. Thus dieldrin does not bind to either the barbiturate or the benzodiazepine 
site. 

Picrotoxin (PTX) at 0.3-10 /xM antagonized the suppressive action of 0.1 /xM 
dieldrin (Fig. 8A). However, the enhancing action of dieldrin at a higher 
concentration (1 /xM) was not inhibited by 1 /xM PTX (Fig. 8B). Dieldrin at 1 jxM 
enhanced the GABA-induced current to 160% of control, and if coapplied with 1 
fiM P T X , it enhanced the current to 230% of the level in P T X alone. Thus P T X 
at 1 fiM did not antagonize the enhancing action of 1 xiM dieldrin. Only at a higher 
concentrtion of 10 /xM, did PTX completely abolish the enhancing action of 1 xxM 
dieldrin. These results indicate that dieldrin and PTX share a common binding site. 
This conclusion is in keeping with the results of experiments which showed that 
cyclodienes, picrotoxin and TBPS bind to the same site (26,32-34). It is possible 
that the binding site of these three groups of chemicals is closely associated with or 
allosterically linked to the chloride channel of the G A B A receptor. 
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Fig. 6. Effects of dieldrin on GABA-induced chloride currents in a rat D R G 
neuron. A , current records in response to 20-sec application of 10 fiM G A B A 
(solid bar) and to co-application of 10 /xM G A B A and 1 /xM dieldrin (dotted 
bar) at the time indicated after taking control record. The peak amplitude of 
current is greatly enhanced but gradually decreases during repeated co-
applications. Desensitization of current is accelerated. B, time course of the 
changes in peak current amplitude before and during repeated co-applications 
(dotted line) (Reproduced with permission from ref. 27. Copyright 1994 by the 
American Society for Pharmacology and Experimental Therapeutics). 
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Fig. 7. Dose-response relationships for dieldrin enhancement (circles) and 
suppression (squares) of 10 /xM GABA-induced chloride current in rat D R G 
neurons. Currents were induced by 5-sec applications of G A B A or G A B A plus 
dieldrin. Current enhancement was measured during the first co-application of 
G A B A and dieldrin, and current suppression was measured when the current 
was decreased to a steady-state level following repeated co-applications. 
Enhancement: E C 5 0 = 754 nM; Hi l l coefficient = 1.72; n=5. Suppression: E C 5 0 

= 92 n M ; Hi l l coefficient = 1.34; n=5 (Reproduced with permission from ref. 
27. Copyright 1994 by the American Society for Pharmacology and 
Experimental Therapeutics). 
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Fig. 8. The effect of 0.1 i tM dieldrin on picrotoxin suppression of 10 /xM 
GABA-induced chloride current in rat D R G neurons. A , dieldrin at 0.1 fiM 
suppresses the current. The E C ^ values of picrotoxin with (closed circles) and 
without (open circles) dieldrin are 2.98 and 0.35 i i M , respectively. The dose-
response relationship of picrotoxin block is shifted to higher concentrations in 
the presence of dieldrin indicating that dieldrin and PTX share a common 
binding site. n=4. B, the effect of 1 fiM dieldrin on picrotoxin (PTX) 
suppression of 10 fiM GABA-induced chloride current in rat D R G neurons. 
Dieldrin at 1 /xM enhances the current. PTX suppression is not altered by the 
presence of dieldrin, indicating that dieldrin and PTX share a common binding 
site. n=4 (Reproduced with permission from ref. 27. Copyright 1994 by the 
American Society for Pharmacology and Experimental Therapeutics). 

Role of GABA Receptor Subunits in Dieldrin Actions. The two separate actions 
of dieldrin described in the preceding section may be due to the ability of dieldrin 
to selectively bind to different G A B A receptor subunits. The G A B A receptor 
comprises at least sixteen subunits, including six as, four Ps, four ys, one 8 and 
one p (35,36). In order to identify the subunit or subunits that distinguish the two 
separate actions of dieldrin, patch clamp experiments were performed by using 
human embryonic kidney cell line (HEK 293) expressing various combinations of 
subunits (29). 

When co-applied with G A B A to cells expressing the ccip2y2S subunit 
combination, 3 i i M dieldrin caused both enhancement and suppression of G A B A -
induced current as in the case of rat D R G neurons. Similar results were obtained 
with the <x6p2y2S combination. By contrast only the suppressive effect of dieldrin 
was observed in the ccip2 combination. These results are illustrated in Fig. 9 as 
the dose-response curves of dieldrin actions. Thus it can be concluded that while 
any of the three combinations of subunits is sufficient for dieldrin to cause 
suppressive effect, the y2 subunit is necessary for the enhancing effect. 

Effects of H C H Isomers on G A B A System. Lindane suppressed the G A B A -
induced current in rat hippocampal and DRG neurons (7,8,37). Further patch 
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Fig. 9. Dose-response relationships for dieldrin effects on the GABA-induced 
chloride current in the ctip2y2s, ctip2 and cx6p2y2s combinations of G A B A A 

receptor expressed in H E K 293 cells. Current suppression (closed circles): A , 
ccip2y2s; E C 5 0 = 2.1 /xM; Hi l l coefficient = 0.6; n=5. B, a ip2; E C 5 0 = 2.8 
/xM; Hi l l coefficient = 1.1; n=5. C, a6p2y2s; E C 5 0 = 1.0 /xM; Hi l l coefficient 
= 0.8, n=5. Enhancement (open circles): Enhancement was observed in the 
ctip2y2s and ot6p2y2s combinations, but not in the a ip2 combination 
(Reproduced with permission from ref. 29. Copyright 1994 by Elsevier 
Science B.V. ) . 
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clamp experiments were performed to determine the effects of H C H isomers on 
GABA-induced currents and to identify the roles of the G A B A receptor subunits in 
these actions (28). 

Lindane (y-HCH) exerted a suppressive effect on the GABA-induced current in 
rat D R G neurons and in H E K 293 cells expressing either the aip2y2S or the a ip2 
combination. There also was a small and transient enhancing effect of lindane on 
the GABA-induced current. This suppressive effect can explain hyperactivity of 
lindane-intoxicated animals. By contrast, 8-HCH exerts only the enhancing effect 
in D R G neurons and in the aip2y2S and a ip2 combinations. The enhancing effect 
can account for depressive behavior of 8-HCH-intoxicated animals. Thus 
modulation of the G A B A receptor-channel system by y-HCH and 8-HCH is directly 
responsible for the symptoms of poisoning in animals. 
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Chapter 3 

Presynapt ic Act ions of Dihydropyrazo les 

Russell A. Nicholson and Aiguo Zhang 

Department of Biological Sciences, Simon Fraser University, Burnaby, 
British Columbia V5A 1S6, Canada 

We have examined the actions of two dihydropyrazoles (RH-3421 and 
RH-5529) on changes induced by activating sodium channels (with 
veratridine) or calcium channels (with elevated K+) in synaptosomal 
preparations isolated from mouse brain. Our studies on evoked release 
of y-aminobutyric acid and L-glutamate showed the dihydropyrazoles 
not only to be effective inhibitors of veratridine-induced release but also 
provided evidence they can suppress the K+-mediated (tetrodotoxin
-insensitive) component of neurotransmitter efflux. At high 
concentrations the dihydropyrazoles were unable to influence the 
depolarization of nerve endings caused by exposure to elevated K+. As 
expected, the dihydropyrazoles inhibited veratridine-stimulated increases 
in synaptosomal free [Ca+ +]. K+-induced rises in synaptosomal free 
[Ca++], which require external Ca++ and are unaffected by tetrodotoxin, 
are blocked by RH-3421 and RH-5529 in a dose-dependent fashion. 
K+-stimulated 45Ca++ uptake by synaptosomes is not influenced by 
tetrodotoxin, supressed by Co++ and blocked by RH-3421 and RH
-5529 both alone and in the presence of tetrodotoxin. RH-3421 and RH
-5529 have negligible effects on the membrane potential, concentration of 
free Ca++ and basal 45Ca++ accumulation in resting synaptosomes. It is 
proposed that in addition to their established inhibitory effects on 
sodium channels the dihydropyrazoles may interfere with the operation 
of calcium channels. 

The insecticidal properties of the dihydropyrazoles have been known for 
approximately twenty years (1-3). As a class, these insecticides exhibit a fairly wide 
spectrum of activity and have been shown to be particularly effective against a 
number of coleopteran and lepidopteran pests (1,4). Despite this encouraging 
insecticidal profile and intensive research in the area, the dihydropyrazoles have not 
as yet achieved commercial significance as pesticides. 

The majority of insecticides discovered so far are compounds which attack 
the nervous system, and the dihydropyrazoles are no exception. In cockroaches, the 
highly insecticidal analog RH-3421 (Figure 1 for structure) elicits a rather complex 
and protracted poisoning symptomology which is typical of a neurotoxicant (5). The 

0097-£156/95/0591-0044$12.00/0 
© 1995 American Chemical Society 
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3. NICHOLSON AND ZHANG Presynaptic Actions of Dihydropyrazoles 45 

poisoning initially involves poor coordination and tremor. Symptoms then 
progressively develop into a condition which has the outward appearance of full 
paralysis; however, during this phase mechanical stimulation will initiate violent 
tremors and convulsions (5). In our laboratory we have shown (Nicholson, R. A. , 
Simon Fraser University, Burnaby, B.C., unpublished observations) that RH-5529 
(Figure 1 for structure) produces poisoning symptoms very similar to those 
described for RH-3421 and is also insecticidal when injected into house crickets at 
high doses. 

In common with many other neurotoxic insecticides, the dihydropyrazoles 
appear to exert relatively specific effects at the level of the nervous system. In 
invertebrates, electrophysiological investigations with dihydropyrazoles have 
demonstrated that they cause a substantial reduction in the electrical activity of the 
central and peripheral nervous system which has been attributed to voltage-
dependent block of neuronal sodium currents (5, 6). In mammals, the uptake of 
2 2 N a into brain microvesicles that accompanies sodium channel activation is 
inhibited by RH-3421 (7), and this insecticide is also known to influence the binding 
of batrachotoxin A 20 a-benzoate to brain membranes by an allosteric mechanism 
(8 ). There is clearly compelling evidence that dihydropyrazoles act on sodium 
channels in the brain of invertebrates and mammals. Studies in our laboratory have 
strongly supported this mechanism of action. In addition, our studies have 
implicated presynaptic calcium channels as potential sites of action in the mammalian 
central nervous system (9, Zhang, A . and Nicholson, R. A . Comp. Biochem. 
Physiol., in press). 

This review describes observations that led us to consider that an alternative 
site of action for dihydropyrazoles might exist and then summarizes our lines of 
evidence for this proposal. Our experimental approach throughout this investigation 
has been to use synaptosomes (pinched-off nerve endings) isolated from mammalian 
brain. Synaptosomes display many of the properties attributed to nerve terminals 
found in functionally intact brain (10-12). The relative ease with which specific 
processes involved in the release of neurotransmitters can be pharmacologically 
activated in synaptosomal preparations makes them particularly suitable for studying 
the presynaptic actions of inhibitory compounds such as the dihydropyrazoles. 
Furthermore, synaptosomes are multifunctional entities and as such contain an 
abundance of possible neuronal sites of attack for toxic chemicals. This feature may 
increase the chances of identifying novel sites of action so offering advantage over 
less complex preparations. 

Methods 

Synaptosomes were isolated from mammalian brain according to published 
techniques (75,14). Procedures for the release of neurotransmitters (y-aminobutyric 
acid (GABA) and L-glutamate), determination of membrane potential, measurement 
of intrasynaptosomal free [Ca + +] and assay of 4 5 C a + + uptake into nerve endings 
have been described in detail elsewhere (9, 75,16,17,18). RH-3421 and RH-5529 
were obtained from the Rohm & Haas Company, and other pharmacological agents 
were purchased from the Sigma Chemical Company. Rhodamine 6G and Fura-2 
A M were supplied by the Kodak Company and Molecular Probes Incorporated 
respectively.45 CaCl2 was obtained from Dupont Canada Incorporated. 

Results and Discussion 

Inhibition of G A B A release. Our initial study focused on the effect of RH-3421 and 
RH-5529 on release of die neurotransmitter G A B A from synaptosomes and was the 
first to implicate the sodium channel of mammalian brain as an important target for 
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these compounds (75). The main evidence for this was that both analogs were 
highly effective inhibitors of the transmitter releasing effects of sodium channel 
activators such as veratridine (Figure 2). As expected, activation of G A B A release 
by veratridine could be inhibited by tetrodotoxin (TTX) because it blocks Na + entry 
through sodium channels. Therefore, opening of voltage-sensitive calcium channels 
does not occur. In contrast, elevated K + directly depolarizes the synaptosomal 
membrane which opens voltage-sensitive calcium channels and triggers G A B A 
release. At high concentrations TTX and RH-3421 are poor inhibitors of K+-evoked 
G A B A release, but RH-5529 consistently gave significant inhibition (Table I). Thus 
when GABA-ergic nerve endings are assayed, RH-3421 emerged as a highly 
selective blocker of sodium channels whereas RH-5529 inhibited sodium channels 
and also blocked another neuronal process. 

Inhibition of L-Glutamate release. The symptoms of poisoning observed after 
dietary administration of RH-3421 involve lethargy and pacificity. Such a syndrome 
would not be expected to result solely from a reduction in release of an inhibitory 
transmitter such as G A B A . We therefore explored the effects of dihydropyrazoles on 
evoked release of the excitatory transmitter L-glutamate. As one might predict, 
veratridine-stimulated release was blocked by low concentrations of RH-3421 and 
RH-5529 ( I C 5 0 S = 0.5 j i M and 4.7 \iM respectively). However, micromolar 
concentrations of RH-5529 and, quite unexpectedly, RH-3421 were also effective at 
inhibiting KMnduced release of l-glutamate (Figure 3a & b). K+-evoked release of 
L-glutamate is unaffected by 3 j iM TTX (Figure 3c). To summarize so far, our 
results on the effects of RH-3421 and RH-5529 on evoked release of G A B A and L -
glutamate demonstrated these compounds to be potent blockers of sodium channels 
but also strongly suggested they interfere with another presynaptic target which may 
facilitate evoked release of neurotransmitter such as calcium channels or a process 
'downstream1 from this. 

Effects of dihydropyrazoles on synaptosomal membrane potential. We also 
considered that dihydropyrazoles may simply prevent elevated K + from depolarising 
the nerve ending. Although there are no precedents for an action of this type, it was 
felt important to check the possibility. Using the voltage-sensitive probe rhodamine 
6G to measure synaptosomal membrane potential, we found that micromolar 
concentrations of RH-3421, RH-5529 and TTX were unable to influence elevated 
K+-induced depolarization (Figure 4). The study also showed that concentrations of 
dihydropyrazoles, at least up to 10 jiM, do not affect the electrical stability of resting 
synaptosomes. The lack of any obvious inhibitory action on KMnduced 
depolarisation led us to examine the hypothesis that dihydropyrazoles were blocking 
depolarisation-coupled calcium accumulation in synaptosomes. 

Studies on intrasynaptosomal free rCa++l. The level of free [Ca + +] in resting nerve 
terminals averaged 264 nM and was largely unaffected by high concentrations of 
dihydropyrazoles (Table n). The alkaloid neurotoxin veratridine (50 jiM) typically 
produces an increase in free [Ca + +] of approximately 350 nM and this response is 
fully sensitive to inhibition by 3 jiM TTX (Figure 5). The figure also illustrates the 
inhibition of veratridine-induced rises in synaptosomal free [Ca + +1 with 
dihydropyrazoles. The IC 5 0 s for RH-3421 and RH-5529 were estimated at 0.2 and 
3 j iM respectively. The results accord with the potency order against veratridine's 
responses observed in the transmitter release and membrane potential assays and are 
consistent with significant effects of these analogs on sodium channels. 

Figures 6 and 7 show representative recordings of the effects of 
dihydropyrazoles on K+-induced changes to synaptosomal free [Ca + + ]. We found 
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NICHOLSON AND ZHANG Presynaptic Actions of Dihydropyrazoles 

R=CF3 RH-3421 

R - H RH-5529 

Figure 1. Structures of the dihydropyrazoles RH-3421 and RH-5529. 

-Log concentration [M] 

Figure 2. Concentration-dependent inhibitory effects of dihydropyrazoles 
(RH-3421(D); RH-5529 (O)) and tetrodotoxin ( • ) on veratridine (VTD)-
induced release of 3 H - G A B A from synaptosomes. Synaptosomes were 
exposed to neurotoxicants prior to challenge with V T D (10 | iM). Values as 
mean - standard error of three to five determinations. 
(Reproduced with permission from ref. 15. Copyright 1990 Academic 
Press, Inc.). 
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Table I The effect of dihydropyrazoles and tetrodotoxin on 
release of 3H-GABA induced by potassium ions f l 

Treatment*7 % Inhibition of K+-evoked 
release of 3 H-G ABA<* 

RH-3421 (10 nM) 3.8 ± 8.4 

RH-5529 (10 nM) 44.4 ± 6.7 

Tetrodotoxin (l\iM) 15.1 ± 3.8 

a Depolarizing media contained 20 mM K + 

* Synaptosomes were exposed to neurotoxicants prior to challenge 
with elevated K + 

c Values as mean - standard error of 3 determinations 

Adapted from ref. 15. 

Table H Inability of RH-3421 and RH-5529 to affect free 
[Ca + +] in resting (non-depolarized) synaptosomes 

Treatment Synaptosomal free [Ca + +] 
(nM)* 

Control 268.3 ± 18.0 

RH-3421 (1 \xM) 273.4 ± 25.7 

RH-3421 (10 uM) 277.9 ±9 .1 

Control 260.0 ± 29.2 

RH-5529 (5 \xM) 270.8 ± 28.2 

RH-5529 (10 iiM) 292.7 ± 15.6 

a Values as mean - standard deviation of 4-8 experiments 

Data on RH-5529 reproduced with permission from ref. 9. 
Copyright 1993 Academic Press Inc. Data on RH-3421 adapted 
from Zhang, A . and Nicholson, R. A . Comp. Biochem. Physiol, 
in press. 
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yK+ (33 mM) 

J 2 nmol 
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Figure 3. Inhibition of K+-evoked release of endogenous L-glutamate 
from synaptosomes by a) RH-3421 and b) RH-5529. K + (33 mM) added at 
arrow except in control assay. I C 5 0 S for inhibition of K+-evoked release of 
glutamate by RH-3421 and RH-5529 were estimated at 8.3 \M and 8.8 
respectively. Figure 3c shows that tetrodotoxin is unable to influence K + -
induced release. Synaptosomes were exposed to neurotoxicants prior to 
challenge with K + . 
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Figure 4. Inability of RH-3421, RH-5529 and tetrodotoxin to influence 
the membrane potential of resting synaptosomes and die depolarization 
caused by elevated K + . Values as mean - standard error of three to five 
determinations. 
(Adapted from ref. 17). 
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5: >« + 

>0S 
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( 5 S ) ( 5

+ m "Log M [INSECTICIDE] 
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Figure 5. Inhibition of the veratridine-stimulated increase in synaptosomal 
free [Ca + + ] by RH-3421, RH-5529 and tetrodotoxin. Values as mean -
standard deviation of three to six determinations. Inhibitors added prior to 
veratridine 
(50 
(Histogram adapted from ref. 9.; concentration-response curve for R H -
5529 reproduced with permission from ref. 9. Copyright 1993 Academic 
Press, Inc. Data on RH-3421 are from Zhang, A. and Nicholson, R. A . 
Comp. Biochem. Physiol., in press). 
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SECONDS 

Figure 6. Inhibitory effect of RH-3421 on the KMnduced rise in 
synaptosomal free [Ca + + ] . (A = 60 mM K + ; B = 60 mM K + plus 1 j iM 
RH-3421; C = 60 mM K + plus 5 [iM RH-3421; D = control). 
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Figure 7. Inhibitory effect of RH-5529 on the KMnduced rise in 
synaptosomal free [Ca + + ] . (A = 60 mM K + ; B = 60 mM K + plus 3.3 u M 
RH-5529; C = 60 mM K + plus 5 j i M RH-5529; D = control). 
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52 MOLECULAR ACTION OF INSECTICIDES ON ION CHANNELS 

significant inhibitory effects with RH-3421 and RH-5529, and the graph in Figure 8 
defines the relationship between dihydropyrazole concentration and inhibition of the 
rise in [Ca + +]. The inhibitory potency of RH-3421 in the fura-2 assay with K + as the 
activator is five fold lower ( I C 5 0 = 1 H M ) than when V T D is used. In contrast the 
inhibitory potencies of RH-5529 are very similar ( I C 5 0 - 3 jiM) whether K+ or 
veratridine are used. Furthermore, there appears to be no involvement of sodium 
channels in the rise in free calcium produced by elevated K + because 3 j iM TTX, 
which totally supresses the veratridine response (Figure 5), fails to affect the rise in 
free [Ca + +] produced by K + (Figure 8). An additional feature of the inhibition by 
dihydropyrazoles of the rise in synaptosomal free [Ca + +] with K + is that it is also 
unaffected when a high concentration of TTX is present in the assay. Under these 
conditions, the inhibition by dihydropyrazoles of either sodium channel-related 
depolarization or low level C a + + flux through sodium channels (19) can be regarded 
as extremely unlikely. The confirmation that the response to elevated K + is 
dependent on the presence of extrasynaptosomal calcium (9 ) suggests that the 
inhibitory effects of RH-3421 and RH-5529 can be explained by interference with 
the operation of calcium channels. 

Effects of dihydropyrazoles on K+-stimulated radiocalcimri iipfokft We carried out 
further studies on the effects of RH-3421 and RH-5529 on KMnduced uptake of 
4 5 C a + + into synaptosomes. Threshold inhibition with each analogue was detected at 
low micromolar concentrations, and for each analogue, the inhibition curves were 
quantitatively similar (IC 5 0s: RH-3421 & RH-5529 ~ 11 *iM. See Figure 9). Under 
our conditions of assay, ionic cobalt a known inhibitor of calcium channels, fully 
blocked K+-evoked 4 5 C a + + uptake. In agreement with previous findings using the 
fura-2 assay, suppression of sodium channel activity with TTX did not influence 
RH-3421 or RH-5529 in their ability to inhibit in the KMesponse. Concentrations 
of dihydropyrazoles which cause marked inhibition of depolarization-coupled 
4 5 C a + + uptake were unable to affect 4 5 C a + + accumulation in resting synaptosomes 
(Table III). 

Conclusions 

The present results indicate that the dihydropyrazoles RH-5529 and RH-3421 are 
capable of interfering with the operation of calcium channels in presynaptic terminals 
isolated from mammalian brain. In situations where 'same assay1 comparisons can 
be made, it is evident that RH-3421 affects sodium channel-dependent processes at 
lower concentrations than those required to affect calcium channels. Our results 
suggest RH-5529 is less discriminatory in this respect. Investigations with 
radioligands specific for the calcium channel should assist in finding out whether 
binding sites for dihydropyrazoles are present on this complex in the nerve terminal. 
Disruption of calcium channel function may contribute to the unusual 'delayed onset' 
neurotoxicity observed with RH-3421 in mammals. 
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K+ (60mM) -Log M [INSECTICIDE] 
(60mM) + TTX 

(3nM) 

Figure 8. Concentration-dependent inhibition by RH-3421 and RH-5529 
of the K+-stimulated rise in synaptosomal free [Ca + +] and failure of 
tetrodotoxin to influence this response. In presence of 3 \iM tetrodotoxin 
RH-3421 and RH-5529 gave 101.5 ± 6.1 % and 112.3 ± 11.5 % inhibition 
of the rise in free [Ca + +] elicited by elevated K + . Synaptosomes were 
exposed to neurotoxicants prior to depolarizing challenge. Values as mean ± 
standard error of four to eight experiments. 

(Adapted from ref. 9. Data on RH-3421 are from Zhang, A . and 
Nicholson, R. A. Comp. Biochem. Physiol., in press). 

Table m Lack of effect of RH-3421 and RH-5529 on 4 5 C a + + 

uptake in resting (non-depolarized) synaptosomes 

Treatment 4 5 C a + + uptake into synaptosomes a & 
(cpm / mg protein) 

Control 2,266 ± 140 

RH-3421 (100 uM) 2,472 ± 275 

RH-5529 (100 jiM) 2,452 ± 255 

a Values as mean - standard error of three determinations 
* K+-stimulated uptake of 4 5 C a + + by synaptosomes was 2,251 

- 253 cpm / mg protein above control value 

Data on RH-3421 adapted from Zhang, A . and Nicholson, R. A. 
Comp. Biochem. Physiol, in press. 
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6 5 4 R H - 5 5 2 9 R H - 3 4 2 1 

•Log M [INSECTICIDE] (IOOJIM) (lOO^M) 
+ + 

TTX TTX 
(3|iM) (3nM) 

Figure 9. Inhibition by RH-3421 and RH-5529 of K+-stimulated uptake 
of 
45 QL++ j n t o synaptosomes. The histogram shows that the 
dihydropyrazoles inhibitory action on K+-stimulated 4 5 C a + + accumulation 
occurs when sodium channels are blocked by tetrodotoxin. Synaptosomes 
were incubated with neurotoxicants prior to exposure to elevated K + plus 4 5 

C a + + . In separate experiments C o + + (4 mM) gave complete inhibition of 
K+-stimulated 4 5 C a + + uptake. 

(Data on RH-3421 are from Zhang, A. and Nicholson, R. A . Comp. 
Biochem. Physiol., in press). 
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Chapter 4 

Insect Sodium Channel as the Target 
for Insect-Selective Neurotoxins 

from Scorpion Venom 
E. ZlotMn1, H. Moskowitz1, R. Herrmann1, M. Pelhate2, and D. Gordon1 

1Department of Cell and Animal Biology, Life Sciences Institute, Hebrew 
University, Jerusalem 91904, Israel 

2Départment de Neurophysiologie, Faculté de Médecine, Université 
d'Angers, Angers F-49045, France 

The combined employment of protein chemistry, electrophysiology and 
neurochemistry enabled the chemical and pharmacological 
characterization of two classes of neurotoxin polypeptides, the excitatory 
and the depressant, derived from the venom of Buthinae scorpions which 
selectively paralyze and kill insects. These insect selective neurotoxins: 

1. Affect insect neuronal sodium conductance; 
2. Serve as unique and exclusive probes of the insect voltage gated sodium 

channels; 
3. Bind to these channels through multipoint attachment sites which include 

segments of external loops in domains I, III and IV of the insect sodium 
channel; 

4. Distinguish among sodium channels of different groups of insects; 
5. Are employed as pharmacological tools for the study of insect excitability 

and the design of future selective insecticides. 

Insect Selective Neurotoxins Derived from Scorpion Venoms 

Venom Neurotoxins. Venom is defined as a mixture of substances which are 
produced in specialized glandular tissues in the body of the venomous animal and 
injected, with the aid of a stinging-piercing apparatus, into the body of its prey in order 
to paralyze it. The majority of the venomous animals (such as snakes, spiders, 
scorpions, venomous snails, various coelenterates) are slow, and even static predators 
which feed on freshly killed prey of mobile and relatively vigorous animals. The 
locomotor/ inferiority of the venomous predator is largely compensated by the 
neurotoxic components of his venom, the neurotoxins, which are able to induce a 
rapid paralysis of the prey at a very low range of concentrations (10"9-10"12 M). 

NOTE: Abbreviations of scorpion toxin nomenclature are explained in the 
Figure 2 caption. 

0097-6156/95A)591-0056$14.50A) 
© 1995 American Chemical Society 
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4. Z L O T K I N E T A L . Insect-Selective Neurotoxins from Scorpion Venom 57 

In this context a neurotoxin is defined as a substance which interferes with the 
function of excitable tissues due to a specific 'recognition' through high affinity 
binding to given sites in these tissues (7). A very common characteristic of venom 
neurotoxins is their polypeptide nature. This chemical characteristic has a double 
advantage for the survival of the venomous animal. First, polypeptides are the most 
readily available structures for adaptive modifications by genetic mutations and 
selection. Second, polypeptides, through their high diversity of covalent structures 
and the resulting tridimensional conformations, may reveal a highly diverse array of 
functional specificities. 

When classified according to effect and site of action in the nervous system, venom 
neurotoxins are commonly divided into ion channel toxins which modify ion 
conductance, presynaptic toxins which affect neurotransmitter release, and 
postsynaptic toxins which block the neurotransmitter receptors (2). Each of these 
categories can be further classified according to more specific criteria. For example, 
the ion channel toxins are subdivide into sodium (such as the below-mentioned 
scorpion venom toxins), potassium and calcium channel toxins (2,77). Furthermore, 
some of the neurotoxins are able to distinguish between subtypes of ion channels such 
as the (D and \i venomous snail conotoxins which distinguish between the voltage-
sensitive axonal and muscle calcium and sodium channels, respectively (3). 

Where the vital prey-predator relationships serve as a target of preference for 
evolutionary selective pressure, additional specificities occur such as the animal 
group-selective toxins. 

Animal Group Specificity of Scorpion Venom Neurotoxins. Animal group 
specificity refers to the phenomenon where an animal venom and/or its derived toxins 
reveal toxicity to a given group of organisms but are not effective to other groups of 
organisms. In cases where a venomous organism feeds on a given and limited group 
of animals, the animal group specificity is manifested already on the level of the whole 
venom. For example, the venomous marine Conidae snails are subdivided according 
to their feeding habits into fish, mollusc and worm eaters. A series of early bioassays 
(4,5) showed that the above feeding preference is associated with the specific toxicity 
of their venoms aimed at the respective groups of prey animals. On the other hand in 
the venom of animals, such as scorpions, spiders, marine nemertine worms and sea 
anemones, the animal group specificity is revealed in venom fractions and purified 
toxins (1,6-8). 

In the past, when the study of Buthinae scorpion venoms was directed mainly by 
clinical and public health aspects, lethality to laboratory mice served as the exclusive 
method to monitor their fractionation and purification (9,10). This has resulted in the 
purification and chemical characterization of the so called a neurotoxins (Figure 2) 
responsible for strong toxicity to mammals and human envenomation (9-11). 
Zooecological considerations concerning the feeding and hunting behavior of 
scorpions in the field has motivated the choice of arthropods as test animals in 
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58 MOLECULAR ACTION OF INSECTICIDES ON ION CHANNELS 

monitoring the fractionation of scorpion venom. Such an approach coupled with 
molecular exclusion column chromatography and starch gel electrophoresis enabled 
the isolation of factors from buthid scorpion venoms which specifically affect insects, 
vertebrates and Crustacea (12-14). The specific symptomatology revealed by blowfly 
larvae to the injection of various fractions of scorpion venom enabled the distinction 
among three categories of neurotoxins which affect insects: The first are the 
excitatory insect selective neurotoxins which induce in blowfly larvae an immediate 
fast and reversible paralysis (Figure 1 A). The second are the depressant insect 
selective neurotoxins which cause a slow progressively developing flaccid paralysis 
(Figure IB). The third group are the a toxins which include the extremely toxic 
neurotoxins to mammals (such as the AaH2, Figure 2), some of which possess a 
certain toxicity to insects (77, 18) and others (such as the LqhalT, Figure 2) are 
strongly, but however not exclusively, toxic to insects (16). The LqhalT induces in 
the blowfly larvae a syndrome defined as a delayed and sustained contraction paralysis 
(Figure 1C). It is noteworthy that the selective-exclusive neurotoxicity to insects of 
the excitatory and depressant toxins was established on three experimental levels: the 
intact animal, the neuromuscular preparation and binding assays to various neuronal 
and non-neuronal membranes (73). 

Chemistry of Scorpion Toxins: Scorpion toxins were isolated and purified by the aid 
of various methods of low and high pressure column chromatography and 
characterized by electrophoresis, amino acid composition and sequence analyses 
(16,19). Figure 2 demonstrates the primary structures of representatives of the three 
groups of toxins derived from the venom of Buthinae scorpions and, for comparative 
purposes, one toxin (Ts7) which represents the so-called P-toxins derived from 
scorpions from Central and South America. 

As shown (Figure 2), scorpion toxins are single chained polypeptides of about 65-
70 amino acids, including 8 cysteins of similar allocation and are all involved in 
disulphide bridges (16,19) (Figure 2). 

Effects on sodium conductance 

Neuromuscular Effects. The above (Figure 1) and other (18) symptomatological 
observations suggested that scorpion toxins are neurotoxic and paralyze the insects by 
affecting their skeletal musculature. Studies on various neuromuscular preparations 
(17,20,27-29) revealed that the insects skeletal muscles are indirectly affected through 
a presynaptic action (17,28,29) (Figure 3 A) on the peripheral branches of the motor 
neurons (17,30). This aspect is clearly exemplified in Figure 3 A revealing a synchrony 
between the axonal (action potentials) and muscular (junction potentials) activities 
induced by the AalT. In other words, the train of the junction potentials is caused by 
the repetitive firing of the motor axon (77) induced by the excitatory toxin. 

It has recently been shown (20) that the depressant insect selective neurotoxins 
induce in blowfly larvae a short transient phase of contraction preceding the 
prolonged flaccid paralysis. A study on a prepupal housefly neuromuscular 
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ZLOTKIN ET AL. Insect-Selective Neurotoxins from Scorpion Venom 

Figure 1. Responses of Sarcophaga falculata blowfly larva to the injection of 
various scorpion venoms and their derived insect toxins. A . A fast, immediate 
(seconds) and reversible contraction paralysis induced by excitatory insect 
selective neurotoxins such as AalT and LqqITl. B. Typical progressively 
developing (minutes) flaccid extended paralysis induced by depressant insect 
selective toxins such as BJIT2, LqqIT2 and LqhIT2. Bar corresponds to 3.8 
mm. Taken from (75). C. Response at various time intervals to injection of a 
paralytic dose (PU50=28ng) of a fraction including the LqhalT toxin, (a) 
Before injection; (b) 1 min after injection - mobile and without detectable 
change in body forms; (c) 5 min - obvious contraction and immobility; (d) 8 
min - fully contracted and paralyzed; (e) 20 min - still contracted but with 
partial recovery of mobility. Taken from (76). 
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AMINO ACID SEQUENCES 

1 2 3 4 5 6 7 
0 0 0 0 0 0 0 

LqhITZ ...DGYIKRR DGCKVACLIG NEG.CDKECK AYGG.SYGYC ...WTWGLAC WCEGLPDDET WK..SETNTC G 
LqqIT2 ...DGYIRKR DGCKLSCLFG NEG.CNKECK SYGG.SYGYC ...WTWGLAC WCEGLPDEKT WK..SETNTC G 
BjITZ ...DGYIRKK DGCKVSCIIG NEG CRKECV AHGG.SFGYC ...WTWGLAC WCENLPDAVT WK..SSTNTC G 
AalT .KKNGYAVDS SGKAPECLLS N..YCNNQCT KVHYADKGYC CLL SC YCFGLNDDKK VLEISDTRKS YCWTIIN 

LqqITI .KKNGYAVDS SGKAPECLLS N..YCYNECT KVHYADKGYC CLL SC YCNGLSDDKK VLEISDARKK YCDFVTIN 
LqhalT .VRDAYIAKN YNCVYEC.FR DA.YCNELCT KNGASS.GYC QWAGKYGNAC WCYALPDNVP IR...VPGKC R 
Lqq4 GVRDAYIADD KNCVYTC.GS NS.YCNTECT KNGAES.GYC QWLGKYGNAC WCIKLPDKVP IR...IPGKC R 
Lqq5 .LKDGYIVDD KNCTFFC.GR NA.YCNDECK KKGGES.GYC QWASPYGNAC WCYKLPDRVS IK...EKGRC N 
AaH2 .VKDGYIVDD VNCTYFC.GR NA.YCNEECT KLKGES.GYC QWASPYGNAC YCYKLPDHVR TK...GPGRC H 
Ts7 ..KEGYLMDH EGCKLSCFIR PSGYCGRECG .IKKGSSGYC AWP AC YCYGLPNMVK VWDRA.TNKC 

PERCENT IDENTICAL RESIDUES 

LqhIT2 LqqITZ BJIT2 AalT LqqITI LqhalT Lqq4 Lqq5 AaHZ Ts7 

depressant - LqhITZ 100 87 79 30 31 34 38 43 38 39 
depressant - LqqIT2 100 79 30 30 39 38 44 39 41 
depressant - BJIT2 100 25 28 38 38 43 39 41 
excitatory - AalT 100 87 27 29 33 34 31 
excitatory - LqqITI 100 25 29 33 34 33 
a-insect - LqhalT 100 75 56 59 38 
a-mammaI - Lqq4 100 83 83 38 
a-mammal - Lqq5 100 78 43 
a-mammal - AaHZ 100 44 
p-toxin - Ts7 100 

Figure 2. Comparison of scorpion toxin amino acid sequences. The depressant 
insect selective toxins affecting insects, namely LqhIT2, LqqIT2, BJIT2 (20) 
are compared to excitatory toxins (AalT (21); LqqITI (22)). As shown the a 
toxin affecting insects (LqhalT (16)) closely resembles the a toxins affecting 
mammals (Lqq4 (23); Lqq5 (24) and AaH2 (25)). Ts7 is a P-toxin isolated 
form a South American scorpion (26). Abbreviation of scorpion venom 
nomenclature: Aa - the North African scorpion Androctonus australis Hector; 
Bj - the Israeli black scorpion Buthotus judaicus, Lqh - the Israeli yellow 
scorpion Leiurus quinquestriatus hebraeus; Lqq - the African scorpion Leiurus 
quinquestriatus quinquestriatus; Ts - the Brazilian scorpion Tityus serrulatus. 
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ZLOTKIN ET AL. Insect-Selective Neurotoxins from Scorpion Venom 

Figure 3. Neuromuscular effects of the excitatory (A) and depressant (B) 
insect selective neurotoxins. A . The excitatory toxin AalT (125 nM) was 
applied to the locust hindleg extensor tibiae preparation. Simultaneous 
recording form the motor nerve (upper trace, showing a train of action 
potentials) and muscle (lower trace, showing a train of junction potentials 
produced by an activated muscle). Calibration: 50 msec; upper 0.15 mV, lower 
10 mV. Taken from (77). B. The depressant insect toxin LqhIT2 (40 nM) 
causes a brief phase of repetitive motor neuron activity (b) followed by gradual 
suppression (b,c,d) of excitatory junction potentials (a) in prepupalM 
domestica. Upon removal of toxin with a saline wash, repetitive activity 
reappears again only briefly (trace e) and the amplitude of the EJP partially 
recovers over a period of 30-60 min (trace f). Vertical calibration is 20 mV; 
horizontal calibration is 30 ms. Taken from (20). 
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62 MOLECULAR ACTION OF INSECTICIDES ON ION CHANNELS 

preparation revealed that both phenomena, transient contraction and the prolonged 
flaccidity, follow from a presynaptic effect of the toxin. The effect of the depressant 
LqhIT2 toxin on a prepupal housefly neuromuscular preparation mimics the effects of 
the intact animal; i.e., a brief period of repetitive bursts of junction potentials is 
followed by suppression of their amplitude and finally by a block of neuromuscular 
transmission (Figure 3, 20). Loose patch clamp recordings indicate that the repetitive 
activity has a presynaptic origin in the motor nerve and closely resembles the effect of 
the excitatory toxin AalT. The final synaptic block is attributed to neuronal membrane 
depolarization, which results in an increase in spontaneous transmitter release; this 
effect is not induced by excitatory toxin (20). 

To summarize, the neuromuscular studies have pointed out that the insect neuronal 
membrane is the target of both the excitatory and the depressant insect selective 
toxins. This conclusion, which was also supported by binding studies (31,32) and 
microscopical autoradiography (30), has directed our attention to an isolated insect 
axon as an experimental preparation (37) to study the mode of action of the scorpion 
toxins (16,33,35,36). 

Studies on an Axonal Preparation. The isolated giant axon from the central nervous 
system of the cockroach Periplaneta americana in both current and voltage clamp 
experiments, using a double oil-gap, single fiber technique (37) was employed. 
Figure 4 presents a current clamp experiment which demonstrates the effects of the 
excitatory and depressant toxin on the action potentials of the cockroach giant axon, 
the excitatory toxin induces a small depolarization (Figure 4b) followed by either 
induced (Figure 4c) or spontaneous (Figure 4, upper trace) repetitive firing. The 
depressant toxin (BJIT2, Figure 4d-g) induces an obvious depolarization accompanied 
by a reduction of the action potential amplitude (Figure 4d,e) up to a complete 
blockage (Figure 4f). As shown (Figure 4g) the depolarization is prevented, in a 
reversible manner, by saxitoxin, indicating that it follows from an effect on sodium 
conductance. This depolarization, however, is not the cause or at least not the only 
cause for the action potential blockage (see below). 

Figure 5 presents voltage clamp experiments which demonstrate the effects of the 
excitatory (AalT) and depressant (LqhIT2) toxins on the sodium currents in the giant 
cockroach axon. The excitatory toxin does not effect the potassium current (Figure 
5B). However, as revealed in Figure 5 A, AalT increases the sodium peak currents and 
slows their inactivation process (Figure 5 Ab) in a voltage dependent manner (not 
shown, 33). AalT slowed the N a + current turnoff most effectively at low negative 
values of applied voltage and increased by 18% (S.D.±3, n=6) the peak sodium 
current (33). It was concluded (33,35) that the repetitive activity induced by AalT 
results from the voltage dependent modulation of sodium inactivation coupled with an 
increase in sodium permeability. Figure 5C reveals that the depressant toxin blocks 
the sodium current in a dose and time dependent manner. Thus, the blockage of the 
action potential (Figure 4f) by the depressant toxin is a consequence of two effects of 
sodium conductance: Firstly, an increase in the resting sodium permeability, 
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Figure 4. The effect of the excitatory (AalT, BjITl) and depressant (BJIT2) 
toxins on the action potentials recorded fro the isolated axon of the cockroach. 
Upper trace: Spontaneous repetitive firing induced by 1.3 | i M AalT. Taken 
from (33). (a-c) Action of BjITl (8.5 MM): (a) control action potentials; (b) 
after 8 min of superfusion with BjITl the three superimposed records revealing 
depolarization and repetitive activity, (c) Burst of repetitive activity of action 
potentials, (d-g) Action of BJIT2 (15 | iM): (d) control action potential; (e) 2 
min of superfusion with the toxin resulted in 5 mV depolarization accompanied 
by a progressive reduction in the amplitude of the action potential; (f) 2 min 
later an additional depolarization of 20 mV and a complete block of the evoked 
response were obtained; (g) continuous slow sweep recording indicating the 
gradual depolarization and blockage of the action potential induced by BJIT2 
(applied at arrow 1). The depolarization was abolished by saxitoxin (applied at 
arrow 2) but has slowly reappeared after the removal of the saxitoxin by 
washing (applied at arrow 3). 
(Reproduced with permission from reference 34. Copyright 1981 Elsevier.) 
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A (*> <w 

) 9 10 19 io 
TIME (min) 

Figure 5. The effects of the excitatory (AalT, A,B) and depressant (LqqIT2, 
C) insect selective toxins on sodium conductance in the cockroach axonal 
preparation under voltage-clamp conditions. A . AalT (1.3 pM) increases the 
sodium peak current and slows its inactivation (b) when compared to control, 
before toxin (a) recording. Taken from (35). B. AalT does not affect potassium 
currents, (a) before toxin; (b) 3.3 |LIM AalT; (c) K current suppressed by 4-AP. 
Taken from (35). C. Depreessant toxin (0.5-4 JJM) progressively suppresses 
sodium current as revealed by their direct recording (upper trace) and the 
plotting of peak current against time (bottom). 
(Reproduced with permission from references 33 and 35. Copyright 1981 and 
1982, respectively, Physiological Society.) 
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responsible for the depolarization (Figure 4e,f) and secondly a suppression of the 
activatable sodium permeability (Figure 5). 

The effect of the a toxin affecting insects (LqhalT) on the excitability of 
cockroach axon is demonstrated in Figure 6. The toxin induces the "classical" effect 
known for scorpion venoms and their derived toxins (38,39), namely the prolongation 
of the action potential, without affecting its amplitude (Figure 6A). As previously 
shown in various axonal preparations (38,39), also in the insect axon the above 
prolongation of the action potential can be entirely attributed to the slowing of the 
process of the turning off ("inactivation of the sodium current"). As shown (Figure 
6B) the time constant of sodium inactivation increases from 2 msec in the control 
experiment up to 250 msec in the toxin treated preparation (Figure 6Bb). 

It may thus be concluded that sodium conductance in an insect axon is affected by 
three different classes of scorpion venom toxins in three different manners, 
respectively. 

The Vertebrate and Insect Voltage Gated Sodium Channels. 

The voltage-sensitive sodium channels are integral membrane proteins responsible 
for the generation of action potentials in excitable cells. Sodium channels isolated in 
functional form contain a large a subunit with an apparent Mr of 260,000 (40,41). In 
the rat brain, a subunits are associated noncovalently with a p i subunit (mr=36,000) 
and are disulfide linked to a P2 subunit with an Mr of 33,000, which can be removed 
upon reduction without loss of functional activity (40,41). The purified eel electroplax 
sodium channel is functionally active as a single a subunit (40). 

Sodium channel polypeptides have been purified from various vertebrate excitable 
tissues and their distinct a subunit primary structures have been elucidated by cloning 
and sequence analysis of the cDNA (41,42). These sequence determinations reveal 
homology among the various vertebrate channels. In each case, the cDNA encode a 
large polypeptide of about 2,000 amino acids containing four conserved repeated 
domains. The amino acid sequence analysis reveals that each homologous domain 
contains six (40) or eight (43) transmembrane segments per domain, connected by 
internally as well as externally located segments of amino acid sequences (Figure 8). 
A high degree of conservation is present in a short internal segment linking homology 
domains III and IV, which is suggested to play an important role in sodium channel 
inactivation (41,42). Site-directed antibodies raised against a synthetic peptide (SP19) 
which corresponds to the above conserved segment (anti-SP19 antibodies) were 
shown to identify sodium channel a subunits in a wide range of vertebrate excitable 
tissues (44). The externally located amino acid segments are suggested to participate 
in formation of the binding sites of polypeptide neurotoxins (45). 

As a critical element in excitability, sodium channels serve as specific targets for 
various neurotoxins included in animal allomonal systems (39). These toxins were 
shown to occupy at least four different receptor sites related to the unique 
functionality of the sodium channel and to serve as valuable tools for its identification 
and functional-structural characterization (40). Among them the a and P scorpion 
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2ns (a to f) 
0 15 20 25 28 30 35 ZOOfllS (g) 
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Figure 6. LqhalT, the a toxin affecting insects, progressively prolongs the 
action potentials (A, 50 nM) and slows the sodium current inactivation (B, 1 
|LiM). In A numbers under records indicate minutes following toxin application. 
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venom neurotoxins are well established markers of the voltage dependent sodium 
channels (40,46). The former slow sodium channel inactivation and bind to the 
receptor site 3 and the latter modify activation and bind to the receptor site 4 (40,46). 
It is noteworthy that the binding site of the a toxin on the rat brain sodium channel 
was recently localized to segments in domain I and IV by a combined use of sodium 
channel site-directed antibodies and photoaffinity labeling (45, and see below). 

The close similarity among the vertebrate and insect sodium channels has been 
demonstrated by the following data: 

1. The electrical activity of insect nerves and its ionic basis are in accordance 
with the stablished information of vertebrate neurophysiology (47). 

2. The neuronal sodium conductance in insects is affected by the same blockers 
(such as tetrodotoxin and saxitoxin) and modifiers (such as the a scorpion and sea 
anemone toxins, veratridine and non-selective insecticides) as in the vertebrate 
systems (48). 

3. In their gross chemical properties sodium channel polypeptides derived from 
the central nervous systems of insects resemble their vertebrate counterparts by (a) 
possessing the similar molecular weight (240-280 KDa), (b) being glycoproteins and 
(c) serving as a substrate of phosphorylation by cAMP-dependent protein kinase 
(57,52 and Figure 7). 

4. Sodium channels from locust, cockroach and fly were identified, through 
immuno-precipitation and radiophosphorylation (Figure 7) by certain site directed 
antibodies (Figure 8) which were raised against specific external as well as internal 
segments of the amino acid sequence of the rat sodium channel (Figure 8, 49,50). 

5. In Drosophila the para gene has been shown to encode a functional voltage 
dependent sodium channel (53-56) and the amino acid sequence within the four 
homologous domains (I-IV) of rat brain sodium channels is conserved in the deduced 
amino acid sequence of the insect sodium channel (39%, 66%, 58% and 62% identity, 
respectively (55)). These transmembrane segments of the conserved homologous 
domains were shown (by site-directed mutagenesis and expression studies) to be 
involved in the voltage dependent activation of sodium channels and cation transport 
(57-59). 

With this background of the physiological, pharmacological, immunological and 
chemical similarities among the insect and vertebrate sodium channels, it appears that 
the only distinction among them is supplied by the fact that the former, in contrast to 
the latter, are affected by the excitatory and depressant insect toxins. Our next 
question is whether the insect sodium channel is the direct and primary target of the 
insect selective neurotoxins. 

The Insect Sodium Channels as the Target of Insect Selective Neurotoxins 

Indirect Evidence. Several lines of indirect evidence suggest that the insect selective 
toxins are directed to the insect neuronal sodium channels. 

(1) The excitatory (AalT) as well as the depressant (LqqIT2) insect toxins 
exclusively affect the sodium conductance of insect neuronal membranes, as 
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Figure 7. Identification of insect channel polypeptides by immunoprecipitation 
and phosphorylation using site directed antibodies prepared against specific 
segments of the rat brain sodium channel (Figure 8). Synaptosomal membranes 
from rat brain and the CNS of various insects were solubilized, 
immunoprecipitated, radiophosphorylated, resolved by SDS-PAGE and 
visualized by autoradiography. A . The anti-SP19 (1491-1508) antibody is able 
to recognize the sodium channel proteins from rat brain (1), locust (3), 
cockroach (5); fly heads (7) and moth larvae (9). (-) or (+) indicate the absence 
or presence, respectively, of 1 | i M of the synthetic polypeptide to block the 
specific antibody, thus proving its specificity. Taken from (51). B and C: 
Sodium channel polypeptides of the cockroach (B) and fly head (C) were 
identified and immunoprecipitated by the various antibodies (Figure 8) 382-
400, 1429-1449, 1686-1703, 1729-1748 and 1491-1508 (anti SP19) in lanes 
1,2,3,4 and 5 respectively. Arrow points to the migration position of the 
sodium channel polypeptide with a Mr=260,000 Da. Taken from (50). 
(Reproduced with permission from references 51 and 50. Copyright 1990 
Elsevier and 1994 Pergamon, respectively.) 
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demonstrated by voltage clamp studies with an isolated single insect axon (Figure 
4,5). 

(2) It was shown that the insect neuronal membranes possess high affinity binding 
sites to STX (KD=0.1-0.5 nM) (Figure 2B) and TTX (60), the well-known universal 
blockers of voltage sensitive sodium channels. The number of receptor sties for AalT 
and STX was shown to be practically identical using the same insect synaptosomal 
membrane preparation (Figure 9, 60). 

(3) There is a similarity in binding properties between the insect selective toxin 
AalT (60) (Figure 9) and the P scorpion toxins affecting mammals (Figure 2), the 
well-known markers of sodium channels (62,63). The binding of both groups of 
toxins is not dependent on membrane potential and is not affected by veratridine (in 
contrast to the a scorpion toxin binding (61-63). 

(4) The excitatory insect toxin AalT (64,65) as well as the depressant LqhIT2 (our 
unpublished results) were shown to be competitively displaced from their binding sites 
in insect neuronal membranes by the P scorpion toxin Ts7. The latter was shown to be 
toxic to mice as well as to insects and to compete with other P scorpion toxins on 
their mammalian sodium channel binding sites (62-66). 

(5) Finally, it was shown that the AalT toxin did not reveal a high affinity specific 
binding to rat brain synaptosomes (61). 

Mutual displaceability Among the Excitatory and the Depressant Insect 
Selective Toxins. The direct evidence, namely the demonstration that the insect 
sodium channel is the binding receptor for the insect selective neurotoxin, was 
achieved by a study (49) which was aimed at clarifying the curious phenomenon of the 
mutual displaceability among the excitatory and depressant toxins (Figure 10). 

The data presented in Figure 10 indicate that: 
(1) An excitatory toxin (AalT) is displaced with high affinity by both the excitatory 

and the depressant (BJIT2, LqIT2) toxins, with high affinity (Figure 10A,B). 
(2) That the depressant toxin LqhIT2 possesses two binding sites in the locust 

neuronal membranes: a high affinity and low capacity site (KTJ>I=0.9±0.6 nM, 
E m a x l " 0 - 1 * 0 - 0 7 pmol/mg of protein) and a second low affinity and high capacity site 
(K D 2=185±13 nM, B m a x 2 = l 0.0+0.6 pmol/mg of protein) (Figure 10C). The nature 
of the low affinity and high capacity LqhIT2 binding sites is presently unknown. The 
above binding constants, however, can not be related to the ion channels. 

(3) The excitatory toxin, AalT, displaces the radioiodinated depressant toxin only 
from its high affinity sites (Figure 10D,E). 

We have employed sodium channel site-directed antibodies, shown to recognize the 
insect sodium channel (Figure 7), in order to clarify the phenomenon of the mutual 
displaceability among the insect selective neurotoxins. The specific question was 
whether the two categories of insect selective toxins, which differ in their induced 
symptomatology (Figure 1), effects on sodium conductance (Figures 3-5), and 
primary structure (Figure 2), compete for an identical binding site, located on the 
insect sodium channel. 
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A 

0 5 10 15 02 0.6 1.0 1.4 
t C 5 I ]AoIT (nM) Bound (pmol/mg) 

B 

Figure 9. The binding of [ 1 2 5I]AaIT (A) and [ 3 H]STX (B) to locust neuronal 
membrane preparation. Saturation equilibrium assays (left) and the respective 
Scatchard analysis (right) are presented, to determine the K D and B , ^ . 
A : [ 1 2 5I]AaTT binding yielded a KD=1.19 nM and B m a x =1.37 pmol/mg of 
membrane protein. Taken from (61). B : [ 3 H]STX binding yielded a KD=0.14 
nM and B m a x = l .43 pmol/mg protein. 
(Reproduced with permission from reference 60. Copyright 1985 Elsevier.) 
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o> i 
'"D 100 ~ o o o B o v 
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log [Toxin] , M 

Figure 10. Mutual binding displaceability among the excitatory and depressant 
insect selective neurotoxins. A , B : Displaceability of the [ 1 2 5I]AaIT (1.5 nM) by 
the excitatory and depressant insect toxins: (A) AalT (•); BjITl (•); BJIT2 
(V); AaH2 (•); C. sqffusus P-mammal toxin 2 (o); (B) AalT (o); LqqITI (A); 
LqqIT2 (•). Taken from (61,67). C: Scatchard analysis of a saturation curve of 
the depressant toxin LqhIT2 binding to locust neuronal membranes. Scatchard 
plot analysis yielded the best fit (P<0.05) using a two binding site model. The 
K D values, obtained for three separate experiments, are K D 1 =0.9±0.6 nM, 
B m a x l = ° 1 ± 0 0 7 pmol/mg of protein and K D 2 =185±13 nM, B m a x 2 =10.0±0 .6 
pmol/mg of protein . The total concentration of binding sties (Rj) used in the 
Hill plot was determined from Scatchard analysis nH=0.996. Taken from (49). 
D,E: Displacement of [ 1 2 5I]LqhIT2 binding by LqhIT2 and AalT from locust 
neuronal membranes. (D) AalT, the excitatory toxin (o), displaces the 
depressant toxin [ 1 2 5I] LqhIT2 (72 pM) only from its high affinity low capacity 
sites, in contrast to the LqhIT2 (•). The figure presents plots of [ 1 2 5I]LqhIT2 
bound as a function of log toxin concentration. (E) In presence of the unlabeled 
excitatory AalT toxin (0.5 | iM), the depressant [ 1 2 5I]LqhIT2 toxin reveals only 
the second low affinity high capacity binding site with binding constants of 
K D=194±36 nM and 6 ^ = 1 3 . 8 ± 6 . 9 pmol/mg of protein. Taken from (49). 
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Figure 10. Continued. 
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Localization of Receptor Sites for Insect Selective Toxins on Sodium channels 
by Site- Directed Antibodies. To probe the binding sites of the depressant and 
excitatory toxins, we employed rive site-directed antibodies that recognize different 
extracellular regions of the rat brain RH sodium channel a subunit corresponding to 
amino acid residues 355-371, 382-400, 1429-1449, 1686-1703 and 1729-1748 (42) 
(Figure 8). The previously described anti-SP19 antibody, corresponding tot he 
intracellular sequence 1491-1508 (44,68) was also employed. These sequences 
resemble the corresponding amino acid segments in the sodium channel polypeptide 
from Drosophilapara locus (55) having 67, 79, 50, 56, 40 and 83% identity, 
respectively. Preincubation of the locust neuronal membrane with four out of the five 
externally directed antibodies (Ab) inhibited [ 1 2 5I]LqhIT2 binding in a concentration-
dependent manner. Maximum inhibition of about 50% was obtained with Ab 382-400 
(55±17%), Ab 1429-1449 (56±18%), and Ab 1729-1748 (42±20%). Ab 355-371 
inhibits [ 1 2 5I]LqhIT2 binding by only 23±5% (data not shown, and Figure 12). 

There was no correlation between the ability of the various site-directed antibodies 
to recognize the insect sodium channel polypeptide by the immunoprecipitation-
radiophosphorylation method (Figure 7), and their ability to inhibit toxin binding to 
insect neuronal membranes. For example, Ab 382-400 significantly inhibited toxin 
binding (Figure 12) and recognized the sodium channel polypeptide by the 
immunoprecipitation-phosphorylation method (data not shown). Ab 1686-1703, on 
the other hand, did not reveal any significant inhibition of toxin binding to the locust 
neuronal membranes (Figure 12) but immunoprecipitated the sodium channel 
polypeptide similarly to Ab 1491-1508 (SP19) (data not shown). These results are 
consistent with specific inhibition of toxin binding by a subset of our antibodies that 
block the toxin receptor site. It is noteworthy that similar results concerning the 
immunoprecipitation and inhibition of LqhIT2 binding by site-directed antibodies were 
obtained also using the fly head neuronal preparation (69). The SP19 antibody was 
previously shown to specifically recognize sodium channel polypeptides in various 
insects (Figure 7). 

The inhibitory effect of the site-directed antibodies on the binding of [ 1 2 5IJLqhIT2 
may result from a reduction i n number of toxin binding sites or a decrease in the 
toxins' affinity. Figure 11 shows Scatchard analysis of saturation curves of 
[ 1 2 5I]LqhIT2 binding to locust neuronal membranes with and without Ab 382-400. 
No significant change in Kd values was seen (Figure 11). The toxin was used in a low 
concentration range in order to occupy mainly the high-affinity sites of LqhIT2. Under 
these conditions, in the presence of a half-maximal concentration of Ab 382-400, 
about 25% reduction in the number of binding sites was obtained (Figure 11). 

The competitive interaction observed between the two different insect toxins 
(Figure 10) could be interpreted as either competition at an identical binding site, 
steric interference between adjacent binding sites, or distant allosteric interactions. In 
the first possibility, the various site-directed antibodies would be expected to inhibit 
the binding of the two 1 2 5I-labeled toxins to the same extent. Figure 12 presents 
antibody-mediated inhibition of [ 1 2 5I]LqhIT2 and [ 1 2 5I]AaIT binding to insect 
neuronal membranes. The membranes were preincubated in the presence of maximal 

 J
ul

y 
22

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ay

 9
, 1

99
5 

| d
oi

: 1
0.

10
21

/b
k-

19
95

-0
59

1.
ch

00
4

In Molecular Action of Insecticides on Ion Channels; Clark, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 



4. ZLOTKEN ET AL. Insect-Selective Neurotoxins from Scorpion Venom 75 

0.15 

[Bound]• pM 

Figure 11. Scatchard plots of saturation curves of [125I]LqhIT2 binding to 
locust neuronal membranes in the presence or absence of site-directed antibody 
382-400 indicating mainly a reduction in the toxin's binding capacity. The K D 

and Bjuax values obtained in controls (o) were 0.72 nM and 0.21 pmol/mg 
protein respectively, and i the presence of Ab (•) 0.67 nM and 0.16 pmol/mg 
protein, respectively, two separate experiments yielded similar results. Taken 
from (49). 
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Antibody 382-400 335-371 H29-I449 686-1703 I729H748 1429-1449 382-400 362-400 
1729-1748 1729-1748 1429-1449 

Figure 12. Inhibition of [ 1 2 5I]LqhIT2 and [ 1 2 5I]AaIT binding by the site-
directed antibodies. Locust neuronal membranes (0.5 mg/ml) were 
preincubated with 20,30 and 40 1̂ of nonimmune antibodies (control, 100% 
binding) or 20 \i\ of the nonimmune antibodies together with 10 \x\ of each of 
the indicated site-directed antibodies (A). In the combined applications of two 
site-directed antibodies, each antibody was applied in 10 pi in the presence of 
20 \x\ of nonimmune antibodies (B). Each bar represents the mean ± SD of 
three to five independent experiments, where triplicate determinations were 
made for each antibody. The concentrations of labeled toxins used were 224.7± 
12.3 p M for [ 1 2 5I]LqhIT2 (open bars) and 249.6+80.4 pM for [ 1 2 5I]AaIT 
(solid bars). Taken from (49). 
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amounts of each Ab, and the binding of the two toxins was measured under similar 
conditions. Antibodies 382-400, 1429-1449 and 1729-1748, which cause over 50% 
inhibition of [ 1 2 5I]LqhIT2 binding, were shown to inhibit [ 1 2 5I]AaIT binding by less 
than 20%. Antibody 355-371, which inhibits the depressant toxin by 23%, did not 
reveal any significant effect on the binding of the excitatory 1 2 5I-toxin, similarly to Ab 
1686-1703 which did not affect the binding of either toxin (Figure 12A). 

The data presented in Figure 12B demonstrates that the combined application of 
two Abs, each effective in toxin binding inhibition, was not additive. These results 
suggest that (a) each antibody was given in a saturable amount, and (b) the partial 
inhibition of toxin binding (Figure 12) indicates that all the antibodies used identify 
and bind to the same population of sodium channels. Otherwise, the combined 
presence of two effective antibodies would result in an additive effect (Figure 12B). It 
is noteworthy that the possibility of steric hindrance in the binding of the combined 
antibodies to a single sodium channel is not ruled out by our data. However, it would 
not alter our suggested interpretation of Figure 12B. The main conclusion, however, 
demonstrated in Figure 12 is the ability of the various site-directed Abs to 
quantitatively differentiate between the binding of the LqhIT2 and AalT. This 
indicates that their binding sites are not identical although located on the same insect 
sodium channel. This conclusion is strongly supported by the below mentioned (see 
Figure 13) information revealing an "asymmetrical" binding interaction in reciprocal 
assays with the two toxins with different insect neuronal preparations. 

To summarize, site-directed antibodies corresponding to conserved putative 
extracellular segments of sodium channels, coupled with binding studies of 
radiolabeled insect-selective scorpion neurotoxins, were employed to clarify the 
relationship between the toxin's receptor sites and the insect sodium channel. The 
binding of LqhIT2 was significantly inhibited in a dose-dependent manner by each of 
four site-directed antibodies. As exemplified with Ab 382-400 (Figure 11), the binding 
inhibition resulted from reduction in the number of binding sites. The antibody-
mediated inhibition of [ 1 2 5I]AaIT binding differs from that of LqhIT2: three out of the 
four antibodies which maximally inhibited LqhIT2 binding only partially affected AalT 
binding. Two antibodies, one corresponding to extracellular and one to intracellular 
segments of the channel, did not affect the binding of either toxin. These data suggest 
that the receptors to the depressant and excitatory insect tdxins (a) comprise an 
integral part of the insect sodium channel, (b) are formed by segments of external 
loops in domains I, III and IV of the sodium channel, and (c) are localized in close 
proximity but are not identical in spite of the competitive interaction between these 
toxins. It is noteworthy that the binding site of an alpha scorpion toxin affecting 
mammals corresponds to the extracellular loops between the transmembrane segments 
S5 and S6 in domains I and IV of the rat brain sodium channel (45,76). 

The present results are in concert with the previously suggested concept of 
multipoint attachment of scorpion toxins. This concept was based on chemical 
modifications of selected amino acid residues, localized on various regions of the 
primary structure of the a scorpion toxins (70) as well as the insect toxins (71). Thus, 
it may be suggested that the different regions of the toxin essential for its attachment 
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are complemented by several points of attachment in the receptor molecule, all 
simultaneously required to cany out the high-aflBnity binding reaction. This 
hypothesis, however, deserved further study. 

The requirement of several segments of the sodium channel for toxin binding may 
reasonably explain the phenomenon of binding competition among chemically and 
pharmacologically distinct toxins such as the insect and (3 scorpion toxins. Thus, a 
partial overlap, even in one of the several attachment points of the various toxins to 
the receptor, may be sufficient to inhibit toxin binding. This notion is supported by the 
recent finding of a new scorpion toxin, AaHIT4 (72), which has a low homology with 
other scorpion toxins. AaHIT4, however, displaces both a- and 0-toxins, which bind 
to distinct receptor sites (40,66), from rat brain sodium channels and also displaces 
the insect toxin AalT from insect sodium channels. 

Variability Among Insect Sodium Channels Revealed by Neurotoxins. 

With this background of the mutual displaceability of the excitatory and depressant 
toxins in the locust neuronal membrane and their binding constants (Figure 10), 
neuronal preparations of several other insects were studied (50) and it has been 
shown: 

(1) Similarly to locust neuronal membranes the membranes of cockroaches, flies 
and lepidopterous larvae possessed a single class of binding sites for the excitatory 
AalT toxin and two classes of high and low affinities and low and high capacities 
respectively for the depressant LqhIT2 toxin (50). 

(2) However, as shown in Figure 13, a mutual displaceability between the AalT 
and LqhIT2 toxin occurred only in the cockroach preparation but not in the fly head 
and the Spodoptera larvae preparations. 

The asymmetry observed in the mutual displacement of the excitatory and 
depressant toxins (Figure 13) can be attributed to the existence of several sodium 
channel subtypes in neuronal membranes of various insects. This consideration is 
supported by the notion that the mutual displacement between the depressant and 
excitatory toxins represents a steric interference between adjacent binding sites, as we 
suggested previously (49). These putative sodium channel subtypes may differ the 
spatial location or relative orientation of the binding sites to each of the two toxins. 
Accordingly, we presume the occurrence of at least three subtypes: the first, 
expressed in locust and in cockroach neuronal membranes, in which a mutual steric 
hindrance between the toxins occurs; the second, expressed in neuronal membranes of 
lepidopterous larvae, in which no displacement of the depressant toxin by the 
excitatory toxin takes place; the third subtype of channels, expressed in fly neuronal 
membranes, in which a decreased ability of the excitatory toxin to interfere with the 
binding of the depressant toxin is observed (Figure 13). 

Our data suggest that different insect orders (or even species and developmental 
stages) express different and possibly variable sodium channels in their nervous 
system. Such differences and variability may be detected by the selective toxins as 
well as by the sodium channel site-directed antibodies. Elucidation of the structural 
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Figure 13. Reciprocal competitive displacement assays of the excitatory and 
depressant toxins. 1. Displacement of [ 1 2 5I]AaIT binding by AalT and LqhIT2. 
2. Displacement of [ 1 2 5I]LqhIT2 binding by LqhIT2 and AalT. Neuronal 
membranes of P. americana (A) or Sarcophaga falculata (B) or Spodoptera 
littoralis (C) were incubated for 60 min in 22°C in the presence of [ 1 2 5I]AaIT 
(1) or [ 1 2 5I]LqhIT2 (2) and increasing concentrations of AalT or LqhIT2. 
Non-specific binding, determined in the presence of 1 | i M unlabeled toxin, was 
subtracted. In (1) o AalT, • LqhIT2; in (2) o LqhIT2, • AalT. 
(Reproduced with permission from reference 50. Copyright 1994, Pergamon.) 
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basis of the unique pharmacology of insect sodium channels is an important area of 
future study. 

The ability of the insect selective toxins to distinguish among sodium channels of 
various insects (50) is similar to the fact that a toxins affecting insects, such as the 
LqhalT, are able to perform an interesting distinction between the vertebrate and the 
insect sodium channels (74). The a-toxins affecting mammals (75) constitute a family 
of structurally and functionally related polypeptide neurotoxins (Figure 2). These 
toxins (Figure 2) bind to receptor site 3 on the vertebrate sodium channel and interact 
synergically with the neurotoxin receptor site 2, that binds lipid soluble alkaloids 
(sodium channel activators) such as veratridine and batrachotoxin. The binding 
affinity of these site 3 toxins is reduced by depolarization in a degree similar to the 
voltage dependence of sodium channel activation (40,77). 

With this background it is noteworthy that the interaction of LqhalT with the 
locust neuronal membrane reveals the typical pharmacology of the a scorpion toxins 
by its: (a) electrophysiological effects on sodium conductance (Figure 6); (b) 
cooperativity with veratridine (Figure 14A); (c) displacement by the sea anemone 
ATX2 toxin (Figure 14B) and (d) absence of any effect on its binding by the various 
non-a sodium channel toxins (74) (Figure 14). LqhalT, however, differs from the a 
scorpion toxins by possessing a voltage-independent binding site (Table I). The 
binding of ATX2 to the insect neuronal preparation is equally membrane potential-
independent, in contrast to its binding to mammalian neuronal membranes (74). The 
latter may suggest that the receptor binding site of LqhalT on insect sodium channels 
is structurally different from the homologous (or perhaps, analogous) receptor site 3 
on vertebrate sodium channels. Clarification, on the molecular level, of LqhalT 
receptor binding sites in the insect sodium channel may reveal the (a) unique 
properties of the insect sodium channel related to its inactivation; (b) structural 
features responsible for animal group specificity of scorpion toxins and (c) provision 
of a new target for future selective insecticides. 

Concluding Remarks 

1. The insect voltage gated sodium channels reveal obvious electrophysiological, 
pharmacological, immunological and chemical-structural similarities to their 
vertebrate counterparts. 

2. The occurrence of the excitatory and depressant insect selective neurotoxin from 
Buthinae scorpion venoms supplies, so far, the strongest distinction between the 
vertebrate and insect sodium channels. 

3. These insect selective toxins exclusively affect the insect sodium channel through 
their binding to their receptors which comprise an integral part of the insect 
sodium channel and are formed by segments of external loops in domains I, m 
and IV of the sodium channels, and thus form a multisite attachment to their 
receptors. 

4. We propose that the competitive interaction between the depressant and 
excitatory insect toxins (Figure 10,13) is a consequence of a partial overlap in 
their points of attachment in the external segments of the insect sodium channel. 
Thus, the two groups of toxins may have closely localized, but not identical, 
binding sites. It may be further suggested that the insect selectivity of the insect 
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Figure 14. The pharmacology of binding of the insect toxic a scorpion toxin 
LqhalT to locust neuronal membranes. A . Veratridine increases capacity and 
affinity of [ 1 2 5I]LqhaIT to locust neuronal membranes. Scatchard analysis of 
specific binding yielded a single class of binding sites with the following 
constants: KD=1.06±0.15 nM and Bms)=Q.l±Q.\9 pmol/mg protein in the 
absence of veratridine (•); KD=0.88±0.17 nM and Bm a x=l.03+0.06 pmol/mg 
protein in the presence of veratridine (•). Taken from (74). B. Displacement of 
t 1 2 5I]LqhaIT binding by sodium channel neurotoxins. Locust neuronal 
membranes were incubated in the presence of [ 1 2 5I]LqhaIT and increasing 
concentrations of each of the following toxins: LqhalT (•); Anemonia sulcata 
toxin II (ATX2A) and AaTT, LqhIT2, Ts7, and TTX toxins, which did not 
inhibit binding, are represented, for clarity, by a single symbol (X). 

toxins may correspond to the recognition of minor modifications in the insect 
sodium channel when compared to its vertebrate counterpart, in one or more of 
the several points of attachment required for toxin binding. The difference may be 
expressed on the amino acid sequence and/or conformational levels. The structural 
basis of insect selectivity on the level of the toxins as well as their receptors 
deserves clarification on the molecular level (73). 

5. The attachment sites of the insect selective toxins to the insect sodium channel 
should represent functionally critical sites which can be targeted by newly 
designed selective insecticides. The insect selective neurotoxins may serve as 
valuable tools for the study of the pharmacology of insect neuronal membranes. 
The understanding of the proposed structural variations in insect sodium channels, 
and more specifically in the binding sites of the insect selective toxins among 
various insects, may suggest new targets and approaches to the design and 
screening of new highly selective insecticides. The alpha toxins affecting insects, 
in spite of their lack of selectivity, may fulfill a similar role. These toxins reveal a 
difference, related to the sodium inactivation process, between the insect and the 
vertebrate sodium channels. 
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Table I. The binding of LqhalT to insect neuronal membranes is not 
affected by depolarization 

Conditions LqhalT bound (%) 

Membrane vesicles (mvP2L) 100 
Choline medium 111±4 
Potassium medium 

Synaptosomes (P2L) 100 
Choline medium 95+2 
Potassium medium 100 
Sodium medium 107±1 
Sodium medium, 10 ug/ml gramicidin A 
Sodium medium, 10 ug/ml gramicidin A 161+6 

veratridine 100 uM 

Locust synaptosomal membrane vesicles (mvP2L) loaded in 0.1 M potassium phosphate 
buffer or synaptosomes (P2L) were incubated with 0.18 nM [125I]LqhaIT for 40 min at 22°C 
after 20-fold dilution in the following media: Choline medium (standard binding medium for 
mvP2L) or, for P2L, 120 mM choline chloride, 0.8 mM MgCl 2 , 20 mM HEPES/Tris, pH 
7.40, 0.1% BSA. In other media, the choline was replaced with potassium or sodium, 
respectively. Gramicidin A (10 ug/ml) alone or with veratridine (100 mM) were added to some 
incubation mixtures. Depolarization of the vesicles or synaptosomes is induced by potassium 
medium and by the sodium medium in the presence of the cation ionophor gramicidin. The 
results are reported as the percent of the binding measured in choline medium (100%) for each 
membrane preparation and represent mean ± S.E.M. of three separate experiments. 
Reproduced with permission from reference 74. Copyright 1993 Elsevier.) 

6. To summarize, the insect selective toxins are able to distinguish between the 
nervous system of an insect and a non-insect and to identify in the former a 
functionally critical target. As such, they can serve as research models for the 
design of insect selective insecticides. This approach may result in one or a 
combination of the following: their mimicry by synthetic non-peptide substances; 
the design of modified, metabolically stable neurotoxin polypeptides with oral 
toxicity, followed by cloning of their genes for the design of transgenic, insect-
protected plants; the insertion and association of the insect-toxin genes into 
microorganisms (such as Bacillus thuringiensis) and/or viruses (such as 
baculoviruses) able to penetrate and inoculate within the insect body and produce 
the insect toxins there. The feasibility of these approaches was recently 
exemplified by significantly increasing the rate at which a baculovirus kills an 
insect pest due to the incorporation of toxin-producing genes from an 
insectivorous venomous mite (78) or scorpion (79). 
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Chapter 5 

Restriction Fragment Length Polymorphism 
Analysis of a Sodium-Channel Gene Locus 

in Susceptible and Knockdown-Resistant 
House Flies, Musca domestica 

C. A . Bell, M. S. Williamson, I. Denholm, and A. L. Devonshire 

Institute of Arable Crops Research, Rothamsted Experimental Station, 
Harpenden, Hertfordshire AL5 2JQ, United Kingdom 

Resistance to D D T and pyrethroid insecticides in the housefly 
(Musca domestica) often involves a common mechanism termed 
knockdown resistance (kdr). The voltage-sensitive sodium channel 
is generally regarded as the primary target for these insecticides, 
and has been implicated in nerve insensitivity to these compounds 
conferred by kdr alleles. Part of the sodium channel gene, 
designated Msc, previously cloned from the housefly, was used to 
identify restriction fragment length polymorphisms (RFLPs) at this 
locus in susceptible, kdr (resistant) and super-kdr (highly resistant) 
houseflies. These RFLPs showed tight linkage to resistance in 
controlled crosses, providing the first genetic evidence that kdr, and 
hence pyrethroid mode of action, is closely associated with the 
sodium channel. We report here that sodium channel RFLPs at the 
Msc locus show much diversity amongst susceptible insects, but are 
strongly conserved in pyrethroid resistant laboratory and field 
populations. This further implicates the sodium channel as the site 
of resistance and suggests a common origin for the kdr and super-kdr 
alleles. 

Synthetic pyrethroid insecticides, developed from naturally-occurring pyrethrins, 
combine high insecticidal activity with low mammalian toxicity and lack of 
environmental persistence^. Their widespread use to control many 
agricultural and human health pests, combined with previous use of 1,1,1-
trichloro-2,-2-bis(4-chlorophenyl)ethane (DDT), which is thought to share the 
same mode of action and mechanism of resistance, has led to the rapid 
development of resistance in many insect species (2,3). Several lines of 
evidence point to the nervous system as the primary target of D D T and 
pyrethroid action. In insects, the symptoms of pyrethroid poisoning are 
indicative of an action on the nervous system: rapid loss of coordinated 

0097-6156/95/0591-0086$12.00/0 
© 1995 American Chemical Society 
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movement, periods of convulsive activity and ultimate paralysis. These features 
were recorded in individual cockroaches using intracellular micro-electrodes 
(4), and implicated directly a modification of transient sodium ion conductance 
mediated by voltage-sensitive sodium channels as the primary cause of the 
observed effects on nerve action potentials. Later work on whole cell 
membranes showed that the kinetics of sodium channel activation, as well as 
inactivation, are different in the presence of D D T (5). Whilst other neuronal 
effects have been documented, effects on the sodium channel are considered 
to be the critical lesions mediating the action of these insecticides (6). 

DDT and Pyrethroid Resistance 

Resistance to both the rapid paralytic ("knockdown") and lethal actions of D D T 
and pyrethrins was first reported in the housefly (7), and shown to be 
controlled by a single gene (generally termed knockdown resistance or kdr) on 
autosome 3 (8). Subsequent work (9) confirmed these findings, and identified 
other putative allelic variants at this locus including the more potent super-kdr 
factor (10). Analogous mechanisms have been identified, though less well 
characterised, in several other pest species (reviewed in 11). 

The possible involvement of reduced neuronal sensitivity in kdr houseflies 
was suggested by the failure of synergists to increase the toxicity of D D T and 
pyrethroids in kdr resistant houseflies, and by the location of the kdr gene on 
autosome 3, not known to carry genes conferring metabolic mechanisms of 
resistance to insecticides (9). Comparative studies of nerve preparations from 
susceptible and kdr type houseflies have shown that the latter survive longer 
periods of insecticide exposure or higher insecticide concentrations before 
nerve function is disrupted (12, 13). 

Two hypotheses have been advanced to explain the role of the sodium 
channel itself in the reduced sensitivity of the kdr phenotype. The first 
hypothesis proposes a reduced density of channels in the nerve membrane, as 
has been observed in the nap* (no action potential, temperature sensitive) 
mutation in Drosophila melanogaster. The presence of fewer channels was 
shown to be the cause of a low level of resistance to the knockdown effects of 
pyrethroids (14,15). This work prompted studies on the number of receptors 
binding to pyrethroids in kdr houseflies, but although one study reported a 
reduced sodium channel density associated with a kdr strain of housefly (16), 
others showed little or no difference in density (17-19). 

The alternative hypothesis is that kdr resistance reflects alterations in the 
structure of the sodium channel protein, thereby reducing its affinity for D D T 
and pyrethroids. Unti l recently this hypothesis was only supported by indirect 
pharmacological evidence involving the effects of pyrethroids on the binding of 
known sodium channel ligands, demonstrating that D D T and neurotoxic 
pyrethroids enhance the binding of [ 3H] batrachotoxin to rat and mouse brain 
sodium channels (20, 21). 
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Cloning of a Sodium Channel Gene from the Housefly 

A sodium channel gene was first isolated and sequenced from the electric eel 
(22), and subsequently from rat brain (23, 24), skeletal muscle (25, 26) and 
heart muscle (27). Two putative sodium channel genes have now been 
identified in Drosophila, termed DSC1 (28) and para (29, 30). By using 
homology to para, part of the equivalent housefly sodium channel gene 
encoding sequences towards the 3' (carbon-terminal) end of the gene was 
cloned and designated Msc (Musca sodium channel) (31). Restriction fragment 
length polymorphisms (RFLPs) at this locus were identified that differed 
between susceptible, kdr and super-kdr houseflies. Through a backcross strategy 
and discriminating dose bioassay, these sodium channel RFLPs were shown to 
segregate with resistance, providing clear genetic evidence that the sodium 
channel gene is tightly linked to knockdown resistance (31). Using a similar 
approach, Knipple et al (38) have recently confirmed this linkage for the kdr 
strain 538ge. Taken together, these results indicate that both the kdr and super-
kdr traits are located within one map unit of the sodium channel gene locus. 
The aim of the work described in the present paper was to study the sodium 
channel RFLPs in a wider range of susceptible and resistant strains to assess 
their potential for diagnosing and monitoring kdr resistance in field populations. 

Materials and Methods 

Housefly Strains. The following strains were used and cultured using standard 
procedures. Cooper, a reference susceptible strain (9), lacking visible markers 
and homozygous for the wild type allele at the kdr locus; 579 and 530, 
homozygous for the kdr and super-kdr resistance alleles respectively and derived 
from the multimarked strains (53Sge and 3D respectively; see below) by 
repeated backcrossing to Cooper flies followed by re-selection for resistance 
(32); 538ge, homozygous for the kdr resistance allele and the recessive markers 
bwb (brown body) andge (green eye), all on autosome 3 (32); 3D, homozygous 
for the super-kdr level of resistance and possessing the recessive visible markers 
ac (ali-curve; autosome 1), ar (aristapedia; autosome 2) and ocra (ocra-eye; 
autosome 5) (32); A2, a wild-type strain collected in the Netherlands by F J . 
Oppennorth and homozygous for a third type of knockdown resistance (super-
fafrVu); 5640sel, homozygous for super-kdr levels of resistance (derived from 
strain 3D) and the visible markers ac, ar and ocra, and containing other 
uncharacterised metabolic resistance factors which interact with super-kdr to 
confer virtual immunity to pyrethroids; 171sel, a pyrethroid-resistant strain 
originating from a pig farm on the outskirts of Harpenden, UK, and maintained 
under heavy selection with permethrin in the laboratory, homozygous for 
knockdown resistance but also possessing other resistance mechanisms; 
Royston, collected in March 1993 from a large poultry rearing unit in North 
East Hertfordshire, UK, and exposed to heavy selection pressure in the field 
with pyrethroid, organophosphate and carbamate insecticides; Holtwood, also 
collected in March 1993 from a small pig rearing unit in South Bedfordshire, 
UK, only sporadically exposed to insecticides and for which no resistance 
problems had been reported. 
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Bioassay Procedure. To assess resistance levels and attempt a diagnosis of any 
resistance alleles present in field populations, insects were bioassayed with 
DDT at two doses considered to be optimal for discriminating between 
susceptible and kdr homozygotes on the one hand, and kdr and super-kdr 
homozygotes on the other. These doses were 0.5 and 2.5 Mg / fly, both applied 
in conjunction with 1 Mg/fly PB (piperonyl butoxide) and 1 Mg/Ay FDMC (2,2-
6&(4-chlorophenyl)-l,l,l-trifluoroethanol) to inhibit any other DDT resistance 
mechanisms present (33). Bioassays were performed on 3 to 4 day old milk-fed 
female adults, with up to 200 insects tested at each dose. Flies were 
anaesthetized with diethyl ether, treated topically with 0.5 /J1 of an acetone 
solution containing the appropriate dose of insecticide and synergists. Mortality 
was scored after holding for 24 h at 20°C. 

RFLP Analysis. Individual adult flies were homogenised in 300 /il extraction 
buffer (0.1M Tris-HQ pH 8.8,0.1M EDTA, 1% SDS) using 15 ml microtubes 
with tight-fitting pestles (Kontes, supplied by Burkard Scientific UK) and 
incubated at 65°C for 30 min. 70 /ri 5M potassium acetate was added, 
incubated on ice for 30 min and centrifuged at 12000 rpm for 20 min. The 
supernatant was extracted with phenol and DNA precipitated with ethanol. 
DNA samples (5 Mg) were digested withiscoRI, separated on 0.8% agarose gels 
and transferred to nylon membrane using standard techniques (34). The 
membranes were hybridised to the ^-labelled cDNA insert of pSCP2 (31) in 
a solution containing 50% (v/v) formamide, 10 x Denhardts, 4 x SSPE, 0.5% 
SDS and 200 Mg/ml herring sperm DNA at 42°C for 16 h, and washed first in 
2 x SSPE, 0.1% SDS at 60°C for 2 h then 0.5 x SSPE, 0.1% SDS at 60°C for 30 
min. Membranes were exposed to X-ray film for 72 h. 

Results and Discussion 

RFLP Patterns of Laboratory Housefly Strains. RFLP patterns from standard 
530 (super-kdr)9 579 (fafr), and Cooper (susceptible) strains using the <pSCP2' 
probe have been described previously (31). The bands identified in these 
strains were 8.8 and 3.0 kb for Cooper, 6.0 and 3.4 kb for 579 and >20, 15.5, 
6.5 and 5.7 kb for 530. These three RFLP patterns are compared with 
representative patterns obtained from five further resistant laboratory strains 
in Figure 1. All of the additional strains contained, in various combinations, 
at least one of the bands present in 579 and 530 flies. No new bands were 
detected in these strains, nor were either of the bands characteristic of the 
susceptible Cooper population. Based on the limited numbers of insects 
examined (20-40), three strains (3D, 171sel and 5640sel) appeared homozygous 
for a single RFLP variant yielding a consistent pair of RFLP fragments. Two 
others (53Sge and A2) were, like 530, clearly polymorphic in this respect, 
possessing two allelic variants (each yielding a characteristic pair of RFLP 
fragments) present in homozygous or heterozygous condition. 

Strain 538ge was polymorphic with two variants yielding fragment pairs 
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Figure 1. Examples of R F L P banding pattern in five resistant 
laboratory strains: 171sel, 5640sel, A2, 3D and 538ge. Standards 
strains shown on the left are, Cooper, 579 (kdr) and 530 (super-kdr). 
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of 15.5 with 3.4 kb, and 6.0 with 3.4 kb respectively. The 15.5 kb band was 
shared with 530, whereas the 6.0 and 3.4 kb bands were absent from 530 but 
occurred in all individuals of strain 579. A 2 was polymorphic for two variants 
yielding fragments of >20 with 6.5 kb and 15.5 with 3.4 kb. The first of these 
variants was also present in 530, and the second appeared identical to the more 
common variant in 53&ge. Strains 3D and 171sel were both homozygous for the 
15.5 with 3.4 kb variant. 5640sel was homozygous for a variant yielding 15.5 
with 6.5 kb bands, both of which were present but segregated independently in 
the 530 strain. In terms of individual bands, 15.5 kb was the most widely 
distributed and occurred in six of the resistant strains examined, the only 
exception being strain 579. 

These results disclose a striking association between R F L P patterns, and 
the presence (though not necessarily the level) of knockdown resistance. Some 
similarities between laboratory strains were expected as a consequence of 
common descent from field populations in which kdr and super-kdr levels of 
resistance were first identified and characterised. Strain 579 was derived from 
538ge by outcrossing to Cooper (to remove visible markers), followed by 
reselection with pyrethroids to recover the kdr resistance phenotype (32), 
whereas strains 5640sel and 530 were derived from 3D using other outcrossing 
procedures (A.W. Farnham, personal communication). However, strains A 2 
and 171sel represented separate genetic lineages descended from field 
populations in Denmark and the U K respectively. The conservation of certain 
R F L P bands (those of 15.5 and 3.4kb in particular) in these strains also cannot 
be attributed purely to coincidence; it implies a more fundamental genetic 
relationship between resistance alleles in these populations. 

Analysis of Field Populations. Once eggs had been collected from the Royston 
and Holtwood populations, insects from the original field collections were used 
for D N A analysis. R F L P patterns showed Holtwood to be highly variable at 
this locus; a representative sample is shown in Figure 2a. 14 different banding 
patterns were observed among the 16 Holtwood flies, 11 of which were putative 
heterozygote combinations. Many of the bands observed were shared by more 
than one individual, and, although it was difficult to ascertain whether any of 
these bands were the same as those previously observed, two individuals did 
seem to contain a band of 15.5 kb, similar to that found in 530 flies and other 
resistant laboratory strains. 

Royston flies showed much greater homogeneity of R F L P patterns, 
(Figure 2b). Among the 16 flies tested, 6 different patterns were detected, of 
which three patterns accounting for 12 individuals were clearly related to each 
other. One pattern was an apparent heterozygote combination with bands of 
>20, 15.5, 6.5 and 3.4 kb, and the other two being the corresponding 
homozygote patterns, with the >20 and 6.5kb bands and the 15.5 and 3.4 kb 
bands segregating in combination. These banding patterns appeared identical 
to those observed in the polymorphic A 2 strain (Figure 1). The other three 
banding patterns contained combinations of novel bands and ones already 
reported, but were not readily explained in terms of segregation of further 
allelic variants. 
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Figure 2. RFLP banding patterns of 12 representative individuals 
from each of the field collected housefly strains, A . Holtwood, B . 
Royston. Standards strains shown on the left are, Cooper, 579 (kdr) 
and 530 (super-kdr). 
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Discriminating dose bioassays with D D T + F D M C + P B disclosed 
marked differences in resistance between the Holtwood and Royston 
populations, Table I. The lower dose of 0.5 /ig DDT/female (with both 
synergists applied a 1 Atg/fly) was one calculated, from previous experience, to 
ki l l susceptible and heterozygous genotypes but to allow resistant homozygotes 
(whether kdr or super-kdr phenotypes) to survive treatment. As expected, all 
Cooper insects were killed by this dose, as were 100% of Holtwood flies. 
Mortality of 530 (super-kdr) and Royston insects was 0% and 0.4% respectively. 

Table I. Mean percentage mortality of four housefly strains tested with D D T 

—1 

Strain 

Dose of D D T | 
—1 

Strain 05 jig/fly 2S Mg/fly I 

Cooper 100 100 I 
Holtwood 100 100 

Royston 0.4 0 

530 0 45 ± 9 

The higher concentration of D D T (2.5 /ig / fly) was one calculated to ki l l 
virtually all insects homozygous for kdr levels of resistance, but to allow at least 
50% of super-kdr insects to survive exposure. The ca. 45% ki l l observed for 530 
insects was in keeping with this expectation. Failure to ki l l any Royston flies 
at this dose was indicative of virtually all insects being homozygous for 
knockdown resistance at least equivalent to, and perhaps exceeding the super-
kdr level of response. However, the response of Royston flies may have been 
modulated by the presence of the pen (reduced cuticular penetration) gene that 
alone confers very little resistance to D D T , but which may enhance the 
expression of any major resistance mechanism (including kdr) present (e.g. 35). 
Any metabolic resistance should have been suppressed by the added synergists. 
The pen factor was not present in the 530 strain. 

The Royston population was characteristic of others in the U K subjected 
to intensive treatment with pyrethroids, causing strong selection for kdr and 
leading in most cases to severe control difficulties (36). The flies exhibited 
little variation in R F L P banding pattern, and those bands present (especially 
15.5 and 3.4 kb bands) resembled closely ones of resistant laboratory strains. 
The Holtwood population, in contrast, had rarely (if ever) been exposed to 
pyrethroids. No resistance homozygotes were detected in bioassays and insects 
exhibited much variation in R F L P banding patterns. Two of the sixteen flies 
tested showed a putative 15.5 kb band possibly indicative of heterozygotes 
possessing a single resistance allele. Since kdr resistance is effectively recessive 
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in topical application tests, such insects would not have survived the 
discriminating dose bioassay. 

The conservation of R F L P banding patterns within and between resistant 
strains, compared with extensive polymorphism within the susceptible Holtwood 
population, mirrors results of work on two overproduced esterases (A2 and B2), 
generally associated, and implicated in organophosphorus resistance in the 
mosquito, Culex pipiens (37). Resistance conferred by A2-B2 is now reported 
from four continents, and is a severe impediment to mosquito control in some 
countries. Mapping of the usually very highly polymorphic B esterase region for 
six resistant strains from Asia, Africa and North America using 13 restriction 
enzymes produced virtually identical banding patterns. This signified that A2-
B2 overproduction had a single genetic origin, and has subsequently spread 
around the world through the passive transport of mosquitos on planes and 
boats (37). More extensive surveys of populations using further restriction 
enzymes and/or R F L P sites on the Msc gene could well implicate a similar 
phenomenon for knockdown resistance in houseflies. Results that are available 
support this hypothesis, and also imply that alleles conferring the different 
resistance patterns disclosed by bioassays (kdr, super-kdr and super-kdr^) arose 
as secondary modifications of the same original mutation. Sequencing work on 
susceptible and resistant strains is underway to explore these relationships in 
more detail. 

A clear-cut association between R F L P patterns and knockdown resistance 
implicates Msc still further as the gene responsible for this mechanism in 
houseflies. However, the question of whether such RFLPs constitute reliable 
genetic markers for resistance is still uncertain at present, since none of the 
bands identified occurred consistently in all resistant populations. Studies on 
populations from a wider range of geographical localities, and on other 
restriction sites in the Msc gene (both now underway at Rothamsted) should 
clarify this issue further and may well identify markers even more closely 
conserved between resistant populations. 
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Chapter 6 

Actions of Insecticides on Sodium Channels 
Multiple Target Sites and Site-Specific Resistance 

David M. Soderlund and Douglas C. Knipple 

Department of Entomology, New York State Agricultural Experiment 
Station, Cornell University, Geneva, NY 14456 

Three classes of insecticides (pyrethroids/DDT analogues, N
-alkylamides, and dihydropyrazoles) modify sodium channel function 
through effects by binding to three distinct target sites on the channel. 
The kdr resistance trait in the house fly, Musca domestica, confers 
reduced target site sensitivity to pyrethroids and DDT but does not 
diminish the efficacy of N-alkylamides or dihydropyrazoles, suggesting 
a domain-specific modification of the sodium channel as the mechanism 
of resistance. This paper reviews our recent research to test this 
hypothesis by cloning genomic D N A corresponding to a segment of the 
house fly homologue of the para sodium channel gene of Drosophila 
melanogaster, identifying restriction site polymorphisms within this 
stretch of D N A between the kdr and susceptible house fly strains, and 
employing these molecular markers in a genetic linkage analysis. The 
results of these studies show that the kdr trait is tightly linked to the para 
voltage-sensitive sodium channel gene. These findings are discussed in 
the context of continued exploitation of the sodium channel as an 
insecticide target site. 

The opening of voltage-sensitive sodium channels mediates the transient sodium 
permeability of the cell membrane and is responsible for the rising phase of action 
potentials in most vertebrate and invertebrate nerves and in vertebrate skeletal and 
cardiac muscle (7). The crucial importance of sodium channels in the normal function 
of excitable cells is evident in the tremendous variety of naturally-occurring neurotoxins 
produced by plants and animals that disrupt sodium channel function, thereby 
contributing to the predation strategies or chemical defenses of these species. These 
neurotoxins have also been used as chemical probes of sodium channel function. The 
pharmacological profile of the sodium channel that has emerged from these studies is 
complex and includes evidence for at least five well-characterized neurotoxin binding 
sites plus circumstantial evidence for several other distinct sites (2,3). 

The significance of the voltage-sensitive sodium channel as an insecticide target 
site has been widely recognized by virtue of the wealth of physiological evidence 
implicating sodium channels as the principal target site for DDT and pyrethroids (4-6). 
In addition, recent research has provided evidence for the action of other classes of 
experimental insecticides on sodium channels (7,8). Alterations in the pharmacological 

0097-6156/95/D591-0097$12.00/0 
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specificity of the sodium channel are also implicated as an important mechanism of 
insecticide resistance (6,9). This review summarizes evidence for the existence of 
multiple insecticide binding sites on the sodium channel and explores the specificity and 
significance of resistance mechanisms that involve reduced neuronal sensitivity to 
compounds acting at this target 

Multiple Insecticide Target Sites on the Sodium Channel 

Neurotoxin B ind ing Sites on the Sodium Channel . Most of the 
pharmacological properties of sodium channels have been defined in the context of 
studies of the mode of action of naturally-occuring neurotoxins. Five principal 
neurotoxin recognition sites associated with sodium channels have been identified 
using a combination of functional and radioligand binding assays. These sites, each of 
which appears to be a physically distinct domain that is labelled specifically by a 
neurotoxin-derived radioligand, are designated Sites 1-5 in the widely-used 
classification scheme of Catterall (2) (Table I). The existence of additional neurotoxin 
recognition sites (Table I) has been inferred from studies of other classes of drugs and 
neurotoxins that are known to affect sodium channel function but fail to displace 
directly any of the radioligands that label Sites 1-5. 

Insecticide Target Sites on the Sodium Channel. A wealth of physiological 
evidence documents the ability of DDT analogues and pyrethroids to modify sodium 
channel function, principally by prolonging the time course of sodium channel 
inactivation (4-6). Radiosodium flux and radioligand binding studies with mammalian 
brain preparations (10-14) have documented allosteric interactions between DDT or 
pyrethroids and several other classes of neurotoxins (Table I). These results imply that 
DDT analogues and pyrethroids bind to a domain of the sodium channel, designated 
Site 6 by Lombet et al. (73), that is distinct from other neurotoxin recognition sites. To 
date, attempts to label this site with a pyrethroid radioligand have been unsuccessful 
(13,15) due to the lipophilicity of potent pyrethroids, which contributes to extremely 
high levels of nonspecific binding. However, the search for new radioligands among 
the most potent pyrethroids (76) may yield more appropriate tools for such 
experiments. 

More recendy, two additional classes of experimental insecticides have been 
found to affect sodium channel function. Synthetic N-alkylamide insecticides (Figure 
1), which are analogues of insecticidal natural products, produce excitatory effects on 
insect neurons in situ and in culture by prolonging sodium channel inactivation in a 
manner qualitatively similar to pyrethroids (7). In contrast, dihydropyrazole 
insecticides (Figure 1) suppress normal nerve activity by producing a voltage-
dependent blockade of sodium currents (8). 

Previous studies in our laboratories employed both radioligand binding and 
radiosodium uptake assays with mouse brain vesicle preparations to gain further insight 
into the binding sites for N-alkylamides and dihydropyrazoles on the sodium channel. 
The N-alkylamide BTG 502 acted as a partial agonist with respect to batrachotoxin in 
sodium uptake assays and as a competitive inhibitor of [3H]batrachotoxinin A 20-cc-
benzoate (BTX-B) binding (77). These results identified Site 2 as the site of action of 
Af-alkylamides (Table I). Sodium uptake experiments with the dihydropyrazole R H 
3421 (18) confirmed the channel-blocking activity of this compound in mammalian 
brain preparations. R H 3421 was also a potent, noncompetitive inhibitor of B T X - B 
binding (79). These results, together with detailed biophysical studies (20), show that 
the action of dihydropyrazoles is qualitatively identical to that of local anesthetics, 
anticonvulsants, and antiarrhythmics. Dihydropyrazoles may therefore bind to the 
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Table I. Neurotoxin and Insecticide Binding Sites on the Voltage-
Sensitive Sodium Channel 

Site* Active Neurotoxins^ Physiological effect Allosteric coupling 

1 Tetrodotoxin 
Saxitoxin 

Inhibit ion transport None 

2 Veratridine 
Batrachotoxin 

* Aconitine 
Af-ALKYLAMIDES 

Cause persistent 
activation 

Sites 3, 5, 6 and 9 

3 a Scorpion toxins 
Sea anemone toxins 

Prolong inactivation Sites 2,6 and 8 

4 P Scorpion toxins Enhance activation Site 8 

5 Brevetoxins 
Ciguatoxin 

Enhance activation Sites 2, 5, 6 and 8 

6 * DDT A N D ANALOGS 
* PYRETHROIDS 

Prolong inactivation Sites 2, 3, and 5 

7 Gonioporatoxin Prolong inactivation None 

8 Pumiliotoxin-B Causes persistent 
activation 

Sites 3, 4, and 5 

9 Local anesthetics 
Anticonvulsants 
DIHYDROPYRAZOLES 

Inhibit ion transport Site 2 

aSites 1-5 after Catterall (2); Site 6 after Lombet et al (13); Sites 7-9 numbered 
abritrarily to distinguish them from Sites 1-6. 
^Insecticides shown in capital letters; compounds marked with asterisks exhibit reduced 
toxicity to kdr house flies. 
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same domain as these drugs (Table I); the lack of an appropriate radioligand for this site 
limits further efforts to clarify the specific site of action of dihydropyrazoles. 

This brief summary of the pharmacology of sodium channels in the context of 
insecticide action highlights the diversity of neurotoxin binding domains that are known 
to exist on the sodium channel and summarizes evidence that three of these binding 
domains can serve as effective target sites for insecticides. Future efforts to exploit the 
sodium channel as an insecticide target site might productively focus on not only these 
three sites but also others that have not yet been identified as target sites for insecticide 
action. 

Domain-Specific Resistance to Sodium Channel-Directed Insecticides 

The long-term value of the sodium channel as a target site for new insecticides will be 
determined in part by whether the previous or current use of sodium channel-directed 
compounds has selected for target site-mediated resistance mechanisms in pest 
populations that will compromise the efficacy of future compounds acting at this target 
House fly (Musca domestica L.) strains that are resistant to DDT and pyrethroids by 
virtue of reduced neuronal sensitivity represent well-characterized model systems for 
target site-mediated resistance to DDT and pyrethroids that may provide insight into the 
effect of prior selection for resistance on new sodium channel-directed agents. 

kdr in the House Fly. Resistance to the rapid knockdown action and lethal effects 
of DDT and pyrethrins (kdr) was first documented in house flies in 1951 (21) and 
isolated genetically in 1954 (22). Subsequently, two similar resistance traits (kdr-0 
and kdr-NPR) were isolated genetically, mapped to chromosome 3 (23,24), and 
demonstrated by complementation analysis to be allelic to kdr (25). A single kdr strain 
(538ge, homozygous for kdr and the recessive visible markers green eye and brown 
body) constructed by Farnham in 1977 (25) has been widely disseminated and used in 
most of the studies undertaken to characterize the kdr trait over the past 15 years. The 
kdr trait confers resistance to both the rapid paralytic and lethal actions of all known 
pyrethroids, as well as the pyrethrins and DDT, but does not diminish the efficacy of 
other insecticide classes (26). Electrophysiological assays employing a variety of nerve 
preparations from larval and adult kdr insects (6,27) provide direct evidence for 
reduced neuronal sensitivity as the basis for the kdr trait 

super-kdr in the House Fly. A second resistance trait in the house fly 
(designated super-kdr) that confers much greater resistance to DDT and pyrethroids 
than that found in kdr strains has also been isolated genetically and mapped to 
chromosome 3 (28,29). Two distinct, independently-isolated super-kdr traits have 
been described, each having a unique pharmacological profile for relative resistance to a 
range of pyrethroids (29). Although super-kdr insects also exhibit reduced neuronal 
sensitivity to pyrethroids in physiological assays, the evidence that the super-kdr trait 
confers a greater level of resistance than kdr at the level of the nerve is ambiguous (6). 
The kdr and super-kdr traits are widely presumed to represent allelic variants at a single 
resistance locus on the basis of their similar spectra of resistance and their common 
localization to chromosome 3. However, genetic complementation studies that would 
demonstrate or refute allelism between kdr and super-kdr have not been reported. 

Pharmacological Specificity of the kdr and super-kdr Traits. The kdr and 
super-kdr resistance traits exhibit a high degree of pharmacological specificity for the 
DDT/pyrethroid binding domain (Table I). Surveys of other classes of sodium 
channel-directed neurotoxins either in bioassays (30) or in physiological assays with 
nerve preparations in vitro (31) have identified aconitine as the only compound acting at 
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a domain other than Site 6 whose potency is unambiguously reduced by the kdr 
mechanism. Resistance to aconitine appears to be compound-specific, because there is 
no firm evidence for resistance to other Site 2 compounds in either kdr or super-kdr 
insects (6). In particular, the N-alkylamide insecticides that act at Site 2 exhibit full or 
slightly enhanced insecticidal activity against both kdr and super-kdr insects (52). 
These resistance mechanisms in the house fly also do not confer resistance to 
compounds that produce voltage-dependent channel blockade such as the local 
anesthetic procaine (30) and the dihydropyrazole insecticide R H 3421 (D. M . 
Soderlund, unpublished data). 

fair-Like Mechanisms in Other Species. Resistance mechanisms similar to kdr 
in the house fly have been inferred in a number of agricultural pests and disease vectors 
on the basis of cross-resistance patterns and absence of synergism by esterase and 
oxidase inhibitors (6,9,26). Moreover, there is confirming electrophysiological 
evidence for reduced neuronal sensitivity to pyrethroids in at least five of these species: 
Heliothis virescens, Spodoptera exigua, Culex quinquefasciatus, Anopheles stevensi, 
and Blattella germanica (6,9). In cases where the pharmacological specificity of 
resistance has been examined there is evidence for specific resistance to pyrethroids and 
DDT analogues comparable to that found in kdr house flies (6). However, a few 
important differences in specificity have been noted. For example, the Ectiban-R 
(pyrethroid resistant) strain of B. germanica exhibits broader cross-resistance to Site 2 
neurotoxins and low but reproducible levels of resistance to procaine and R H 3421 
(33). 

Molecular Analysis of the kdr Resistance Trait 

The pharmacological specificity of the kdr trait strongly suggests that this type of 
resistance results from a mutation that confers reduced affinity for or responsiveness to 
pyrethroids and DDT analogues. To test the hypothesis that such a mutation occurs in 
a the coding sequence of a sodium channel structural gene, we undertook the cloning 
and characterization of sodium channel genes from susceptible and kdr house flies and 
the identification of allele-specific molecular markers within these genes for use in 
genetic linkage analyses. 

Isolation of House Fly Sodium Channel Gene Fragments. Two Drosophila 
melanogaster genes possessing structural homology to vertebrate sodium channels 
represented potential points of entry for the isolation of house fly sodium channel 
sequences. One of these, DSC1, was isolated independently by several groups by low 
stringency hybridization of Electrophorus electricus sodium channel cDNA probes (34-
37). The other, which is encoded by the para locus, was isolated by molecular genetic 
methods (38). The coding regions of these two genes are quite divergent, in that their 
inferred amino acid sequences for the four conserved homology domains exhibit only 
-50% amino acid sequence identity. Thus, in these regions the two D. melanogaster 
sequences are as similar to the corresponding regions of vertebrate sodium channel 
genes as to each other. Genetic and physiological criteria implicate the para+ gene 
product as the physiologically predominant sodium channel of the D. melanogaster 
nervous system (39). In contrast, DSC1 maps to a cytogenetic locus that has not been 
identified by either genetic or physiological criteria as being involved in sodium channel 
function (34). 

In view of the evidence for the para+ gene product as a physiologically 
important sodium channel in D. melanogaster, we developed a polymerase chain 
reaction (PCR)-dependent homology probing strategy that was specifically biased 
toward the isolation of para-homologous sequences from the house fly. We identified 
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target amino acid sequences for oligonucleotide design that were completely conserved 
between the para locus of D. melanogaster and vertebrate brain sodium channels but 
were not conserved in the DSC1 sequence (40). PCR amplification on genomic D N A 
isolated from susceptible (NAIDM strain) flies yielded a single 128 base pair product 
with complete predicted amino acid sequence homology and a high degree of nucleotide 
sequence identity to the corresponding region of the para locus of D. melanogaster 
(40). Further survey experiments employing D N A isolated from several other 
arthropod species resulted in the isolation of similar para-homologous fragments (41), 
thereby confirming the general applicability of this approach. 

In order to identify RFLPs that could be used as allele-specific markers of the 
para gene in the N A I D M and 538ge strains of the house fly, we isolated a 4.4 kb 
segment of genomic D N A of the N A I D M strain using our conspecific PCR-derived 
house fly para probe under high stringency hybridization conditions (42). D N A 
sequence analysis of this clone identified an exon (Figure 2) that exhibited greater than 
90% amino acid sequence identity to the homologous region of the para gene product 
of D. melanogaster (38) and lesser degrees of identity to the corresponding regions of 
rat brain sodium channel I (43) and the DSC I locus of D. melanogaster (34). The high 
degree of predicted amino acid sequence identity between this house fly exon and the 
para locus of D. melanogaster, which extends beyond highly conserved domains into 
regions of low overall sequence conservation in this gene family, unambiguously 
identifies the house fly genomic DNA segment as the homologue in this species of para 
rather than DSC1. 

PCR amplification of this entire exon and the adjacent upstream intronic region 
from susceptible (NAIDM strain) and resistant (538ge strain) genomic D N A templates 
and sequencing of the amplification products revealed numerous D N A sequence 
polymorphisms, most of which were localized in the upstream intronic region (42). 
Three nucleotide substitutions in this region resulted in Xbal site polymorphisms that 
we used as markers for the p a r a N A I 1 ™ and p a r a 5 3 8 8 e alleles (Figure 3). As an 
expedient alternative to detecting these Xbal site polymorphisms as RFLPs by 
Southern blot analysis, we developed a high-throughput genotyping procedure based 
on the electrophoretic analysis of the X&al-digested PCR products of individual flies. 
As predicted by D N A sequence analysis, primer pairs A / B l and A/B2 (see Figure 3) 
yielded PCR amplification products of NAIDM and 538ge DNA that showed subde but 
reproducible mobility differences. Digestion with Xbal of the A/B2 amplification 
products yielded restriction fragments of approximately 85, 150 and 390 bp for 
N A I D M and approximately 70 and 540 bp for 538ge, which provided much more 
robust diagnostic gel patterns for the purposes of genetic analysis. 

Linkage Analysis. The use of these PCR/RFLP markers in linkage analysis 
required the development of an unambiguous and highly reliable scoring system to 
identify individual flies among the backcross progeny that carried the resistant 
phenotype. Preliminary studies of the relative sensitivity of kdrl+ and kdr/kdr flies to 
the lethal effects of DDT an deltamethrin failed to identify a dose that would 
discriminate adequately between these classes due to the overlap of the dose-response 
curves (P. M . Adams and D. M . Soderlund, unpublished data). To resolve this 
problem, we treated individual flies topically with 10 ng DDT, an extreme overdose for 
both strains (28), and scored paralysis ("knockdown") after 2 h (42). The only flies 
remaining unparalyzed 2 h after this treatment were kdr homozygotes. However, the 
parazyzed class contained not only all of the heterozygotes but also 5-15% of the 
treated kdr homozygotes and therefore was uninformative with respect to linkage. 
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Br 

RH 3421 

Figure 1. Structures of the W-alkylamide insecticide B T G 502 and the 
dihydropyrazole insecticide R H 3421. 

* * * *** * * * * * * * * * * * ** * 
NAIDM QSGEDYVC LQGFGPNPNY DYTSFDSFGW AFLSAFRLMT QDFWEDLYQH 48 
para. QCDDDYVC LQGFGPNPNY GYTSFDSFGW AFLSAFRLMT QDFWEDLYQL 396 
r a t i QCPEGYMC VKA.GRNPNY GYTSFDTFSW AFLSLFRLMT QDFWENLYQL 390 
DSC1 HCPFEYVC L.CVGENPNH GYTNFDNFMW SMLTTFQLIT LDYWENVYNM 359 

* * ** * * **** ** «** ** * * 
VLQAAGPWHM LFFIVIIFLG SFYLVNLILA IVAMSYDEFQ KKAEEEEAAE EEAIR 103 
VLRAAGPWHM LFFIVIIFLG SFYLVNLILA IVAMSYDELQ RKAEEEEAAE EEAIR 451 
TLRAAGKTYM IFFVLVIFLG SFYLINLILA WAMAYEE.Q NQATLEEAEQ KEAEF 445 
VLATCGPMSV SFFTVWFFG SFYLINLMLA WALSYEEEA EITNEVSPSN LY. . . 411 

Figure 2. Inferred amino acid sequence of an exon from the para-homologous 
sodium channel gene of the house fly (NAIDM) (42) compared with the 
sequences of the corresponding regions of the D. melanogaster para locus (38), 
rat brain sodium channel I (rat I) (43), and the D. melanogaster DSC1 locus 
(34). Amino acids conserved in all four sequences are identified with asterisks. 
A putative pore-forming domain (3) is underlined with a dashed line and the 
conserved IS6 transmembrane domain is underlined with a solid line. 
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Because crossing over occurs during meiosis in female house flies, the results 
of the backcross between F l females and kdrlkdr males reveal the genetic distance 
between kdr and the para gene. Of the 465 flies from this cross subjected to 
PCR/RFLP analysis, all 228 flies that were scored as DDT-resistant in the paralysis 
bioassay also displayed the para5**& allele (42). Statistical analysis of the fit of the 
data from the informative (unparalyzed) class to the Poisson distribution showed that a 
map distance between kdr and para of as much as 1.15 map units could still permit the 
recovery of no recombinants within 95% confidence limits for a sample of this size 
(Table II). This result demonstrates the tight genetic linkage between para and kdr and 
is consistent with the hypothesis that the kdr mutation lies within the para sodium 
channel gene. 

Concurrent with these studies, Williamson et al (44) identified other RFLPs in 
the para locus of the house fly and employed these markers to demonstrate tight linkage 
of a super-kdr resistance trait and the para gene. Analysis of their data (Table II) 
shows that super-kdr is linked to para at a degree of genetic resolution identical to that 
found in our analysis of the kdr trait. Williamson et al (44) also attempted to map the 
kdr trait of the 538ge strain relative to the para locus, but their results were ambiguous 
because the mortality bioassay they employed to score resistance, though effective in 
the linkage analysis of super-kdr and para, failed to distinguish reliably between the 
kdrlkdr and kdr/+ genotypes obtained from the F l female parent backcross. This result 
is not surprising in view of lower overall levels of resistance afforded by the kdr trait, 
which result in relatively small differences in die sensitivity of F l and kdr flies to the 
lethal effects of DDT and pyrethroids (see above). 

Taken together, the results of these two studies provide important new insight 
into the molecular basis of reduced nerve sensitivity to DDT and pyrethroids in the 
house fly. Clearly, both the kdr and super-kdr traits arise from mutations at or near the 
para locus, a voltage-sensitive sodium channel gene. These findings therefore 
implicate an alteration in the target macromolecule as the primary mechanism of reduced 
nerve sensitivity resistance. Moreover, the tight linkage of both the kdr and super-kdr 
traits to the para gene provides the first genetic evidence consistent with the widely-
presumed allelism of these two traits. 

Structural and Functional Analysis of the p a r a N A I D M and />a ra 5 3 8 8 e 

Alleles. Further insight into the mechanism of kdr resistance requires a detailed 
structural and functional analysis of the gene products of the para locus of susceptible 
and resistant strains. Our strategy for such studies is based on the use of first-strand 
cDNA as the template for PCR amplification of moderately-sized segments of coding 
sequence, which are then employed as templates in direct automated D N A sequencing. 
To date, we have amplified five overlapping PCR fragments that span the entire coding 
region of the para coding sequence (Figure 4). The sequencing of the paraNAWM and 
panfi&BP alleles from these templates is in progress. 

Because the para alleles of our kdr and susceptible strains were derived from 
different populations, any resistance-associated mutations are likely to be present in a 
background of other mutations that are neutral with respect to insecticide sensitivity. 
Data available so far from our sequence analysis of p o r f l N A I D M and /wira 5 3 8 8 e cDNA 
fragments (D. M . Soderlund and D. C. Knipple, unpublished data) confirm the 
existence of multiple amino acid substitutions beween these alleles. These 
considerations suggest that structural analysis alone will not be able to identify 
resistance-causing mutations. Therefore, the demonstration of resistance at the level of 
the sodium channel and the identification of specific mutations that confer this 
resistance will require the pharmacological characterization of channels from resistant 
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100 bp 

A Xbal B2 B1 
NAIDM: n _ l 1 

A Xbal B2 B1 
538ge: I • — M ^ M M — 

Intron , exon 

30 nucleotide substitutions 3 nucleotide substitutions 
(3 polymorphic Xbal sites) 

1 amino acid substitution 
4 deletions/insertions 

(16 bp length polymorphism) 

Figure 3. Diagram of PCR products obtained from N A I D M and 538ge genomic 
D N A templates (42) showing sites of annealing for oligonucleotide primers (A, 
B l , B2) and summarizing structural polymorphisms identified in the exonic (see 
Figure 2) and adjacent upstream intronic regions of the amplification products. 

Table II. Analysis of Genetic Linkage Between kdr, super-kdr and 
para. 

Maximum 
Number of distance, 

Comparison n recombinants (map units)3 

parol kdr* 228 0 1.15 

parol super-kdr z 210 0 1.30 

aBased on fit to Poisson distribution (%\ P < 0.05). 
^Data and analysis from Knipple et al. (42). 
c Our analysis of data from Williamson et al. (44). 

Ill iv 

— m u r - a mra-a inri>HMrriih-a 3 
exon 

A(~1.5kb) B(~0.95 kb) 
F(-1.5kb) 1 ; C(-2.2kb) " 1 *— D (-0.75 kb) 

Figure 4. Top: diagram of the structural organization of a sodium channel 
coding sequence showing repeated homology units I-IV and transmembrane 
domains (squares). Bottom: Five overlapping partial cDNAs (A-E), obtained 
by PCR amplification on first strand cDNA templates, that span the entire house 
fly para coding sequence. The location and relative size of the exon identified 
from sequencing genomic D N A (see Figures 2 and 3) is also shown. 
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and susceptible insects in a suitable heterologous expression assay. It remains to be 
demonstrated whether the Xenopus oocyte expression system, which has been 
employed widely to characterize other vertebrate and invertebrate ion channels and 
neurotransmitter receptors (45), will prove to be suitable for the characterization of the 
effects of insecticides and other neurotoxins on expressed insect sodium channels. 

Conclusions 

The voltage-sensitive sodium channel remains one of only a small number of 
insecticide target sites whose value for insect control has been validated in practice. 
Despite heavy exploitation due to the widespread use of DDT and synthetic pyrethroids 
for crop protection and vector control, the sodium channel continues to be a valuable 
and important target for the design of new insecticides for two reasons. First, the 
diversity of binding domains on the sodium channel provides a variety of structurally 
distinct "target sites" other than the DDT/pyrethroid site that can be attacked to achieve 
profound disruption of nerve function. The multiplicity of useful target domains is 
illustrated by the discovery of the N-alkylamides and dihydropyrazoles and the 
elucidation of their modes of action on the sodium channel. Second, target site-
mediated resistance to pyrethroids (exemplfied by the kdr mechanism of the house fly) 
does not necessarily preclude the continued exploitation of other sodium channel 
domains that remain unaffected by mutations that confer resistance to pyrethroids. 

Despite recent progress, the molecular basis of reduced neuronal sensitivity to 
DDT and pyrethroids remains to be determined, and the extent to which the house fly 
can serve as a mechanistic model for this type of resistance in other pest species is 
unknown. Although genetic linkage analyses place both the kdr and super-kdr traits of 
the house fly in close proximity to the para sodium channel gene, these results alone do 
not prove that reduced nerve sensitivity in this species arises from a mutation in the 
coding sequence of this gene. However, the tools to address this issue are now in 
hand, and we expect that the the mutations that cause the kdr and super-kdr traits and 
their impact on the pharmacology of pyrethroid action will be identified in the near 
future. These results, together with our present capabilities to isolate and characterize 
para-homologous genes from any insect species of interest, will permit us to determine 
whether fair-like resistance in other species exhibits the same molecular basis and 
pharmacological specificity as in the house fly. The outcome of such studies wil l 
determine whether the prior selection for fc/r-like resistance in pest populations will 
constitute a limiting factor in the continued development and use of insecticides that act 
at the sodium channel. 
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Chapter 7 

Molecular Biological Investigations 
of the Property of Sodium Channels 

of Blattella germanica 

Fumio Matsumura, Akira Mizutani, Koichiro Kaku, Masahiro Miyazaki, 
Shuichiro Inagaki, and Debra Y. Dunlap 

Departments of Environmental Toxicology and Entomology, 
Center for Environmental Health Sciences, University of California, 

Davis, CA 95616-8588 

Polymerase chain reaction (PCR) studies were carried out to compare the 
difference in the DNA and/or amino acid sequence of the sodium channels 
between the susceptible and the DDT-resistant, kdr strain of Blattella 
germanica. Using various PCR primers, 1179-base fragments of a 
Drosophila DSC type sodium channel DNAs, representing the section 
corresponding roughly to S6c through S6d domains, were sequenced. At 
least 4 different variants of the SC type sodium channel DNAs were found 
to exist in each strain. Of these, only one strand found in the resistant strain 
showed a T to C mutation which induced a change in amino acid sequence 
of phenylalanine (TTC) to serine (TCC) at amino acid number 1595. This 
area coincides with the proposed intracellular Ca2+ binding region of the 
sodium channel. Based on this information antibodies have been 
constructed to specifically interact with two of the putative calcium binding 
areas of sodium channels. Model experiments using rat brain synaptosomal 
membrane and [3H]-batrachotoxin binding tests showed that one antibody 
directed at the C terminal calcium binding site, corresponding to the site of 
the above mutation, has the property to modify the effect of deltamethrin. 
Another experiment using a liposome preparation from the synaptosomal 
membrane and 22Na+ transport has also shown the same tendency. These 
results support the view that this calcium binding region at the C-terminus 
could be an important site for the action of pyrethroids. 

The kdr (knock-down resistance) factor is one of the major genes responsible for DDT-and 
pyrethroid-resistance in several insect species (i). This mechanism was first found in the 
Orlando housefly strain (2). This type of resistance in the housefly is related to the fa/r-gene 
on chromosome 3, causing resistance to DDT, pyrethrins (3) and pyrethroids (4). The kdr-
gene directly or indirectly affects the nervous system which makes the site of action less 
vulnerable toward these insecticides. Tsukamoto et al. (5) found that the fcdr-factor was 
responsible for reduced sensitivity of the nervous system toward DDT; the observation was 
later confirmed by Miller et al. (6). The fc/r-type DDT-resistance in the housefly has been 

0097-6156/95/0591-0109$12.00/0 
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110 MOLECULAR ACTION OF INSECTICIDES ON ION CHANNELS 

shown to cause some degree of cross-resistance to pyrethroids (7). A DDT-resistant strain 
of Boophilus microplus (8), and a DDT-resistant mosquito strain (9) have also shown cross-
resistance to pyrethroids. In addition to the housefly, fa/r-type resistance has been found in 
Culex pipiens quinquefaiatus (10), Spodoptera littoralis (11) Blattella germanica (12, 13) 
and the predatory mite Amblyseius fallacis (14). 

The mechanism of fa/r-resistance has been studied by many workers, but so far 
conflicting theories have been offered to explain the mechanism of this type of resistance 
in insects. Salgado et al. (75) have suggested that fc/r-type resistance is due to a modified 
sodium channel. Binding studies with [14C]DDT and [14C]permethrin to the housefly central 
nervous system have led Chang and Plapp (16) to a conclusion that pyrethroids affect a 
putative "receptor"and the fa/r-resistant houseflies have fewer receptors than the susceptible 
ones. Ghiasuddin et al. (77) found that the DDT-resistant strain of German cockroach has 
an altered Ca-ATPase with a lower affinity to Ca 2 + than that from the susceptible strain. It 
has been reported (18, 19) that fe/r-resistant German cockroaches and houseflies exhibit 
cross-resistance to calcium mimics or agents affecting calcium regulatory mechanism, and 
that the degree of stimulation of the Ca2+-ATPase by exogenously added calcium was much 
higher in the two susceptible strains than in the DDT-resistant strains. The tendency for 
calcium insensitivity was more pronounced in the Skdr than in the kdr strain of housefly. 
Furthermore, Matsumura (20, 21) demonstrated that DDT and pyrethroids affect protein 
phosphorylation processes, particularly those involved in calcium regulatory processes. 

Thus Charalambous and Matsumura (22) initiated the study on calcium sensitive 
protein phosphorylation systems in these insects in order to understand the meaning of these 
cross-resistance phenomena (i.e., fa/r-resistant insects being more tolerant against agents 
known to increase intracellular [Ca2+] or mimic the action of calcium). For this purpose, the 
effects of calcium, calmodulin and lR-deltamethrin on protein phosphorylation processes 
were investigated using lysed synaptosomal preparations isolated from the nervous system 
of the susceptible and fair-resistant German cockroaches and houseflies. By comparing 
interstrain differences in phosphorylation activities of isolated, lysed synaptic membranes, 
they concluded that the stimulatory effect of calcium alone on protein phosphorylation was 
the same in the preparations from the susceptible and the fa/r-resistant strains of the German 
cockroach. However, calmodulin, added in the presence of Ca 2 +, significantly increased the 
level of phosphorylation of the two putative subunits of calcium-calmodulin-dependent 
protein kinase (CCPK, or CaM kinase) from the susceptible strains, but its effect on the 
same enzyme in the fa/r-resistant strains of the German cockroach and housefly was much 
less. lR-deltamethrin at 10"8 M inhibited both the total protein phosphorylation and the 
phosphorylation on the two subunits of CaM Kinase in the susceptible and fa/r-resistant 
strains of the German cockroach. Depolarization induced in intact synaptosomes by 
veratridine or "high K + " in the presence of lR-deltamethrin at 10"10 M and 10'6 M had the 
effect of significantly increasing the total level of endogenous protein phosphorylation in 
the susceptible strain, but the increase was not significant in the fa/r-resistant strain of the 
German cockroach. An identical experimental approach on kdr and the susceptible strain 
of the housefly produced essentially the same results, indicating that the CaM Kinase 
enzyme from the fa/r-type resistant insects behave in a different manner from the 
susceptible counterparts in terms of their responsiveness to calmodulin. 

Since it has been well established that such calcium- and calmodulin-induced rise in 
CaM Kinase activity and resulting protein phosphorylation on key synaptic proteins are the 
driving forces to initiate and maintain synaptic transmitter releasing activities, and since 
type II pyrethroids have been shown to amplify these activities (23, 24), it is logical to 
expect that the reduction in the maximum level of activation of CaM Kinase in the resistant 
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7. MATSUMURA ET AL. Sodium Channels of Blattella germanica 111 

insects gives them an effective protection mechanism to counter the action of these 
neuroactive insecticides. Furthermore, we have recently obtained the experimental evidence 
that the mRNA levels for CaM Kinase in the JWr-resistant strains (VT and VP) are much 
lower than that of CSMA, indicating that the strain difference is due to the degree of the 
gene expression of CaM Kinase. Otherwise we could not find any strain differences in the 
quantity or quality of calmodulin and calcium channels so far identified from cDNA library 
of the resistant and susceptible B. germanica (Inagaki and Matsumura, unpublished data). 
On the other hand, fa/r-resistant insects do not usually exhibit cross-resistance to 
organophosphates or cyclodienes, despite the fact that both groups of agents are known to 
stimulate synaptic events. Therefore, the above protective measures do not appear to be 
universally effective to all synaptic stimulators. Nevertheless, these insects exhibit cross-
resistance against veratridine, grayanotoxin II and A23187 (18) and, therefore, the 
resistance mechanism found here works effectively against agents affecting Na channels 
and a Ca 2 + ionophore. 

An important question we must raise is whether this biochemical change itself is 
directly or indirectly related to the reduction in sensitivity of sodium channel to DDT and 
pyrethroids in the kdr insects. While such a relationship is a possibility, our current opinion 
is that this CaM Kinase-involved resistance mechanism should be dealt with as an 
independent resistance factor. Earlier Osborne and Pepper (25) have found in Skdr 
houseflies that the factor, which makes this strain more resistant to pyrethroids than the 
corresponding fc/r-houseflies, is not related to the sodium channel. Also, in the above study 
(22) the inter-strain difference in the sensitivity of the synaptosome deltamethrin could be 
observed in the preparation depolarized by high K + treatment, which bypasses the sodium 
channel operation, indicating that this CaM Kinase-involved resistance mechanism could 
operate independently from the sodium channel. On the other hand, we have no evidence 
to totally rule out the possibility that the change in CaM Kinase operations is directly or 
indirectiy related to the function of the sodium channel. 

The main question we must now ask, therefore, is whether there is an additional 
mutational change in kdr strains involving the sodium channel that is independent from the 
CaM Kinase type resistance mechanism. Fortunately, the structures of the voltage-gated 
sodium channels have been determined by many workers in several species (26-28). When 
mRNA for one of the sodium channel a-subunits transcribed from a full-length cDNA was 
injected to Xenopus oocytes a full voltage-activated sodium channel current could be 
produced, indicating that the full-length a-subunit proteins alone are capable of constituting 
the normal sodium channel functions. 

In planning this research project, we have chosen a polymerase chain reaction 
approach to obtain the sequence information on the cockroach sodium channels, instead of 
regular cloning approaches, since the former is quicker, and also offers the possibility of 
finding various forms of sodium channels including those mutated. Also, we have chosen 
the homology domain c and d (S HI and SIV in the terminology of Noda et al. (26)) as the 
main study region, since this region contains two of the possible target sites for DDT and 
pyrethroids; i.e. S-19 (1266-1295) and the internal calcium binding region (28). 

M A T E R I A L S A N D METHODS 

Chemicals and Biochemicals. [3H]batrachotoxin A 20cc-benzoate (56.8 Ci/mmol) 
([3H]IBTX) and ̂ NaCl (5.1 Ci/mmol) were obtained from Amersham. Aconitine, grayano-
toxin-I, TPA (12-0-decanoyl phorbol 13-acetate), scorpion venom (Androctonus australis), 
tetrodotoxin and veratridine were purchased from Sigma Chemical Co. N-succinimidyl-3-
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(2-pyridyldithio)propionate (SPDP) and m-maleimidobenzo-p-sulfo-sucinimide ester 
(sulfoMBS) were purchased from Pierce. Keyhole limpet hemocyanin (Megathrua 
crenuluta lyoph.) was purchased from Calbiochem. Two specific sodium channel protein 
antibodies, RNa32C7 and LNa2F9, were kindly provided by Dr. Y . Ishikawa of the 
Department of Agricultural Biology, University of Tokyo, Japan. The former was obtained 
by using purified rat brain sodium channel and the latter using lobster nerve sodium channel 
proteins. 1R- and lS-deltamethrin were generous gifts from Roussel Uclauf. 

Preparation of Synaptosomes and Synaptosomal Membranes. Crude synaptosomes 
were prepared according to the method described by Robinson and Dunkley (29). Young 
Sprague-Dawley rats (males) were used for this purpose. Brains were removed, chilled on 
ice, weighed and homogenized gently in 10 volumes of 0.32 M sucrose containing 1 mM 
EDTA, 1 mM iodoacetamide, 0.1 mM phenylmethylsulfonyl fluoride, and 1 pg/ml aprotinin 
with 10 up and down strokes using a glass-glass homogenizer. The homogenate was 
centrifuged at 1500 x g for 10 min at 4°C with a refrigerated Sorvall centrifuge, and the 
supernatant was saved. The pellet was resuspended in 20 volumes (60 ml) of the 
homogenate solution and recentrifuged. The combined supernatants were centrifuged at 
15,000 x g for 30 min. For [ 3H]BTX binding tests the pellet (PJ was resuspended in the 
same volume of Krebs-Finger solution containing 25 mM NaHC0 3 , 5 mM KC1, 1 mM 
CaCl2,1.5 mM MgS0 4,124 mM NaCl and 10 mM glucose, and centrifuged at 15,000 x g 
for 10 min. The Krebs-Ringer solution was pre-bubbled with 95% 02-5% C 0 2 . The 
resultant pellet (PJ was resuspended in the same solution using a 10 ml glass-glass 
homogenizer and protein concentration was adjusted to 3 mg/ml. This preparation was used 
as intact synaptosomes or as a source of synaptosomal membranes. To prepare the latter, 
the P2 fraction was resuspended in 5 ml of Krebs-Ringer solution and homogenized using 
a 10 ml glass-glass homogenizer. The suspension was diluted 10-fold with 95 ml of a 
dilution buffer containing 0.5 mM EGTA, 2 mM EDTA, 50 mM P-mercaptoethanol and 
1 ug/ml aprotinin in 20 mM Hepes buffer (adjusted to pH 7.4 with tris base), and 
homogenized vigorously for 1 min. The homogenate was stirred for 1 hr at 4°C and 
centrifuged for 1 hr at 100,000 x g using a Beckman L-65 ultracentrifuge. The resultant 
pellet was resuspended in 20 mM Hepes buffer (pH 7.4) and protein concentration was 
adjusted to 2 mg/ml. The suspension was divided into 3 ml portions and stored at -80°C 
until use. A l l the procedures were performed at 4°C or on ice and all the solutions were 
prechilled before use. Protein concentration was determined by the method of Peterson (30) 
using bovine serum albumin as a standard. 

For ^Na* uptake tests, the above P 2 fraction was resuspended in the same volume 
(60 ml) of 25 mM Hepes-Tris buffer (pH 7.4) containing 130 mM choline chloride, 5.4 mM 
KC1,0.8 mM MgS0 4,5.5 mM glucose and 1 mg/ml bovine serum albumin, and centrifuged 
for 10 min at 15,000 x g using a Sorvall centrifuge. The final pellet was resuspended in the 
above Hepes-Tris buffer using a glass-glass homogenizer and protein concentration was 
adjusted to 10 mg/ml. This preparation was used as the source for rat brain synaptosomes. 

[ 3 H]BTX Binding Assay for Synaptosomal Membranes. Measurement of [ 3H]BTX 
binding to synaptosomal membranes was performed as follows: synaptosomal membranes 
(1 mg of protein) were suspended in 20 mM tris-HCl (pH 7.4) and preincubated with 
various effectors of appropriate concentrations (as shown in each table) for 10 min at 24°C. 
Except for scorpion venom, all effectors were dissolved in ethanol, and a 1 pi aliquot was 
added to each test tube containing the membrane suspension. Control tubes received the 
same amount of ethanol alone. A l l tubes were incubated for 10 min at 24°C. Scorpion 
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venom was dissolved in 20 mM Hepes-Tris (pH 7.4) and 1 pi of the solution was added to 
the membrane suspension. Assay runs without scorpion venom received the same amount 
of the same Hepes-Tris solution. Following preincubation, 30 nCi of [ 3H]BTX was added 
to each tube and incubated for 20 min at 24°C. A small glass tube (10x75 mm) was used 
for each test and the total assay volume was 1 ml. After incubation, the suspension was 
centrifuged at 2,000 x g for 3 min using a microcentrifuge (Micro-centrifuge Model 235C, 
Fischer Scientific) and the pellet was washed twice with 1 ml of ice-cold 20 mM Hepes-Tris 
(pH 7.4) using the same centrifugal procedures. The final pellet was suspended in 100 pi 
of distilled water using a vortex mixer, and the entire content was transferred into liquid 
scintillation fluid (3.5 ml), to assess [3H]dpm. The level of nonspecific binding of [ 3H]BTX 
was determined in the presence of 300 uM veratridine and routinely subtracted from the 
total binding values. In the experiment with antibodies, 1 pi of antisera containing 0.3 pg 
of protein was added first to the suspension containing 1 mg of protein and preincubated 
prior to addition of effectors for 5 min at 24 °C which was followed by the above method. 
Assay runs in the absence of antibody received the same amount of serum from 
nonimmunized control rabbit containing 0.02% sodium azide. 

Binding Assays for Intact Rat Brain Synaptosomes. [ ^ B T X binding to intact synapto
somes was measured as follows: 50 ug protein suspended in Krebs-Ringer solution (pre-
bubbled with 95% 02-59% C 0 2 for 3 min) were preincubated with effectors for 15 min at 
36°C. Deltamethrin (0.1 pM) with 1 pi of ethanol was added to the suspension 5 or 10 min 
after the start of the preincubation. Assay runs without these materials received the same 
amount of ethanol or distilled water. The total volume of preincubation was made to 150 pi 
with pre-bubbled Krebs-Ringer solution. After preincubation, 150 pi of Krebs-Ringer 
solution (for undepolarized tests) or the same amount of high potassium solution (150 mM 
KC1,25 mM NaHC0 3,1.5 mM MgS0 4 ,1 mM CaCl 2 and 10 mM glucose for depolarized 
tests) each containing 30 nCi/ml [3H]BTX was added to initiate the binding reaction which 
lasted for 15 min at 36°C. The reaction was stopped by addition of 3 ml of ice-cold Krebs-
Ringer solution followed by immediate filtration through a glass filter (Whatman GF/F 
0.7 pm), and washing two times with 3 ml of ice-cold Krebs-Ringer solution. The filters 
were suspended in liquid scintillation fluid and [3H] dpm was determined after overnight 
extraction. 

Measurement of MNa Uptake by Rat Brain Synaptosomes. Rate of uptake of 2 2 Na into 
synaptosomes was studied according to the method of Hartshorene and Catterall (31) and 
Matsumura and Clark (33) with minor modification. A 50 pi aliquot of synaptosomal 
suspension containing 500 pg of protein was placed in a small glass tube (10 x 75 mm). A l l 
effectors were added to the suspension at appropriate concentrations, and preincubated for 
10 min at 36°C under Na-free conditions. In the experiment with antibodies, they were 
added first to the synaptosomal suspension and preincubated for 5 min at 36°C before the 
addition of other effectors (i.e., total 15 min preincubation). The antibodies were suspended 
in a solution containing 20 mM Hepes-Tris buffer (pH 7.4), 0.02% sodium azide and 
28 mM NaCl. A 0.5 pi portion of the antibody suspension, containing 0.3 pg protein, was 
added to 50 ul of the synaptosomal suspension. Tetrodotoxin was dissolved in 10 mM acetic 
acid. Scorpion venom was dissolved in 10 mM Hepes-Tris buffer (pH 7.4). In all cases an 
0.5 pi aliquot of each stock solution was added to the synaptosomal suspension. Other 
compounds were dissolved in ethanol, and 0.2 pi of each stock solution was added to the 
synaptosomal suspension. In all cases total reaction volume was 51.4 pi. After 
preincubation, Na + influx was initiated by the addition of 150 pi of M N a uptake solution 
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consisting of 5.4 mM KC1, 0.8 mM MgS0 4 , 5.5 mM glucose, 1.33 mM NaCl, 5 mM 
ouabain, 0.2 mM EGTA, 128 mM choline chloride, 30 mM Hepes-Tris (pH 7.4), 1 mg/ml 
bovine serum albumin and 250 nCi/ml of ^ a C l . Incubation was continued for 30 sec, and 
terminated by the addition of 3 ml of ice-cold "wash solution," containing 163 mM choline 
chloride, 0.8 mM MgS0 4,1.8 mM CaCl 2 ,5 mM Hepes-Tris buffer (pH 7.4), and 1 mg/ml 
bovine serum albumin, which was followed by a rapid filtration through a glass filter 
(Whatman GF/F) under vacuum to collect synaptosomes, and washed twice with 3 ml of 
ice-cold "wash solution." The filters were air dried and suspended in liquid scintillation 
fluid. ^Na influx was measured by determining M N a collected on the filters. In the 
experiment with high concentration of potassium ions, a flux buffer containing 100 mM 
KC1, 0.8 mM MgS0 4 , 5.5 mM glucose, 33 mM choline chloride, 1.3 mM NaCl, 5 mM 
ouabain, 0.2 mM EGTA, 30 mM Hepes-Tris buffer (pH 7.4), 1 mg/ml bovine serum 
albumin and 250 nCi/ml of M NaCl was used to initiated ^Na influx instead of the usual 
uptake solution, followed by the above procedures. 

Preparation of Liposomes. To prepare protein samples for reconstitution of sodium 
channel into liposomes, the above P 2 pellet was resuspended in 10 ml of Krebs-Ringer 
solution and diluted 10-fold with 5 mM Tris-HCl buffer (pH 8.2) containing 1 mM EDTA, 
1 mM iodoacetoamide, 0.1 mM phenylmethylsulfonyl fluoride and 1 pg/ml aprotinin, 
homogenized using a glass-Teflon homogenizer, and incubated for 15 min on ice. The 
suspension was homogenized again with four up and down strokes and centrifuged at 
27,000 x g for 40 min. The resultant pellet was homogenized in 3 ml of a solution 
containing 67.5 mM Na^O^ 150 mM sucrose, 25 mM Hepes-Tris buffer (pH 7.4) and 1% 
Triton X-100 for 5 min on ice, and then centrifuged at 120,000 x g for 50 min using a 
Beckman L-65 ultracentrifuge. After centrifugation, the supernatant was dialyzed in a cold 
room against 25 mM Hepes-Tris buffer (pH 7.4) containing 67.5 mM Na^O.^ and 150 mM 
sucrose for 4 hrs, using dialysis tubing (Spectra/Pov, M.W. cutoff 6000-8000). After 
dialysis, the protein concentration was adjusted to 10 mg/ml and divided into 0.5 ml 
portions. They were frozen by immersion in dry ice-acetone for 1 min and stored at -80 °C 
until use. A l l the procedures were performed at 4°C or on ice and all the solutions were 
prechilled before use. 

The method of incorporation of sodium channel proteins into liposomal preparation 
was adopted from the original method of Kasahara and Hinkle (33). Crude soybean 
phospholipids (asolectin, from Concentrated Associates, Woodside, NY) were used without 
further purification. They were suspended at 30 mg/ml in a solution containing 67.5 mM 
Na^O^ 0.5 mM MgS0 4 , 150 mM sucrose, and 25 mM Hepes-Tris buffer (pH 7.4). A 
100 ul aliquot of the suspension was transferred into a small glass tube (10 x 75 mM), the 
air was replaced with nitrogen (10 s), the test tube capped with Parafilm, and sonicated for 
10 min at room temperature in a bath type sonicator (Branson 1200). 

Measurement of 2 2 Na Remaining Inside Liposomal Vesicles. A frozen protein sample 
(500 pi containing 5 mg protein kept at -80°C) was thawed, rehomogenized and divided 
into 40 ul aliquots. Each aliquot in a small glass tube was filled with N 2 , capped with a piece 
of parafilm and kept on ice until use. A l l stocks of effectors and antibodies were prepared 
as above and were added to each tube with 0.2 ul of appropriate medium for each agent. 
Control tubes received the corresponding medium only. The protein sample treated with 
effectors was capped with Parafilm again and preincubated for 10 min on ice. After 
preincubation, 10 ul of phospholipid suspension (asolectin) containing 1.1 uCi/ml 2 2 NaCl 
was added to the sample. The mixture was immediately frozen by immersing in dry ice-
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acetone for 1 min, thawed by vortexing in cold water, and sonicated for 30 s using a bath-
type sonicator (Branson 1200) at 0°C. To initiate the **Na+ reaction, the liposomal vesicle 
suspension was diluted 15-fold with 1260 pi of 25 mM Hepes-Tris buffer (pH 7.4) 
containing 105 mM tris-S04 and 150 mM sucrose. The diluted sample was incubated for 
30 s at 36°C, transferred to a Dowex AG50W-X8 (tris form) column (2 x 0.5 cm) pretreated 
with 100 pi of 10% bovine serum albumin, and immediately eluted with 1 ml of 0.38 M 
sucrose containing 1 mg/ml bovine serum albumin. The eluates were collected and assayed 
for their ^Na radioactivity. Each batch of liposomal preparation consisted of 9 tubes which 
were used up for one efflux test. Such a test was normally repeated three times each with 
fresh liposomal preparation to avoid deterioration of liposomes. Frozen protein samples 
were thawed only once. 

Generation of Antibodies to Synthesized Peptides. Two peptides were synthesized by the 
UC Davis Protein Structure Laboratory. The amino acid sequence of the first peptide 
(antigen I) was identical to the segment between S5a and S6a (AGRNPNYGYTSFD-
TFSWAFL) in the rat sodium channel (26). The amino acid sequence of antigen II 
(FYEVWEKFDPDATQFTEFEKLSDFAAAL) was identical to the segment between S6d 
and the end of sequence in the rat sodium channel. 

These synthesized peptides were conjugated to a carrier protein, keyhole limpet 
hemocyanin (KLH), via sulfoMBS as a coupling agent as follows: 3 mg of the lyophilized 
peptides were dissolved in 0.4 ml of 100 mM Hepes buffer (pH 7.5). To the solution 40 M 
SPDP was added to make 7.25 mM and the system was kept at room temperature overnight. 
P-mercaptoethanol (1.5 M in final cone.) was added to the SPDP-linked peptide, and the 
system was kept at room temperature for an additional 2 hr. The sample was transferred to 
a 5 cm Sephadex G10 column, and eluted with 50 mM sodium phosphate buffer (pH 6.0). 
The eluate was immediately added to 2 ml of the carrier protein-sulfoMBS mixture, 
adjusted to pH 7.0-7.5 with 1 N NaOH, and incubated at room temperature with gentie 
shaking for 1 hr and an additional 15 hr in a cold room. After conjugation, the sample was 
dialyzed in a cold room against 100 mM Hepes buffer (pH 7.4) containing 100 mM NaCl 
overnight, using dialysis tubing (Spectra/Pov MW cutoff 6000-8000). 

The carrier protein-sulfoMBS mixture was prepared as follows: 40 mg of K L H was 
dissolved with 2.5 ml of 10 mM sodium phosphate buffer (pH 7.2) and 7.5 mg sulfoMBS 
was added to the solution. The mixture was incubated at room temperature with gentle 
shaking. After 30 min the mixture was purified using a Sephadex G-10 column. A white 
New Zealand rabbit (2 kg male) was immunized at weekly intervals with 2 ml (1 mg) of 
peptide conjugate mixed with an equivalent volume of Freund's complete adjuvant (Sigma 
Chemical Co.) for the first immunization, and Freund's incomplete adjuvant for all 
subsequent injections. After 40 days, 20 ml of blood was taken from the ear vein. The blood 
was kept first at room temperature for 2 hr, and then in a cold room overnight. To obtain 
the serum, the blood sample was centrifuged at 30,000 x g for 30 min at 4°C. 

The lgG class antibodies were purified using a protein A column as follows: the serum 
was passed through a protein A-sepharose (CL-4B) column (0.5 x 2 cm), and the column 
was washed with 10 column volumes of 10 mM tris (pH 8.0). The antibodies were eluted 
with 100 mM glycine-HCl (pH 3.0) buffer, and 0.5 ml aliquots of eluate were collected in 
1.5 ml Eppendorf tubes already containing 50 ul of 1 M tris (pH 8.0). Each tube was mixed 
gently to bring the pH back to neutral. The immunoglobulin-containing fractions were 
identified by absorbance at 280 nm. The main fractions were combined, sodium azide (to 
make 0.02% final cone.) was added, divided into 1 ml aliquots, and stored at -80 °C. 
Antigen-antibody interactions were detected by Oucherlony test (double-diffusion 
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precipitation) which indicated a strong and specific reaction to the original antigen and a 
weak reaction to the carrier protein K L H by each antibody preparation. 

RESULTS 

Studies on the DNA Sequences of the Sodium Channels. Fig. la illustrates the primary 
sequences and strategies we used to obtain PCR generated DNA fragments. This approach 
was successful in yielding Drosophila melanogaster DSC1 (27) type DNA fragments. The 
deduced sequences of both DNAs and amino acids are shown in Fig. lb. The first amino 
acid (alanine) corresponds to #1234 of DSC1. Four similar, but distinct, variants of 1179-
base pair fragments were recognized (Fig. lc). They were designated as GCSC 1A, B, C 
and D. In Fig. 2, we have compared the sequence of B. germanica sodium channels to those 
of D. melanogaster. It is apparent that GCSC of the former is indeed very similar to DSC 
1 of the latter species, the major difference region being first in the connecting region 
between S5d and S6d (#1526-1531 of DSC 1) and the tail part (#1620-23). Other 
differences are sporadic. In terms of differences of critical areas, the frontal part of S19, 
#1265-1268 showed some difference: RRSI for DSC1 and K K K Y for GCSC. Also, the 
calcium binding region had one amino acid difference (#1597 H for DSC1 and R for 
GCSC). 

For interstrain comparison, we have studied the DNA sequences of the same region 
of DSC type sodium channels of a permethrin resistant, JWr-resistant B. germanica strain. 
The results showed that their sequences were identical in all cases except in one DNA base 
where T to C conversion (DNA #1857) has caused a shift in amino acid phenylalanine 
(#1595) to serine. This was found only in GCSCD strand, not in any other GCSC strands. 

Thus the only mutation which results in the amino acid shift in the GCSC type sodium 
channel sequence of the kdr German cockroach was found to be the one which occurred at 
DNA #1857 (conversion of T to C and thereby F to S) in the calcium binding region of the 
GCSCD strand. Based on this information, we have obtained a specific antibody aimed at 
this region of the sodium channel and assessed its effects on the action of deltamethrin 
using two biochemical criteria, binding of 3H-batrachotoxin A 20cc-benzoate and **Na+ 

uptake through the sodium channel. 
The actual functions or the localization of the SC type sodium channels are not 

known whereas those of the para-type sodium channels are acknowledged to be the main 
voltage sensitive one operating the depolarization coupled sodium ion permeability changes 
on the axolemmas. Therefore, we have extended our PCR studies on the latter type in B. 
germanica as well. Using various combinations of PCR primers we were successful in 
sequencing the entire region between IS3 through IVS6 and 206 bases down stream from 
the end of IVS6 domain (altogether 5068 bases, Miyazaki and Matsumura, unpublished 
data). As a result of a side by side comparison of DNA sequence between susceptible 
(CSMA) and kdr resistant (VT strain) we could locate one base mutation leading to a shift 
in amino acid composition. The location of this shift was in the center of SII6 region where 
a G to C mutation created a change of L to F. The actual sequence of B germanica SII6 
region of para SC in CSMA strain is WSCIPFFLATVVTGNLVVLNLFLALLLS, where 
the central L (indicated by a bold letter) was F in the equivalent kdr DNA strand. Note that 
the above susceptible strain's amino acid sequence of this membrane spanning region is 
identical to that of Drosophila para-type sodium channel with one exception of the first 
amino acid which is V in Drosophila. Among all known sodium channel sequences, this 
region must be regarded as one of the most conserved areas particularly in the central to the 
immediately downstream region where all of the 17 sequenced sodium channels possess the 
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S4o SSc S6c S i d S2d S3d S4d SSd S6d 

• 1 1 1 h 
1100 1200 . 1300 1400 1500 1600 1700 

tcr A ( N d D N A - l & 2 ( 3 - 2 6 ) ""if* p " m e r A ( N A C H 4 9 ^ 

SEQ-5&6, N A C H 2 9 < primer B ( K A C H 2 7 ) 

SEQ-3&4, N A C H 2 6 > 

SEQ-9&10, N A C H 2 4 < 
SEQ-7&8, N A C H 2 8 > 
S E Q - 1 5 & 1 6 . N A C H 2 3 < 
S E Q - 1 7 & 1 8 . N A C H 2 7 < 
S E Q - 1 1 & 1 2 . N A C H 2 5 > 
S E Q - 1 3 & 1 4 . N A C H 2 2 — > 

Fig. 1. The primer combinations used for isolation and identification of the DNA and 
amino acid sequence of the DSC type sodium channel DNAs from the German 
cockroach cDNA library through polymerase chain reactions. 

1 GGA TAC TTG TAC TTT GTC OTC TTC ATT GTG TOC GGC IOC TTC TTC ACT CTC AAT CTC TTC ATC GGI GTC AIC AIC 75 
1 A Y L Y F V V F Z V C G S F F T L N L F X G V Z Z 25 

C 
76 GAC AAC TTT AAC ATO CTC AAG AAA AAG TAT GAG GQG GGA 616 CTG GAG ATG TTC CTC AOS GAA AGT CAO AAG CAC 150 
26 D N F K M L K K K Y B G G V L B N F L T 1 8 Q K R SO 
151 TAC TAC ACC GCC ATO AAG AAG CTG GGC AGG AAG AAG CCC CA6 AAA GTG ATA AAG OGG COS ATG AAC CAA GTG CTG 225 
51 Y Y T A M K K L G R K K F Q K V Z K R F M N Q V L 75 
226 GCC ATG TTC TAC GAT CTC TCC AAC TOG AGG CGG TTT GAG ATA GGA ATT TTC GTG CTG ATA TTC CTC AAC ATG CTG 300 
7 6 A M F Y D L S H S R R F B Z A Z F V L I F L N M L 100 
301 ACA ATG GGC ATT GAG CAT TAC GAA GAG CCT CAT GCT GTG TTT TTT ATT CTT GAA GTC AGO AAC GCC TTC TTT AOS 375 
101 T M G I B H Y Q Q P H A V F F I L B V S N A F F T 125 
376 ACT GTA TTT GGC TTG GAG GCC ATC GTG AAG ATC ATA GGA CTG CGG TAC CAC TAC TTC ACC GTT COS TGG AAC CTC 450 
126 T V F G L B A I V K I I G L R Y H Y F T V P W N L 150 
151 TTT GAC TTT CTG CTG GTT GTO GCG TCT ATC CTC GGC ATT CTC ATG GAG GAC ATC ATG ATC GAC TTT CCT GTT TCC 525 
151 F D F L L V V A 5 Z L G I L M E D Z M Z D F P V S 175 
526 CCC ACA CTC CTC AGG GTT 6TT CGC OTC TTC OGT ATT GGA OGC ATA CTA CGG CTC ATA AAG GCA GCG AAA GGC ATC 600 
176 P T L L R V V R V F R Z G R Z L R L Z K A A K G Z 200 
601 AGA AAG TTG TTG TTT GCT CTG GTO GTG TOG TTG COG GCG TTG TTC AAC ATT GGG GCA CTT CTC GCC CTC ATC ACC 675 
2 0 1 R K L L F A L V V S L P A L F N Z G A L L A L I T 225 

676 TTT ATC TAC GCC ATC AIC GGA ATO TOS GTA TTT GGA CAT GTC AAG CAA CAA GGC 606 CTG GAC GAC ATG GTC AAC 750 
226 F Z Y A Z Z 6 M S V F G H V K Q Q G A L D D M V H 250 
751 TTT GAG AOS TTT GGA OGT AOC ATG CAO CTG TTG TTC AGG TTA ATG ACT TOC GCT GGT TGG AAC GAC GTG TTG GAG 825 
251 F B T F G R S H Q L L F R L M T S A G W N D V L B 275 

T C 
826 TCA CT6 AT6 ATA CA6 COS CCC AAC TGC AAT CCT AOS TAC AAC AAC CAA COS AAC GOT OAC TOC GGC TCT COG TTG 900 
276 S L M X Q P P N C N P T Y N N Q P N G D C G S P L 300 
901 CTG GCA ATC ACT TAC TTC ACC AGT TTC ATC ATC ATC AGC TAC ATO ATA GTC AIC AAC ATO TAC ATC GCC ATA AIC 975 
301 L A Z T Y F T S F Z Z I S Y M Z V Z N M Y Z A Z Z 325 

T 
976 CTC GAG AAC TTC AAC CAO GCC CAC CAG GAA GAA GAG ATT GGC ATC GTG GAA GAT OAC CTC GAA ATO TTC TAC ATT 1050 
326 L B N F N Q A H Q E E E I G Z V E D D L B M F Y Z 350 

C 
1051 CGC TGG TCC AAG TAC GAC CCC CAT GCA ACS CAG TTC ATC CGG TTC TOS CAG CTG TCT OAT TTC ATC GCA AGT CTG 1125 
351 R W S K Y D F H A T Q F X R F S Q L S D F Z A S L 375 

A T 
1126 GAC CCT CCT CTG GGA ATC CCC AAG CCC AAC ACS GTG GAT CTG GTG AGC TTC AAT 1179 
376 D P P L G Z P K P N T V D L V S F N 393 

Fig. 2. The DNA and deduced animo acid sequences of DSC type sodium channels 
(GCSC) of the German cockroach. 
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sequence of "NLV" with only one exception of Drosophila DSC which, interestingly show 
a "NFM" sequence. Certainly, finding a mutation does not automatically indicate that this 
is a functionally important change conferring kdr insects the insensitivity to DDT and 
pyrethroids. Much more work lie ahead to determine whether it is related to resistance or 
not. Three pieces of circumstantial evidence supporting some relationship between this 
mutation and kdr resistance are: (a) this is a very conserved region where every 
functionally proven neural and muscle sodium channel so far identified has the susceptible 
configuration, (b) this VT strain has been genetically purified by 8 generations of 
backcrossing to CSMA strain making the former genetically very close to the latter (the fact 
that throughout the entire sequence of over 5000 bases, only one mutation leading to the 
amino acid change attests to this interpretation), and (c) this is also one of the most 
hydrophobic regions of the entire a subunit of the sodium channel and, therefore, lipophilic 
compounds such as DDT and pyrethroids could be attracted to. Thus, it appears to be 
worthwhile to pursue this line of investigation. The details of this particular study on para 
sodium channel will be published elsewhere. 

While it is difficult to assess the functional meaning of any mutational change without 
the availability of full-length cloned genes, from a pharmacological point of view, it is 
possible to utilize a number of specific agents known to attack different sites within the 
molecule of the main body of the sodium channel (a-subunit) to assess the functional 
differences among different channels (e.g., 34, 35). Of particular interest is the finding that 
these pesticides stimulate [3H]batrachotoxin binding (36-38). The cause for such a 
stimulatory action of these insecticides has been implicated to be the opening of the sodium 
channel, exposing the batrachotoxin binding site which is otherwise largely hidden in the 
closed conformation (39). Such changes in the level of [3H]batrachotoxin binding could be 
used as the measurement of the degree of openness of the sodium channel. 

Another approach we have taken is to assess the part of M N a + uptake that is affected 
by tetrodotoxin, deltamethrin and veratridine using an experimental methodology similar 
to that used by several workers (e.g., 32, 34, 40). This approach allows one to assess 
directiy the gating operation of the sodium channel providing that specific actions of 
tetrodotoxin and veratridine are ascertained. 

Construction of Specific Antibodies and [3H]Batrachotoxin Binding Studies. The 
effects of active (1R) and nonactive (IS) isomer of deltamethrin on [ 3H]BTX binding to 
synaptosomal membranes were compared to those of neuroactive agents already known to 
affect its binding to the sodium channel. The results (Table I) showed that scorpion venom, 
as expected (22), is a strong promotor of [ 3H]BTX binding to synaptosomal membranes. 
lR-deltamethrin at the 10 pM level showed activity as strong as scorpion venom, but 1S-
deltamethrin showed no sign of interactions at the same concentration level. When scorpion 
venom and lR-deltamethrin were added together, there was a very significant rise in the 
level of [ 3H]BTX binding. However, even in the presence of scorpion venom 1S-
deltamethrin showed no effect. These data clearly indicate that the main site of [ 3H]BTX 
binding studied here is the sodium channel and that lR-deltamethrin affect [ 3H]BTX 
binding to this protein. The effects of deltamethrin on [ 3H]BTX binding at various 
concentrations were tested next (Fig. 3). The threshold concentration of lR-deltamethrin 
to cause stimulation was determined to be 0.1 pM. lS-deltamethrin did not stimulate 
[3H]BTX binding at all concentrations tested. Rather it slightly inhibited [ 3H]BTX binding 
at higher concentrations in the presence of scorpion venom. 
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7. M A T S U M U R A E T A L . Sodium Channels of Blattella germanica 119 

Table I. Effect of Sodium Channel Neurotoxins on [ 3H]BTX Binding 
in Rat Brain Synaptosomal Membranes 

[3H]BTX bound w 

(fmolnng"1) 
Mean±S.D. Experiments 

Scorpion venom 1.9 ±0.2* 3 
lR-deltamethrin 2.0 ±0.2* 3 
IS-deltamethrin 0.8 ± 0.3 3 
IR-deltamethrin + scorpion venom 9.0 ±0.6* 3 
IS-deltamethrin + scorpion venom 0.9 ±0.1 3 
None (control) 1.0 ±0.1 3 
Synaptosomal membranes were preincubated with neurotoxins for 10 min. After pre
incubation, 30 nCi of [3H]BTX was added to the sample and incubated for 20 min at 24°C. 
Veratridine (300 pM) was used to measure the nonspecific binding. Concentrations are: 
scorpion venom, 0.5 pg/ml; 1R- and IS-deltamethrin, 10 pM. Most scorpion venom 
preparations are known to contain toxins that bind also to other channels than sodium 
channels. 
•Significant difference from control (none) at P ^ 0.01. 

In the next series of experiments, two antibodies known to bind with specific parts of the 
sodium channel protein were tested to gain an insight to the action site of BT X and 
deltamethrin. Both antibodies are aimed at possible Ca 2 + binding sites. Antibody I (FM-AbI) 
is aimed at an external site and antibody II (FM-Abll) is designed to bind at an internal site. 
The results shown in Table II indicated that FM-Abll is effective in reducing [ 3H]BTX 
binding to synaptosomal membranes: i.e., the total binding level decreased to about 80% 
of the value of deltamethrin-treated membranes. Upon heat denaturation such a property of 
FM-Abll was lost, indicating that blocking the stimulatory action of deltamethrin is not due 
to the presence of heat-stable contaminants. FM-Abll had no effect on the [3H]BTX binding 
to membranes pretreated by deltamethrin. 

Synaptosomal membranes were preincubated with antibodies for 5 min at 24 °C prior to the 
addition of deltamethrin, followed by the standard [ 3H]BTX binding assay. Veratridine 
(300 pM) was used to measure the nonspecific binding. At Ouchterlony double diffusion 
test, significant precipitations were formed between antisera and their immunogens. 
Antisera reacted slightly with keyhole limpet hemocyanin. No precipitation was observed 
between sera from the rabbit before immunization and immunogens. Concentrations are: 
antibodies, 0.3 pg/ml; heated antibodies, boiled for 3 min; deltamethrin, 10 pM; scorpion 
venom, 0.5 pg/ml. 

2 2 N a + Uptake By Rat Brain Synaptosomes. Deltamethrin stimulated the 2 2 Na + uptake 
triggered by veratridine in synaptosomes from rat brain. In contrast, the treatment with 
0.1 pM deltamethrin alone produced no stimulatory effect on the uptake (Table HI). The 
stimulatory effects of deltamethrin and veratridine were suppressed by tetrodotoxin. 

Under a high external potassium condition, 2 2 Na uptake in synaptosomes was not 
stimulated with deltamethrin (data not shown). Aconitine was antagonistic against 
veratridine in terms of stimulation of veratridine-induced 2 2 Na uptake in synaptosomes. 
Grayanotoxin I and DDT, however, worked synergistically with veratridine, though none 
was as effective as scorpion venom or deltamethrin (Table IV). 
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fjl 1 1 1 1 L 
9 8 7 6 5 

- log concentration, M 

Fig. 3. Effect of 1R- and IS-deltamethrin on the specific binding of [ 3H]BTX to rat 
brain synaptosomal membranes, binding of 30 nCi [ 3H]BTX was measured at 24°C 
in the presence of increasing concentration of 1R- and IS-deltamethrin, and either 
with or without scorpion venom (0.5 pg/ml). Nonspecific binding was determined in 
parallel assay tubes containing 300 pM veratridine and has been subtracted from the 
data. Data variance was within 10% in all treatments. • = lR-deltamethrin; • = 1S-
deltamethrin; O = IR-deltamethrin plus scorpion venom; # = IS-deltamethrin plus 
scorpion venom. 
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Table II. Effect of Antibodies on [ 3H]BTX Binding Enhanced by Scorpion Venom in 
Synaptosomal Membranes 

Treatment 
[ 3H]BTX bound 

(frnol^mg1) 
Mean ± S.D. 

No. of 
Experiments 

Deltamethrin + antibody-I (FM-AbI) 6.0 ±0.1 6 
Deltamethrin + antibody-H (FM-Abll) 5.2 ±0.3* 6 
Deltamethrin + heated antibody-H (FM-AbI) 6.3 ± 0.3 6 
Deltamethrin + heated antibody-H (FM- AMI) 6.3 ±0.4 6 
Deltamethrin 6.3 ±0.3 6 
None (scorpion venom alone) 1.9 ±0.2** 6 
•Significantly different from treatment 1 or 5 at P i s .001 according to Student's t-test. 
** Significantly different from all other treatments a tPs .001. 

Table HI. Effect of Neurotoxins on Uptake of 2 2 Na in Rat Brain Synaptosomesa 

Treatment — 
2 2 Na uptake (nmolnnin^mg1) 

Treatment — 
Mean ± S.D. No. of exp. 

Veratridine, deltamethrin plus tetrodotoxin 16.2 ± 0.8 6 
Veratridine plus deltamethrin 22.9 ± 2.8* 6 
Veratridine plus tetrodotoxin 13.9 ±1.0 6 
Veratridine 16.1 ± 1.8 6 
Deltamethrin 14.5 ± 1.2 6 
Tetrodotoxin 14.5 ± 1.2 6 
None 16.4 ±2.4 6 

aSynaptosomes were preincubated with neurotoxins for 10 min. at 36°C. 
Concentrations are: veratridine 100 pM, deltamethrin 0.1 pM, tetrodotoxin 1 pM. 
•Significantly different from veratridine alone or veratridine + deltamethrin + 
tetrodotoxin at P * 0.01. 
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Table IV. Effect of Aconitine, Deltamethrin, DDT and Grayanotoxin I on 
M N a Uptake Affected by Veratridine in Rat Brain Synaptosomesa 

^Na uptake (nmolnnin ̂ mg"1)0 

Treatment Mean± No. of exp. 
S.D. 

Veratridine plus scorpion venom 10.9 ±1.6* 6 
Veratridine plus aconitine 1.0 ±0 .1* 6 
Veratridine plus grayanotoxin-I 4.1 ±0.4* 6 
Veratridine plus deltamethrin 5.2 ±0.2* 6 
Veratridine plus DDT 3.2 ± 0.2* 6 
Veratridine 2.9 ± 0.2* 6 

a Synaptosomes were preincubated with effectors for 10 min at 36°C. 
b Concentrations are: veratridine 30 pM; scorpion venom 0.5 pg/ml; aconitine 100 pM; 

grayanotoxin-I 100 pM; deltamethrin 3 pM; DDT 100 pM. 
0 Na uptake in the presence of tetrodotoxin (1 pM) was subtracted from the total M N a 

uptake to obtain tetrodotoxin-sensitive M N a uptake. 
•Significantly different from veratridine alone at P <. 0.01. 

Table V. Effect of Antibodies on 2 2 Na Uptake Enhanced by Veratridine and 
Deltamethrin in Rat Brain Synaptosomesa 

Treatmentb 2 2 Na uptake (nmol'min'^mg~l)G 

Mean ± S.D. No. of exp. 
Veratridine, deltamethrin plus FM-AbI d 4.6 ±0.5 6 
Veratridine, deltamethrin plus RNa32C7 11.4 ±1.2* 6 
Veratridine, deltamethrin plus PLa2F9 11.9 ±1.4* 6 
Veratridine plus FM-AbI 3.7 ± 0.5 6 
Veratridine plus RNa32C7 5.8 ±0.1 6 
Veratridine plus LNa2F9 7.5 ± 0.6 6 
Veratridine plus deltamethrin 4.0 ±0.04 6 
Veratridine 2.9 ±0.2 6 

a Synaptosomes were preincubated with effectors for 5 min at 36 °C, and then 
incubated with neurotoxins for 10 min at 36°C. 

b Concentrations are: veratridine 30 pM; deltamethrin 3 pM; antibodies (FM-AbI, 
RNa32C7, LNa2F9) 0.3 pg. 

c M N a uptake in the presence of tetrodotoxin (1 pM) was subtracted from the 
total ^Na uptake to obtain tetrodotoxin-sensitive 2 2 Na uptake. 

d At Ouchterlony double diffusion tests for FM-AbI and -AMI (see Table 7), 
remarkable precipitins were formed between antisera and their immunogens. 
Antisera reacted slightly with keyhole limpet hemocyanin. No precipitation was 
observed between sera from the rabbit before immunization and immunogens. 

•Significantly different from the corresponding antibody + veratridine control 
(without deltamethrin) at P * 0.01. 
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Table V shows the effect of antibodies on the synaptosomal 2 2 Na + uptake stimulated 
with deltamethrin and veratridine. FM-AbI is directed to the extracellular segment between 
S5a and S6a in rat sodium channel. It had no effect on the 2 2 Na uptake stimulated with 
deltamethrin. However, PNa32C7 and LNa2F9 antibodies enhanced deltamethrin-induced 
increase in the ^Na uptake in the presence of veratridine. Interestingly, all these antibodies 
themselves had the properties to stimulate 2 2 Na uptake, particularly in the presence of 
deltamethrin and veratridine (Table V). 

In the experiment with liposomal vesicles containing sodium channel, 24% of the 
internal 2 2 Na + preloaded was lost in the vesicles when they were treated with veratridine. 
Also, 26.4% of the internal 2 2 Na + was lost in the vesicles treated with deltamethrin in the 
presence of veratridine. However, only 11.4% of the internal M N a + was lost in the vesicles 
treated with tetrodotoxin, indicating that there is a small but definitely significant 
component of 2 2 Na + efflux that is regulated by tetrodotoxin-sensitive sodium channels 
(Table VI). 

FM-AbI had no effect on the 2 2 Na efflux in the liposomal vesicles treated with 
deltamethrin in the presence of veratridine (Table VII). However, RNa32C7 and LNa2F9 
inhibited slightly the ^Na efflux. Furthermore, only 15% of the internal ̂ Na was lost in the 
vesicles treated with FM-Abll in the presence of deltamethrin and veratridine. Thus, F M -
A b l l significantly inhibited the 2 2 Na efflux, reducing the efflux to a level similar to that 
observed in the presence of tetrodotoxin. 

DISCUSSION 

Previously, Jacques et al. (41), Lazdunski et al. (42), Lombet et al. (37) and Brown et al. 
(36) have shown that pyrethroids and DDT have the property to increase binding of 
[3H]BTX to the sodium channel from several biological sources. Also shown by Bloomquist 
et al. (38) is the stimulatory effect of BTX on DDT-induced increase in 2 2 Na uptake. Thus, 
the interactive properties of BTX and this type of insecticidal chemicals have been well 
established. Our current findings have confirmed such an interactive phenomenon between 
[ 3H]BTX and IR-deltamethrin in the synaptosomal membranes from rat brain 
synaptosomes, and further demonstrated that the noninsecticidal stereoisomer, 1S-
deltamethrin, does not cause any stimulatory action on [ 3H]BTX binding, indicating the 
strict stereospecificity of interaction of the type II pyrethroids with sodium channels. That 
the main target site of BTX in synaptosomal membranes is the sodium channel was also 
clearly established by showing the inhibitory action of veratridine, which is known to 
specifically bind to the same binding site as BTX, and by demonstrating the stimulatory 
effects of sodium channel specific scorpion venom (Table I). 

As for the 2 2 Na + uptake study we have confirmed the generally acknowledged view 
that type II pyrethroids are capable of keeping the sodium channel open for longer time 
periods than expected from the normal course of depolarization-induced channel opening 
and closing (43-45). Also confirmed is the "use-dependent" action of deltamethrin; i.e., the 
action of type II pyrethroids is observed only when the sodium channel is opened through 
depolarization. We have, furthermore, established a "liposomal" methodology for studies 
on antibody action on sodium channels by improving the earlier model developed by 
Matsumura and Clark (32). The uptake of 2 2 Na + could be specifically inhibited by 
tetrodotoxin and stimulated by agents known to keep the sodium channel open. Moreover, 
specific antibodies directed against particular segments of the sodium channel proteins 
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Table VI. Effect of Neurotoxins on M N a Efflux in Liposomal Vesicles Containing 
Reconstituted Sodium Channela 

Treatment5 
% 2 2 Na remaining inside vesicles0 

Treatment5 

Mean ± S.D. No. of exp. 
Veratridine plus deltamethrin 73.7 ±0.4* 6 
Veratridine 76.0 ±4.0 3 
Tetrodotoxin 88.6 ±1.1 6 

a Solubilized protein samples were preincubated with neurotoxins for 10 min at 0°C 
before reconstitution into liposome. 

b Concentrations are: veratridine 50 pM, deltamethrin 1.5 pM, tetrodotoxin 2 pM. 
0 Percent of ^Na remaining inside liposomal vesicles was calculated using the following 

equation: 
l O O C p N a ^ . - p N a W 

p N a ] ^ - p N a ] 1 0 n i n 

•Significantly different from tetrodotoxin at P ^ 0.01. 

Table VH. Effect of Antibodies on M N a Efflux Stimulated with Neurotoxins in 
Liposomal Vesicles Containing Reconstituted Sodium Channela 

Treatment5 
% 2 2 Na remaining inside vesicles0 

Treatment5 

Mean ± S.D. No. of exp. 
Veratridine, deltamethrin plus FM-AbI 73.6 ±4.5 3 
Veratridine, deltamethrin plus FM-AbH 85.0 ±2.5* 3 
Veratridine, deltamethrin plus RNa32C7 79.2 ±1.6 3 
Veratridine, deltamethrin plus LNa2F9 79.0 ±1.5 3 
Veratridine plus deltamethrin 73.7 ± 0.4 3 
Tetrodotoxin 88.6 ±1 .1* 3 

a Solubilized protein samples were preincubated with effectors for 10 min at 0°C 
before reconstitution into liposomes. 

b Concentrations are: veratridine 50 pM, deltamethrin 1.5 pM, antibodies (FM-AbI 
and -AbH, RNa32C7, LNa2F9) 0.3 pg, tetrodotoxin 2 pM. 

c Percent of M N a remaining inside liposomal vesicles was calculated using the 
same equation as shown in Table VI. 

•Significantly different from veratridine + deltamethrin at P * 0.01. 
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clearly affected the operation of the tetrodotoxin-sensitive portion of ^ a * efflux. Thus, we 
have shown that the portion of ^Na* efflux that was affected by these agents is likely 
through the specific sodium channels within the reconstituted liposomes. 

The main objectives of this project have been to test the feasibility of establishing a 
methodology to study the effect of specific antibodies directed against known segments of 
the sodium channels. 

The effects of various antibodies on 2 2 Na + are expected to be relatively specific and 
straight forward, since antibodies are known to directly bind with certain parts of the 
sodium channel proteins and thereby cause either conformational changes or physically 
obstruct normal operations of the channel. One problem associated with the use of 
antibodies for their effects on channel operations is their accessibility to the specific parts 
of the channel proteins. For instance, FM-Abll is directed at an intracellular site which is 
not accessible in intact synaptosomal preparations. These antibodies are bulky and 
hydrophilic, and therefore, are not expected to penetrate through the plasma membrane or 
through the sodium channel. The sites of binding of RNa32C7 and LNa2F9 are not known, 
though that of FM-AbI is definitely extracellular. In the intact synaptosomal experiment 
(Table V) RNa32C7 and LNa2F9 synergized the effect of deltamethrin and veratridine to 
increase a N a uptake by the synaptosomes, indicating that the action sites of these antibodies 
may include some extra-cellular sites of the sodium channel. 

FM-AbI had only modest stimulatory effects in this regard and furthermore such 
effects were statistically insignificant, indicating that either this external site is not 
functionally important or it did not actually bind with the site in intact synaptosomes. 

The "liposomal" experiments (Tables VI and VII) are designed to circumvent the 
problem of accessibility by allowing these antibodies to first interact with lysed 
synaptosomal membranes and then incorporate them into liposomes. Under our 
experimental conditions the "inside out" preparation (i.e., M N a efflux study from M N a + 

preloaded liposomes) worked better than "outside out" preparations. By this approach F M -
A b l l was found to be very potent in preventing veratridine-deltamethrin triggered ^Na* 
efflux. The level of its inhibition was almost equal to that achieved by 2 pM of tetrodotoxin. 
FM-AbI showed no effect, confirming the result obtained with intact synaptosomes. 

The same question on the accessibility of antibodies to the [ 3H]BTX binding site also 
must be considered. The synaptosomal membrane preparations are expected to offer the 
accessibility to both inside and outside surfaces of the plasma membrane. Furthermore, both 
batrachotoxin and veratridine are known to keep the channel in an open position. The 
calcium binding region, at any rate, is expected to be protruding from the inner surface of 
the plasma membrane (26, 28). Thus it should be accessible to the FM-Abl l at least. 

Judging by the Tufty-Kretsinger EF-hand test (46), this site could accommodate Ca + 

as a binding site as originally suggested by Babitch (28), though no actual observation has 
been made. This region is also a highly conserved one among various biological systems 
(26-29), indicating the essential nature of the presence of this region in normal functioning 
of the sodium channel. The fact that the stimulatory action of IR-deltamethrin was blocked 
by this antibody indicates that the blockage and possibly impairment of the function of this 
portion of the sodium channel could affect in some way the effectiveness of this 
insecticide's action to keep the sodium channel open. This conclusion was derived from the 
observations that this group of pyrethroids is known to prolong the voltage depolarization-
triggered increase in Na + current (Noda et al., 1986) and that the reason why they increase 
[3H]BTX binding is the same, i.e., opening the sodium channel and, thereby, exposing the 
B T X binding site within the sodium channel. On the other hand, we have not proven or 
even implicated that the primary binding site of IR-deltamethrin is this region of the 
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sodium channel that is specifically blocked by FM-AbH. There are other possibilities such 
as allosteric interactions or rigidification of the gating machinery of the sodium channel, 
etc. 

Nevertheless, we have demonstrated in this study that the immunological approach to 
test a specifically targeted area of the sodium channel is a powerful technique with great 
future potential for understanding the action mechanisms of those chemicals interacting 
with important target proteins such as the sodium channel. 

Finally it must be emphasized that the above immunological test results show only 
the importance of this region in the operation of the rat brain sodium channel and do not 
show that this Ca2* binding region is involved in kdr resistance. To be sure the above F M -
Abl l preparation is directed against the rat brain sodium channel and not against the 
corresponding channels of the German cockroach. Besides, the roles of SC type sodium 
channels in insects are not known, and instead the consensus among scientists is that para-
type sodium channels are the ones carrying out the function of voltage dependent sodium 
gating on the axonic membrane of insect nervous system. Thus in the absence of my 
information regarding the nature of mutational changes within the structural component of 
para-type radium channels in kdr insects, it does not appear to be prudent to implicate this 
Ca2* binding region for the kdr resistance phenomenon. In conclusion, we could show that 
the Ca 2 + binding region of the rat brain sodium channel appears to be important and that 
there is a mutational change in an SC type sodium channel in the kdr resistance German 
cockroach. The relationship between these two events as well as that to the second 
resistance factor, the decreased CaM Kinase (CAM Kinase) liter in the resistarjfstrains must 
be clarified in the future through vigorous work and critical evaluation. 
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Chapter 8 

Site-Insensitive Mechanisms in Knockdown
-Resistant Strains of House Fly Larva, 

Musca domestica 

M. P. Osborne, D. R. Pepper, and P. J. D. Hein 

Department of Physiology, University of Birmingham Medical School, 
Birmingham B15 2TT, United Kingdom 

Electrophysiological studies were carried out on the effects of 
pyrethroids on the segmental nerves and presynaptic terminals of 
neuromuscular junctions of the body wall muscles from larvae of 
susceptible (Cooper) and resistant strains (kdr; super-kdr) of the 
housefly (Musca domestica L.). We were unable to find any differences 
in sensitivity between kdr and super-kdr axons to deltamethrin which 
would account for the higher resistance shown by super-kdr over kdr 
flies. Assay of presynaptic terminals, which is based on the ability of 
pyrethroids to induce massive increases in miniature excitatory 
postsynaptic potentials, showed that super-kdr junctions were no less 
sensitive to the type I pyrethroid, fenfluthrin, than those of kdr. By 
contrast super-kdr junctions were markedly insensitive to the type II 
pyrethroid, deltamethrin, compared with kdr junctions. We propose 
that kdr resistance encompasses at least two site-insensitive 
mechanisms. The first is associated with the voltage-dependent Na+ 

channel, and is similarly effective in super-kdr and kdr strains against 
both type I and type II pyrethroids. The second is associated with 
pyrethroid stimulation of Ca2+-activated phosphorylation of key 
proteins involved in release of neurotransmitters. Stimulation of 
phosphorylation is suppressed in kdr strains, but such suppression is 
particularly enhanced in super-kdr against type II compounds. 
Ultrastructural studies of pyrethroid-poisoned neuromuscular junctions 
indicate that this resistance mechanism is more likely to be associated 
with processes involved with docking and fusion of vesicles with the 
presynaptic membrane than with those associated with breaking links 
between vesicles and the presynaptic cytoskeleton. 

It has long been held that the major target site for DDT and the pyrethroid 
insecticides is the voltage-dependent N a + channel responsible for the propagation of 

0097-6156/95/0591-0128$12.25/0 
© 1995 American Chemical Society 
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8. OSBORNE ET AL. Knockdown-Resistant Strains of House Fly Larva 129 

action potentials in nerve cells (7). This view has been challenged by several groups of 
workers (2-7) who have suggested that additional sites, namely, voltage-dependent 
C a 2 + channels, G A B A and ACh receptors and various enzymes, ATP-ase, Ecto ATP-
ase and Ca2+-dependent calmodulin-activated presynaptic phosphorylases/ 
phosphatases are also important target sites for these pesticides. Recent biochemical 
evidence (8-10) has strongly implicated presynaptic calcium-dependent 
phosphorylation reactions as target sites. The picture of pyrethroid toxicity is further 
complicated by the recognition of two classes of pyrethroid (77-73). Type I 
compounds, which lack the cyano group on the a-carbon atom of the 3-phenoxy 
benzyl alcoholic moiety, are in general less toxic than the type II compounds which 
posses this group. Whilst clear-cut differences in action between type I and II 
compounds upon neuronal preparations have been described, these differences are not 
always overt and are by no means consistent even within the same preparation (14). 
Type II compounds, unlike type I, have potent effects upon Ca2+-activated 
phosphorylation of certain key proteins that are involved in release of 
neurotransmitters from presynaptic terminals (8-10). Moreover, much of this activity, 
although dependent upon depolarisation, is independent of N a + channel activation, 
since this activity persists in the presence of the N a + channel blocking agent, 
tetrodotoxin (TTX) (7,75,76). 

Electrophysiological studies on the knockdown resistance factor, kdr, in 
houseflies and in other knockdown resistant species of insects (see 6 for references) 
have reinforced the key role of the N a + channel in pyrethroid toxicity. Several groups 
of investigators have confirmed that the N a + channel in resistant strains is relatively 
insensitive to DDT and pyrethroids. This insensitivity factor ranged between 2 and 
10,000 fold depending on the species investigated, the type of assay employed and on 
which particular pyrethroid or DDT analogue was used (6). However, recent studies 
on the more resistant super-kdr strains of housefly have been unable to correlate this 
enhanced resistance with a further increase in Na+-channel insensitivity to pyrethroids 
(17-19). N a + channels from super-kdr strains are, if anything, slightly more sensitive to 
pyrethroids than the less resistant kdr strains (17-19). 

The super-kdr allele is much more effective against type II than type I pyrethroids. 
Furthermore, type II pyrethroids are more effective than type I in disrupting 
presynaptic phosphorylation reactions. Consequently we have undertaken a series of 
electrophysiological and electron microscopic investigations, using the neuromuscular 
junctions of housefly larvae as a model synapse, to clarify both the mechanism of 
action of pyrethroids and the super-kdr resistance factor at presynaptic terminals. 
Some of the neurophysiological results presented here have recently been published 
elsewhere (79). 

Experimental Procedures 

Insects. All investigations were carried out on 3rd (last) instar larvae of the housefly, 
Musca domestica L . The following genetically defined strains were used. A susceptible 
wild phenotype, Cooper strain; a kdr strain, 538ge (phenotypic markers bwb:ge), 
resistance factor fc^Latina* a super-kdr strain (wild phenotype), resistance factor 
super-kdr^Q. 
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Pyrethroids. Two compounds were used, deltamethrin ((*S)-a-cyano-3-phenoxy-
benzyl (l^)-cw-3-(2,2-dibromovinyl)-2,2-dimethylcyclopropanecarboxylate (99%)) 
and fenfluthrin (pentafluorobenzyl (l/?)-/>,a»s-3-(2,2-dichlorovinyl)-2,2-dimethylcyclo-
propanecarboxylate). They were chosen because the two resistant strains showed no 
differential resistance to fenfluthrin (RF for super-kdr relative to kdr = 1.07), whereas, 
super-kdr flies were much more resistant (RF for super-kdr relative to kdr = 18.7) 
than those of the kdr strain to deltamethrin (A. W. Farnham, pers. commn.). Stock 
solutions of these compounds were made up in acetone. Application of compounds to 
experimental preparations was made via a final dilution step by adding a small volume 
of acetone/pesticide solution (0.5 ml litre"1) to insect saline (sodium chloride, 172; 
potassium chloride, 13.3; calcium chloride, 1.00; magnesium chloride, 6; sodium 
hydrogen carbonate, 6; sodium dihydrogen phosphate, 0.7; sucrose 35 mM; pH 
7.1)(20). Control preparations were challenge with 0.5 ml litre"1 acetone in saline. 

Electrophysiological Experiments. Two series of experiments were undertaken. The 
first utilised pieces of isolated segmental nerves and was designed to study the effects 
of deltamethrin upon voltage sensitive N a + channels since these nerves contain neither 
nerve cell bodies nor synaptic contacts (27). The second series was carried out on the 
neuromuscular junctions of body wall muscles (22) and was concerned with 
investigating the effects of deltamethrin and fenfluthrin on the release process of 
neurotransmitters from presynaptic terminals by studying their effects upon miniature 
excitatory postsynaptic potentials (mEPSPs) (23,24). Since a full account of these 
experimental procedures has been published recently (79), no further details are given 
here. 

Electron Microscopic Investigations. Larvae were dissected in plastic baths under 
saline to reveal the nervous system and body wall musculature. The saline in the bath 
was replaced with fresh saline to which was added a deltamethrin/acetone solution to 
give final bath concentrations of either 5 x 10"9, 5 x 10"7 or 5 x 10"6 M deltamethrin. 
Controls were exposed to acetone only (0.5 ml litre"1) dissolved in saline. Al l larvae 
were incubated in these solutions for 1 h following which they were fixed for 1-2 h in 
2.5% glutaraldehyde in phosphate buffer (0.05M, pH 7.2-7.4) with sucrose added to 
raise the molarity of the fixative to 0.34 M . Post-fixation for a further 1 h was 
achieved in 1% osmium tetroxide in the same buffer (pH 7.2-7.4; 0.34 M). Larvae 
were placed in 70% methanol where individual ventral longitudinal muscles were 
dissected free. Dehydration of these muscles was completed in methanol and they were 
transferred via propylene oxide to the embedding medium, a modification of Epon 812 
(Agar 100 resin). Polymerisation was carried out overnight at 60° C. Transverse 
sections of the muscle cells were cut on a Reichert Ultracut E ultramicrotome and 
stained in uranyl acetate and lead citrate before viewing in a JEOL 120CXII electron 
microscope. 

Results 

Isolated Segmental Nerves. Action potentials from about 2 to 6 axons were 
regularly obtained from these nerves. Application of acetone only to these nerves 
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produced no obvious changes. There was a slow progressive decline in the frequency 
of action potentials over the duration of the experiments but nerve block did not 
occur. Deltamethrin was deemed to have a positive effect if it increased the rate of 
firing by 100% compared to that of the controls (see 19). The smallest concentration 
of deltamethrin which produced a 100% increase in firing rate for Cooper strain was 
5 X 1 0 - 1 3 M (Figure 1, Table I). The equivalent concentration for both the kdr and 
super-kdr strains was ten-fold lower at 5 X 1 0 - 1 2 M (Figures 2, 3, Table I). At these 
concentrations the increase in frequency following application of deltamethrin began 
almost immediately in super-kdr, rising to the 100% level within about 20 min (Figure 
3). With kdr the rise in frequency to the 100% line did not occur until some 40 min 
after addition of deltamethrin and even then was only maintained transiently (Figure 
2). 

The maximum firing rate induced by deltamethrin differed between kdr and the 
other two strains (Figure 4). For kdr this was about 700 % above initial firing rates, 
but was much lower at 412% and 474% respectively for Cooper and super-kdr. This 
maximum percentage increase was obtained at a concentration of 5 x 10"7 M for both 
Cooper and super-kdr. The maximum percentage increase with kdr was obtained at a 
lower concentration of 5 x 10 - 8 M deltamethrin. With Cooper and kdr larvae the 
maximum increase in firing rate was obtained almost immediately upon application of 
deltamethrin, following which there was a rapid decline to levels well below the firing 
rate prior to application of the pyrethroid. However, with super kdr larvae the rise in 
the firing rate to the peak level was slower and more erratic and the fall in firing rate 
following the peak percentage increase did not fall below the pre-application firing rate 
as in the other two strains. 

Neuromuscular Junctions. Resting membrane potentials for these muscles lay 
between 60-70 mV. Spontaneously evoked mEPSPs of varying amplitude were 
evident in all three strains (Figure 5) and these continued without change in frequency 
or amplitude for several hours. Addition of suprathreshold concentrations of both 
pyrethroids usually produced within 5-10 min a massive, sustained increase in the 
frequency of the mEPSPs (several hundred fold) accompanied by increases in 
amplitude (Figure 6A and B) which lasted until the experiments were terminated, 
about 50 min later. There was, with one exception, no gradual and progressive 
increase in this pyrethroid-induced mEPSPs activity, the onset of this increase was 
always very sudden and sharply defined. The exception proved to be that of 
deltamethrin upon junctions of super-kdr larvae. In this case the increase was not so 
massive and was of a sporadic nature even when saturated solutions of deltamethrin as 
high as 5 x 10 - 6 M were employed. Only isolated bursts of high amplitude mEPSPs 
were obtained (Figure 7A). Fenfluthrin on the other hand was able to induce massive 
and prolonged discharges of mEPSPs in all strains including super-kdr (Figure 7B). 
The minimum concentrations required to induce mEPSPs activity with deltamethrin 
were 1.5 x 10 - 1 0 , 5 x 10"9 and 1.5 x 10 - 6 M respectively for Cooper, kdr and super-
kdr larvae. With fenfluthrin the equivalent values were Cooper, 5 x 10"7 M and for 
both kdr and super-kdr, 5 x l O ^ M (Table I). 
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0 10 20 30 40 50 60 
Time (Minutes) 

Figure 1. Graph to show effect of 10" 1 3 M deltamethrin on Cooper larva isolated 
nerve. Arrow denotes point of application of deltamethrin. Data for this figure 
and figures 2,3 and 5-7 taken from ref 19. 

Table L Comparison of Electrophysiological Responses and Toxicity Data 

Compound Strain Nerve Threshold mEPSPs Neurophysiological Toxicological 
Concentration (M) Threshold Resistance Factor* Resistance 

Concentration Q4) Factor** 

Deltamethrin Cooper < 5xl0" 1 3 = 1.5xl0"10 

Kdr = 5x10-12 S 5xl0- 9 Nerved 10 
mEPSPs = 33 

= 30 

Super-kdr = 5xl0~ 1 2 = SxlO-6 Nerve £ 10 
mEPSPs = 104 

= 560 

Fenfluthrin Cooper - = 5xl0- 7 - -
Kdr - = 5X10-6 mEPSPs =10 = 14 

Super-kdr - = 5x10-6 mEPSPs = 10 = 15 

•Neurophysiological factors are relative to Cooper threshold values (data from 20). 
** Toxicological factors are relative to Cooper L D 5 0 values (data kindly furnished by 

A W. Farnham, Rothamsted). 
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0 10 20 30 40 50 60 

Time (minutes) 

Figure 2. Effect of 10" 1 2 M deltamethrin on isolated nerve from kdr larva. Arrow 
as before. 

150 r 

tf -50 

-100 1 ' ' ' • • 1 

0 10 20 30 40 50 60 

Time (minutes) 

Figure 3. Effect of 10" 1 2 M deltamethrin on isolated nerve from super-kdr larva. 
Arrow as before. 
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800 r 

0 10 20 30 40 50 60 

Time (minutes) 

Figure 4. Isolated nerve. Maximum increases in rates of firing shown for all three 
strains. Arrow as before. 

Cooper 

Kdr 

Skdr l I l W j L ^ 

125nv| 
200ms 

Figure 5. Control mEPSPs recorded from all three strains. 
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Figure 6. Massive trains of mEPSPs induced by pyrethroids. A, Cooper (5 x 10"9 

M deltamethrin). B , Cooper (5 x 10"6 M fenfluthrin). Bars denote levels of 
resting membrane potentials. 

200ms 

Figure 7. Recordings from super-kdr larvae. A, low frequency train of high 
amplitude mEPSPs induced by 5 x 10"6 M deltamethrin. B, massive increase in 
mEPSPs induced by 5 x 10"6 M fenfluthrin. Bar denotes level of resting 
membrane potential. 
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Electron Microscopy. Transverse sections of neuromuscular junctions showed 
typical features which have been described in detail for fly larvae (25,26). The 
presynaptic terminals contain mitochondria and classic electron lucent synaptic 
vesicles. These vesicles are associated with dense bodies (active zones) that are 
adpressed to the inner surface of the axolemma (Figure 8). In all three strains, 
concentrations of deltamethrin that were below those needed to produce massive 
increases in mEPSPs did not noticeably affect the fine structure of presynaptic 
terminals. However, with Cooper and kdr larvae, doses sufficient to elevate mEPSPs 
frequencies, reduced considerably, the numbers of synaptic vesicles in nerve terminals . 

In Cooper junctions, 5 x 10"9 M deltamethrin produced almost total depletion of 
vesicles in nerve terminals (Figure 9). Vacuolation of mitochondria was also apparent 
together with accumulations of granular material in the axoplasm. Similar features 
were not seen with kdr nerve terminals until the concentration of deltamethrin was 
raised to 5 x 10-7 M . 

A concentration of 10"9 M , deltamethrin induced an interesting effect upon super-
kdr nerve terminals (This dose lies well below that which elevates mEPSPs frequencies 
in this strain). Although the numbers of synaptic vesicles were not depleted, many 
were distended or swollen and gathered in clumps adjacent to the presynaptic 
membrane in the neighbourhood of the active zones (Figure 10). The remainder of the 
axoplasm was occupied by granular material identical to that seen in Cooper nerves 
also treated with 5 x 10"9 M deltamethrin (Figure 9). Such clumping and swelling of 
vesicles was not seen in nerve terminals from Cooper or kdr larvae regardless of the 
concentration of deltamethrin used. With deltamethrin at 5 x 10 - 8 M there was still no 
significant loss of vesicles from nerve terminals of super-kdr larvae. Clumps of 
vesicles, similar to those seen with 5 x 10"9 M deltamethrin, were still present, but 
swelling of vesicles was by no means as prevalent or pronounced. Only at the very 
high concentration of 5 x 10"6 M deltamethrin, i.e. a saturated solution, did disruption 
of nerve terminals occur with marked depletion of vesicles. Even then, some nerve-
terminal profiles still contained appreciable numbers of vesicles. 

Discussion 

Knockdown Resistance and Axonal Transmission. There is little doubt that kdr and 
super-kdr resistance is associated with insensitivity of the voltage dependent N a + 

channel to the pyrethroids and to DDT. The dilemma appears to be that of explaining 
the enhanced resistance shown by super-kdr strains by this mechanism (6). 

In an earlier preliminary study on the effects of permethrin upon larval nerves it 
was indicated that super-kdr axons were about ten times less sensitive to this 
compound than those of kdr (27). The results of this present study with deltamethrin 
do not agree with this. Although our results upon isolated nerves clearly show that 
both resistant strains posses a nerve insensitivity factor, being some 10 fold less 
sensitive to deltamethrin than the susceptible Cooper strain, we were unable to 
separate the two resistant strains by this type of assay (Table I). However, our results 
consolidate our previous studies upon nerves of adult houseflies in which we used 
several pyrethroids as well as DDT. As before, (77,18) we found that the more 

 J
ul

y 
22

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ay

 9
, 1

99
5 

| d
oi

: 1
0.

10
21

/b
k-

19
95

-0
59

1.
ch

00
8

In Molecular Action of Insecticides on Ion Channels; Clark, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 



8. OSBORNE ETAL. Knockdown-Resistant Strains of House Fly Larva 137 

Figure 8. Electron micrograph (EM) of Cooper control nerve terminal. Terminal 
contains many synaptic vesicles clustered about active zones (arrows). Scale bar 
= l p M . 

Figure 9. E M of Cooper nerve terminal exposed to 5 x 10"9 M deltamethrin. 
Note absence of synaptic vesicles, axoplasm packed with granular material and 
vacuolated mitochondria. Scale bar = 1 pM. 
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Figure 10. E M of Super-kdr nerve terminal exposed to 5 x 10"9 M deltamethrin. 
Note clumping of large numbers of swollen vesicles adjacent to presynaptic 
membrane, numerous granules in axon and vacuolated mitochondria. Scale bar = 
1 pM. 

VERTEBRATE Na+ CHANNEL (rat brain) 
In TTX resistance, 
glutamine replaces 
glutamic acid (ref 32) 

S 4 regions • 
activation gate 

ScTx (ref 29) 

y/ilo nlQ 

perturbs Na+ 
current (refs 34-36) 

PKA 

inactivation 

slows inactivation 
reduces peak Na+ 

current (ref 33) 

Figure 11. Transmembrane diagram of a-subunit of vertebrate N a + channel based 
on D N A sequencing studies. For explanation see text. 
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resistant super-kdr strain has N a + channels which appear to be marginally more 
sensitive to pyrethroids than those of kdr (Compare figures 2 and 3). 

It was apparent in the isolated larval nerve preparation that the maximum 
percentage increase in firing rate of kdr axons following deltamethrin treatment was 
much higher than in the other two strains. This result substantiates our earlier work on 
adult houseflies (6) where we found that the percentage increase in the rate of firing of 
action potentials induced by the pyrethroid, kadethrin (RU15525), in the neck 
connectives of super-kdr flies was twice that obtained in Cooper and kdr strains. This 
suggests that the kdr factor produces alterations in the N a + channels that are not 
simply concerned with insensitivity to pyrethroids. It might also induce changes 
associated with gating kinetics or the relative refractory period of the N a + channel. 

Genetic Sequencing of Na +-Channel Structure and Site of Pyrethroid Action. 
The structure of the ct-subunit of the N a + channel has been sequenced for both 
vertebrates (rat brain) and insects (Drosophila brain) (Figures 11,12) (28-31). Both 
consist of four homologous repeating membrane-spanning domains (I-IV) comprising 
six a-helical hydrophobic segments, S1-S6, connected by hydrophilic extracellular and 
intracellular links (Figures 11,12). Several sites of functional significance have been 
identified on the vertebrate N a + channel. The voltage sensor and activation gate is 
considered to be associated with the positively-charged S4 segments. The inactivation 
gate has been localised to the intracellular link connecting the S6 and SI segments of 
domains III and IV, and a scorpion toxin binding site has been identified on the 
extracellular links between the S5 and S6 segments on both domains I and IV. A 
genetic mutation consisting of a single amino acid substitution, replacing glutamic acid 
(residue no. 387) with glutamine, on the extracellular link between segments S5 and 
S6 of repeat domain I confers resistance towards T T X and saxitoxin in the rat (32). 
Furthermore this change also reduced the inward current flow through the N a + 

channel. This evidence suggests that the S5-S6 loop lies near to the channel mouth. 
The identification and functional significance of phosphorylation sites on N a + 

channels have recently received attention. In rat brain (Figure 11) four sites have been 
located on the intracellular link between domains I and II. These sites are 
phosphorylated by protein kinase A (PKA). One other site, located on the inactivation 
gate which comprises the intracellular link between domains III and IV, is 
phosphorylated by protein kinase C (PKC). Phosphorylation of the inactivation gate 
phosphorylation site by PKC is accompanied by slowing of inactivation and a 
reduction of the peak N a + current (33). Evidence concerning the physiological effects 
of PKA-activated phosphorylation is contradictory (34,35) although there is no 
disagreement that PKA-phosphorylation does perturb N a + channels. A more complex 
pattern of Na+-channel phosphorylation has recently emerged (36). It appears that 
phosphorylation of the P K A sites and its subsequent effects upon the N a + channel is 
dependent upon prior phosphorylation of the PKC site. Thus the action of P K A 
phosphorylation in reducing peak N a + currents is dependent on phosphorylation by 
PKC of the site on the inactivation gate. 

In insects, Gordon et al (37) have reported that the a-subunit of sodium channels 
in four orders, Orthoptera, Dictyoptera, Lepidoptera and Diptera, can be 
phosphorylated by PKA. Phosphorylation sites in Drosophila N a + channels (Figure 
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12) occur one on each of the intracellular links between domains I and II and III and 
IV, and two on the inactivation gate (37). It is at present not known if phosphorylation 
of these sites has any functional significance. In crustacean (lobster) axons, C a 2 + -
calmodulin-dependent phosphorylation of the a-subunit of the N a + channels has been 
reported. Furthermore, deltamethrin at a concentration as low as 1 0 - J 1 M inhibited this 
phosphorylation (38). This raises the question whether some of the effects of 
pyrethroid poisoning could result from perturbation of phosphorylation of N a + -
channels. 

In this context the effects of an anticalmodulin agent, W-7, as well as those of a 
pyrethroid (meta-methylbenzyl pyrethrate) and a methoxychlor DDT analogue were 
recently studied on action potentials in crayfish giant axons (39). W-7 and the 
pesticides all prolonged the fall phase of the action potential. W-7 also suppressed 
both the inward and outward membrane currents. However, whilst both pesticides 
prolonged the opening time of the N a + channels, W-7 did not. It apparently delayed 
the fall phase of the action potential by suppressing K + channel currents. These results 
suggested that the target sites of the pesticides and W-7 are not the same. 
Nevertheless, more work needs to be done with respect to pyrethroid action and 
phosphorylation of N a + channels. 

In housefly N a + channels (Figure 12), kdr and super-kdr resistance has recently 
been mapped to a locus on gene Msc that lies between segment S2 of domain IV and 
the intracellular carboxy terminus (40). In pyrethroid-resistant strains of the tobacco 
budworm, Heliothis, changes in structure of gene hscp map to a region of the N a + 

channel situated between S5 of domain III and S4 of domain IV (41). Both of these 
sequences include an S4 component of the activation gate; the sequence in Heliothis 
also includes the inactivation gate. A study of kdr-like resistance in Drosophila found 
only a single substitution, in which asparagine replaced aspartic acid, in the DSC1 gene 
that was localised to the extracellular loop between S5 and S6 segments of domain m 
(42) (Figure 12). There is a similarity between the pyrethroid resistant mutation in 
Drosophila and that of the TTX-resistant mutation in the rat N a + channel (32). Both 
occur on S5 to S6 linkers, although from different domains, and both reduce the net 
negative charge on these extracellular loops. These similarities may eventually turn out 
to be significant. However, the facts that T T X and pyrethroids have such very 
different physicochemical properties, have separate binding sites and dissimilar actions 
on N a + channels, make it extremely difficult to correlate the recently described 
structural changes in the a-subunit with knockdown resistance. 

Knockdown Resistance and Synaptic Transmission. It has previously been shown 
that neuromuscular junctions of dipteran larvae with kdr or fcfr-like resistance factors 
are less sensitive to pyrethroids and to DDT than junctions of susceptible strains 
(23t24t43t44). The strength of the mEPSP assay was that it gave good correlation 
both with respect to the relative toxicity of pyrethroids and for kdr resistance factors. 
At that time the actions of pyrethroids upon presynaptic terminals in both susceptible 
and resistant strains were ascribed to effects upon N a + channels (23,24). The more 
resistant super-kdr strains were not investigated using the mEPSP assay. However, the 
results reported here with this assay clearly show that it is also able to distinguish 
between kdr and super-kdr resistance factors. Toxicological data from adult flies 

 J
ul

y 
22

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ay

 9
, 1

99
5 

| d
oi

: 1
0.

10
21

/b
k-

19
95

-0
59

1.
ch

00
8

In Molecular Action of Insecticides on Ion Channels; Clark, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 



8. OSBORNE ETAL. Knockdown-Resistant Strains of House Fly Larva 141 

(Table I) indicate that super-kdr is no more effective than kdr against the type I 
pyrethroid, fenfluthrin, both being about 14-15 times more resistant to this compound 
than Cooper. This is in good agreement with values obtained from the mEPSP assay, 
both strains being about 10 times less sensitive to pyrethroids (Table I). On the other 
hand super-kdr junctions were extraordinarily insensitive to the type II compound 
deltamethrin. They were relatively unperturbed (c.f. figures 6,7) even by saturated 
solutions of deltamethrin being some 300 times less sensitive than kdr neuromuscular 
junctions. Kdr junctions themselves were about 30 times less sensitive than those of 
Cooper. Thus super-kdr junctions were, in this assay, about 10,000 times less sensitive 
to deltamethrin than those of Cooper! Toxicological estimates show that super-kdr 
flies are only about 20 times more resistant than kdr, a figure somewhat less than our 
electrophysiologically determined figure. 

The mEPSP assay is thus a far superior indicator of the efficacy of kdr and super-
kdr resistance factors than assays based on effects of pyrethroids on axonal 
transmission. What is encouraging is that super-kdr is particularly effective against 
type II compounds and relatively ineffective or non-effective against some type I 
pyrethroids. It is precisely these differences that are highlighted by the mEPSP assay. 

It is apparent, therefore, that some mechanism which exhibits insensitivity to 
pyrethroids, particularly type II compounds, is located within the presynaptic terminal. 
Such a mechanism could result from modification of presynaptic N a + channels since 
these may be different from those associated with axonal conduction, or it may be 
related to modification of voltage-gated C a 2 + calcium channels since the latter are also 
targeted by pyrethroids (45,46). Neither of these possibilities can be completely 
excluded, but recent biochemical evidence, reported below, suggests that other 
factors, particularly those associated with phosphorylation/dephosphorylation of key 
presynaptic proteins involved with release of neurotransmitters, are probably 
involved. 

Effects of Pyrethroids on Phosphorylation at Presynaptic Terminals. Although 
membrane-associated Na + -K + -ATPase and Ca 2 +-ATPase and mitochondrial M g 2 + -
and CA 2 + -ATPase are inhibited by DDT and pyrethroids it is doubtful if this inhibition 
is important in their toxicity since it only occurs at relatively high doses, > 1 pM, well 
above that required to disrupt axonal conduction (6). A more likely target site at 
presynaptic terminals is perturbation of the phosphorylases, PKC, calcium-calmodulin 
stimulated protein kinase II (CaM-Kinase II) and the phosphatase, calcineurin, 
especially by type II pyrethroids. Type I compounds and DDT are much less effective 
(8-10,17,47-49). Significantly, some of these effects occurred at concentrations of 
deltamethrin as low as 10 - 1 3 M in both squid and mammalian synaptosomes (9,50), 
that is at similar levels to those that perturb voltage dependent N a + channels. A further 
point is that these phosphorylation reactions are dependent upon depolarisation of the 
presynaptic terminal. However, most of this phosphorylation activity was still retained 
when N a + channels were blocked with T T X and depolarisation was triggered by high 
K + or excess of C a 2 + (7,8,17). Moreover, deltamethrin-induced phosphorylation was 
not completely abolished even in the presence of both N a + and C a 2 + channel blockers 
or when the extracellular [Ca 2 + ] was zero (77). Some of these effects are still likely to 
be triggered by a rise in intracellular [Ca 2 + ] since deltamethrin is able to enhance 
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release of this cation indirectly from intracellular stores by stimulating the 
PKC/phosphoinositide pathway (70) and the production of inositol phosphates from 
phosphoinositides. Inositol triphosphates in turn liberate C a 2 + from intracellular sites 
(49). Clearly then, disruption of enzymes associated with presynaptic phosphorylation 
reactions appears to be an important target site for type II pyrethroids that is quite 
distinct from their effects on N a + channels. 

The major proteins that are phosphorylated are CaM-Kinase n, synapsin I and 
B50 (Growth associated protein [GAP]-43 or neuromodulin). Dephosphosynapsin I 
anchors vesicles within the presynaptic terminal by binding to them to actin and to 
fodrin (see reviews 51,52). The vesicles are thus locked within the cytoskeletal 
framework and are prevented from interacting with the active zones at the release sites 
on the presynaptic membrane (Figure 13). The combined effect of raising intraterminal 
[Ca 2 + ] and phosphorylation of synapsin I via stimulation of CaM-Kinase II with 
deltamethrin would be to reduce binding of vesicles to the cytoskeleton, enabling them 
to approach the presynaptic membrane to facilitate transmitter release. The vesicle-
presynaptic membrane fusion process involved with exocytosis is also in part regulated 
by CaM-Kinase II. For instance, synaptophysin and synaptophorin, two integral 
proteins of the synaptic vesicle membrane which can be phosphorylated by this kinase, 
are implicated with the formation of the exocytotic fusion pore (see 53). 

Stimulation of P K C by deltamethrin could also enhance release of 
neurotransmitter via phosphorylation of synaptotagmin which is an integral protein of 
the synaptic vesicle membrane. Synaptotagmin is considered to be a docking-fusion 
protein, facilitating exocytosis perhaps by interacting with another docking protein, 
syntaxin, which is associated with the presynaptic membrane (53,54)(Figure 14). P K C -
stimulated phosphorylation of other presynaptic membrane associated-proteins such as 
myristoylated, alanine-rich C-kinase substrates (MARCKS) and neuromodulin could 
also be involved (52)(Figure 14). Phosphorylation of M A R K S reduces its affinity for 
binding actin which may facilitate rearrangement of actin-based cytoskeleton in the 
immediate vicinity of the active zones, thereby modulating the access and docking of 
vesicles with the presynaptic membrane. Phosphorylation of neuromodulin is likely to 
release calmodulin and thus facilitate other phosphorylation reactions involved in 
release of neurotransmitters. Al l or some of these phosphorylation reactions instigated 
by deltamethrin might explain the appearance of massive and prolonged bursts of 
mEPSPs at insect neuromuscular junctions (23,24,55,56)(F\gaTes 7, 8). In the longer 
term they would also account for subsequent depletion of vesicles from neuromuscular 
junctions seen by electron microscopy (57)(Figure 9). 

More recent work with rat brain synaptosomes has shown that the pattern and 
time course of deltamethrin-induced-protein phosphorylation are complicated (7). 
Depolarisation of synaptosomes pretreated with deltamethrin for 5-20 min caused 
marked elevation in phosphorylation of synaptic proteins. Prolonged incubation with 
deltamethrin over 30-40 min significantly reduced depolarisation-induced protein 
phosphorylation. Consequently depending on the length of treatment, the effects of 
deltamethrin on protein phosphorylation could be stimulatory or inhibitory (7). 
Moreover, pyrethroids do not only perturb protein kinases. Calcineurin, the most 
significant presynaptic phosphatase, is specifically inhibited by type II but not by type I 
pyrethroids (8). Such an effect would preserve proteins in their phosphorylated state. 
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INSECT Na+ CHANNEL 

glycosylation 
sites 

Drosophila DSC1 
In kdr resistance, 
asparagine replaces 
aspartic acid (ref 42) 

Heliothis hscp, 
pyrethroid resistant 
strains (ref 41) 

Musca Msc, 
kdr, super-kdr 
(ref 40) 

phosphorylation sites - PKA? 

CaM-Kinase? (ref 38) 

Figure 12. Transmembrane diagram of a-subunit of insect N a + channel. Regions 
where changes in structure associated with resistance have been identified are 
indicated. See text. 

PRESYNAPTIC TERMINAL 
Ca2+-Calmodulin-Dependent Protein Kinase II 

Phosphorylated Proteins 

Figure 13. Protein molecules of nerve terminal that are phosphorylated by 
pyrethroid stimulation of CaM-Kinase II. For explanation see text. 
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PRESYNAPTIC TERMINAL 
Protein Kinase C 

Phosphorylated Proteins 

pyrethroid 
stimulation ' " 

calmodulin 

MARCKS 

synaptotagmin ' C a 2 + 

pyrethroid 
stimulation 

active 
zone neuromodulin 

Figure 14. Protein molecules of nerve terminal that are phosphorylated by 
pyrethroid stimulation of PKC. For explanation see text. 

Thus early in pyrethroid toxicity, when protein phosphorylation would be elevated and 
phosphatase activity reduced by deltamethrin, neurotransmitter release would be 
enhanced. Later, when inhibition of protein phosphorylation occurred, release of 
neurotransmitter would be curtailed. The latter has been correlated (7) with the 
phenomenon of late block (23,24). However, late block may well be caused by 
depletion of neurotransmitter. This is supported by direct observation of pyrethroid-
treated presynaptic terminals; many of which are depleted or devoid of synaptic 
vesicles (Figure 9)(55t57). 

Phosphorylation and Knockdown Resistance. Ghiasuddin et al (58) reported that a 
DDT-resistant strain of cockroach had a Ca-ATPase (subsequently shown to be a 
protein kinase-phosphatase) with a reduced affinity for C a 2 + compared with the 
susceptible strain. This strain was later shown to have a kdr-like factor with cross 
resistance to pyrethroids (13). Studies on the stimulatory effects of C a 2 + upon N a + 

Ca2 +-protein kinase-phosphatases in synaptosomes of housefly brain (59) have shown 
that these stimulatory effects were less in both kdr and super-kdr resistant strains. 
Moreover insensitivity to C a 2 + was even more marked in super-kdr than in kdr flies. 
Charalambous and Matsumura (60) have shown in both housefly and German 
cockroach that calmodulin was a better activator of synaptosomal CaM-Kinase II in 
susceptible than in kdr-xype resistant strains, indicating that kdr resistance is associated 
with an alteration in CaM-Kinase. Indeed these resistant insects also exhibit cross-
resistance to agents such as A23187, which are C a 2 + ionophores that increase 
intracellular [Ca 2 + ] . Clearly then sufficient evidence has emerged which strongly 
implicates kdr and super-kdr resistance with alterations in sensitivity of C a 2 + -
stimulated phosphorylation reactions involved in the release of neurotransmitters at 
presynaptic terminals. 
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Nerve Terminal Structure and Knockdown Resistance. Biochemical and 
electrophysiological evidence indicate that kdr resistance and particularly that of 
super-kdr involves suppression of pyrethroid-stimulation of phosphorylation process 
associated with release of neurotransmitters from the presynaptic terminals. At least 
two major effects have been considered (Figures 13, 14). One concerns the release of 
synaptic vesicles from the cytoskeletal skeleton allowing them to approach the 
presynaptic membrane. The other is involved with docking and attachment of the 
vesicles to the presynaptic membrane as a prelude to exocytosis. Clearly kdr or super-
kdr resistance mechanisms could affect either or both of these processes. Electron 
micrographs of nerve terminals treated with subthreshold doses of deltamethrin show 
that the synaptic vesicles are not prevented from approaching the presynaptic release 
sites. On the contrary they appear to be aggregated in large numbers against the 
presynaptic membrane (Figure 10). This suggests at least with super-kdr that the 
resistance mechanism interferes with docking of vesicles or their fusion with the 
presynaptic membrane rather than interfering with their attachment to the 
cytoskeleton. A similar phenomenon has been reported at the 'early block' phase in 
cypermethrin-poisoned neuromuscular junctions of non-resistant housefly larvae (20). 
Clusters of vesicles were found in association with 'active zones' on the presynaptic 
membrane. However, in this case block was not attributed to interference with 
vesicle/membrane interactions but to block of conduction in the presynaptic terminal 
(20). 

Electrophysiological recordings from super-kdr junctions show that when 
mEPSPs are evoked by deltamethrin, they are of relatively large amplitude (Figure 
7A). This correlates well with the enlarged synaptic vesicles which are present in nerve 
terminals of super-kdr larvae poisoned with deltamethrin (Figure 10). 

Conclusions 

There is no doubt that kdr and super-kdr resistance factors are linked with insensitivity 
of the voltage dependent N a + channel to DDT and to both type I and type H 
pyrethroids. However, there is strong evidence that kdr and super-kdr resistance 
embraces a second mechanism that is located at the presynaptic terminal. This second 
mechanism is associated with pyrethroid-stimulation/inhibition of Ca2+-dependent 
phosphorylase/phosphatase reactions involved with release of neurotransmitters. It 
entails insensitivity of these phosphorylation reactions to pyrethroids and is especially 
effective in super-kdr resistance against type II pyrethroids. It has yet to be determined 
if the resistance mechanism operates at the level of synaptic vesicle/cytoskeleton 
interactions or synaptic vesicle/membrane-docking-fusion interactions, or, perhaps 
both. The relative efficacies of kdrlsuper-kdr resistance factors would therefore 
depend on the combined effectiveness and interplay of these two mechanisms against 
DDT and both types of pyrethroid. 

Mutants of the kdr type could well provide useful tools which would be helpful 
in unravelling fundamental processes associated with release of neurotransmitters from 
presynaptic terminals. Recent findings clearly highlight the importance of C a 2 + -
activated phosphorylases/phosphatases as important target sites for pyrethroids in 
addition to that of the N a + channel. Whether perturbation of phosphorylation of the 
N a + channel is significant in pyrethroid toxicity remains to be resolved. 
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The genetic evidence that kdr resistance maps to structural modifications of the 
N a + channel is encouraging. Further studies along these lines are necessary to fully 
identify and understand these modifications in relation to pyrethroid toxicity. Perhaps 
an even greater challenge is to understand how two seemingly separate mechanisms, 
insensitivity of the N a + channel- and Ca2+-activated phosphorylation-of proteins, are 
reconciled at the genetic level by the kdr I super-kdr alleles. 
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Chapter 9 

Possible Role for Guanosine 5'-Triphosphate 
Binding Proteins in Pyrethroid Activity 

Daniel P. Rossignol 

Eisai Research Institute, 4 Corporate Drive, Andover, MA 01810-2441 

Pyrethroid insecticides exert a variety of toxic actions, making 
elucidation of the mechanism(s) of pyrethroid activity difficult. 
Described below is an approach taken to analyze pyrethroid 
interactions with target proteins. A tritiated photoreactive aryl-azide 
analog of fenvalerate- decyanoazidofenvalerate (DeCAF) has been 
used to study photoaffinity labeling of neuronal membrane 
preparations as well as crude and purified preparations of GTP 
-binding proteins. Under optimal labeling conditions, photolabeling 
predominantly occurred at a 36 kDa membrane protein. In 
preparations of rat brain membranes, binding was stimulated by the 
addition of the sodium channel-specific blockers tetrodotoxin and 
saxitoxin, although photolabelling of voltage-dependent sodium 
channels was undetectable. Further studies revealed that DeCAF 
labeling of a 36 kDa protein was also apparent in bovine retina, rod 
outer segments (ROS) and purified ß subunits of G protein 
(transducin-ß) from ROS. These results suggest that pyrethroids may 
interfere with the ability of G-proteins to transduce intracellular signals 
from cell surface receptors to target enzymes. In light of the ever
-expanding roles for ß as well as α subunits of G-proteins in signal 
transduction, it is possible that pyrethroids could express their broad 
array of toxic effects by modifying G-proteins. 

Biochemical analysis of the mechanism of activity of pyrethroids has proven to be 
extremely difficult Extreme hydrophobicity of pyrethroids may be one of their 
physical characteristics responsible for their potency, however, it is also a 
characteristic that renders their activity difficult to analyze by traditional biochemical 
methods such as equilibrium binding analysis. While a main target of their action is 
probably the voltage-dependent sodium channel, pyrethroids have also been shown to 
modify the activity of a broad range of other targets. These include ion channels and 
other membrane proteins including potassium channels, calcium channels, 
calmodulin, peripheral benzodiazepine receptors, ATPases, nicotinic acetylcholine 
receptors, a N a + / C a + exchanger, and receptors for y-aminobutyric acid (GABA), 
GABA-activated Cl~ channels (these targets are reviewed in ref. 7,2), as well as 

•Studies reported herein were performed at E.L DuPont de Nemours, Wilmington, DE 

0097-6156/95/D591-0149$12.00/0 
© 1995 American Chemical Society 
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phosphoinositides (3) and protein kinases such as protein kinase C(4). In the case of 
voltage-dependent sodium channels, evidence for direct interaction with the purified 
protein has been recently published (5). However, it is not clear how pyrethroids 
interact with other potential targets. Is it possible that pyrethroids alter a central 
control (cascade) system that next modifies these enzymes? Interestingly, certain 
pyrethroid targets are part of the large number of enzymes that are either directly or 
indirectly modulated by G-proteins (6-8). This report reviews experiments 
characterizing photolabeling by DeCAF (structure in inset, Figure 2) with neuronal 
membranes (rat brain) as well as partially purified and purified G-proteins from retina 
and bovine brain. Under optimal conditions established for detection of specific and 
saturable photolabeling, a 36 kDa protein was the major target of photoderivatization 
(9,10) [3H] DeCAF bound to a 36 kDa protein in rat brain and liver membranes. 
Binding to brain membranes was stimulated by addition of the sodium channel 
specific toxins saxitoxin and tetrodotoxin, and altered by non-hydrolyzable analogs of 
GTP indicating that binding was to a protein that was linked to both voltage-sensitive 
sodium channels and G-proteins. The possibility that the 36 kDa p subunit of G-
proteins (Gp) was investigated using the p subunit of transducin (Tp). The emerging 
central role for Gpy and their modification by pyrethroids implicates pyrethroid 
toxicity in key diverse cellular regulatory processes. 

Materials and Methods 

Materials. Scorpion toxin was purified from venom of Leuirus quinquestriatus var. 
Sudan as described (77). Batrachotoxin and pumiliotoxin-B were generous gifts of 
John W. Daly (NIH). Ptychodiscus brevis toxin-B was a gift from K. C. Nicolau 
(Scripps Institute, La Jolla Calif.). Tetracaine, Leuirus quinquestriatus venom, 
GDPpS and GppNHp were from Sigma. GTPyS (tetralithium salt) was from 
Boehringer Mannheim Biochemicals. Pertussis toxin and cholera toxin were from 
List Biological Laboratories. [3H]saxitoxin was from New England Nuclear. 
Molecular weight standards for SDS-PAGE were purchased from Biorad. 
Pyrethroids (>95% pure) were purchased from Chem Serve (West Chester, Pa.), 
while crystalline S,S-fenvalerate was from Dupont Agricultural Products DepL 
[3H]m-phenoxybenzylalcohol was made by catalytic displacement of bromine from 
the corresponding brominated alcohol using 3 H gas (Custom Tritiation Service of 
New England Nuclear). Synthesis of DeCAF and [ 3H]DeCAF as well as analysis of 
[ 3H]DeCAF binding to rat brain membranes, bovine retina, rod outer segments, and 
purified retinal G-proteins was described (9,10). 

Preparation of Tissues. Rat brain synaptoneurosomes were prepared by minor 
modifications of the method of McNeal, et aL (9,72). Tetrodotoxin (TTX) and 
batrachotoxin-sensitive uptake of 2 2 N a by these synaptoneurosomes has been 
measured in this laboratory as well as others (3,13), indicating that the preparation 
contains intact vesicles. Other preparations, and conditions for ADP-ribosylation and 
quantitation of release of T a by ADP-ribosylation has been previously described 
(9,10). Antibodies (U-49 and S-217) to p subunit of GTP binding protein were the 
generous gifts of Suzanne Mumby (Univ. of Texas, Dallas). Immunoprecipitation of 
[3H]DeCAF-labeled Tfl was performed as described (70). Purified Py subunit 
complex of G-proteins from bovine brain was the generous gift of Patrick Casey 
(Univ. of Texas, Dallas). 

Binding of [3H]Saxitoxin ([ 3H]STX) and [3H]Batrachotoxinin A benzoate 
([ 3H]BTX) to particulate fractions was measured by filtration assays (12,14,). 
Uptake of 2 2 N a into N18 cells and synaptoneurosomes was performed as described 
(77), and protein was assayed by the method of Peterson, et al. (75). 
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Results and Discussion 

Activity of DeCAF, DeCAF was toxic to houseflies (LD50-0.5 pg/g) and 
induced frequency-dependent depolarization and repetitive firing in crayfish nerve 
cord (9). The original intent of these studies was to elucidate the interaction of 
DeCAF with voltage-dependent sodium channels. As pyrethroids have been found to 
interact with voltage-dependent sodium channels in rat brain, rat brain membranes 
were chosen as the experimental system to study photolabeling. To determine if 
sodium channel activity of DeCAF could be detected in rat brain membranes, DeCAF 
binding was tested for effects on [ 3 H]BTX binding (1,16). In this assay, type II 
pyrethroids stimulate [ 3 H]BTX binding, while type I compounds inhibit As shown 
in Figure 1, DeCAF demonstrates inhibitory activity similar to that of allethrin (a type 
I pyrethroid), and opposite to that of fenvalerate and deltamethrin (type n, stimulatory 
activity). This demonstration of type I activity by DeCAF compared to the type II 
activity of its "parent" fenvalerate may be coincident with the loss of the cyano group. 
For this reason, it is interesting that both type I and type II pyrethroids inhibited 
[ 3H]DeCAF photolabeling (see below). 

Characterization of [ 3H]DeCAF Labeling. The protocol established for 
photoaffinity labeling of proteins by this hydrophobic probe utilized low temperature 
photolysis (liquid nitrogen) in the presence of a free radical scavenger (DTT) 
followed by extraction of the labeled protein with 90% acetone to remove lipid-
associated [ 3H]DeCAF. The extracted protein was analyzed by SDS-PAGE and 
radioactivity was quantitated by slicing die gel and determining radioactivity in each 
slice. 

When these optimized conditions were used to measure labeling of rat brain 
synaptoneurosomes, [ 3H]DeCAF covalently labeled a 36 kDa protein (Figure 2). 
Labeling was dependent on photolysis, and was abolished by heat-pre treatment of 
synaptoneurosomes (100°C, 5 min.) prior to incubation with probe. In addition, 
labeling was specific, reproducible and dose-dependent for DeCAF (0.1 to 1 pM) and 
for protein (9). 

Unlabeled DeCAF (lOOpM), fenvalerate (50 pM) and the most active stereo 
isomer of fenvalerate (S,S-fenvalerate; 50 pM) completely inhibited labeling by 
[ 3H]DeCAF. Deltamethrin, resmethrin, and permethrin blocked only 32 to 58% of 
total DeCAF labeling. The four isomers of tetramethrin were 52 to 34% effective at 
up to 100 pM, with inactive and active isomers being roughly equal in ability to 
inhibit labeling. Lack of differences in inhibition of labeling indicate that the inactive 
isomers can inhibit binding of their active counterparts. These results are supported 
by electrophysiological studies demonstrating that all isomers of tetramethrin bind to 
the pyrethroid binding site(s), with die inactive isomers inhibiting active isomers (17). 

Several conclusions can be derived from these results. First, competition for 
DeCAF labeling was most effective with pyrethroids having structures closely related 
to DeCAF. Second, saturability and specificity (ability to be inhibited by the 
unlabeled molecule) indicated that labeling was not due to artif actual non-specific 
hydrophobic interaction. Third, specific labeling did not require an aryl-azido moiety 
because fenvalerate inhibited labeling. Finally, complete inhibition of labeling by the 
purified active stereo isomer of fenvalerate (S,S-fenvalerate) indicated that labeling 
was not specific for a type I pyrethroid "binding" site, or that no stereospecific 
labeling occurred that is unique to the "inactive" isomer of DeCAF. 

DeCAF Labeling is Associated with Sodium Channels but DeCAF does 
not Label Voltage-Dependent Sodium Channels. Other sodium channel 
toxins, batrachotoxin, veratridine, a-scorpion toxin, pumiliotoxin-B, brevitoxin-B, 
and DDT had no effect on labeling. This independence of binding for alkaloid toxins 
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Q I i i i i I i i i i I i i i i I i i i i I i i i « I i i i i I i i i i I 

0 5 1 0 15 2 0 2 5 3 0 3 5 
[Pyrethroid Added] (pM) 

Figure 1. Effect of Pyrethroids on the Binding of [ 3 H]BTX to Rat Brain 
Membranes. Binding of [ 3 H]BTX (20 nM) was analyzed as described (72) in 
the presence of scorpion toxin plus the indicated amount of deltamethrin (O) S,S 
fenvalerate (•), allethrin (•) or DeCAF (•). In these experiments, binding 
ranged from 20 to 80 fmol/mg protein and results were calculated as percent of 
specific binding (total binding minus nonspecific binding) measured in the 
absence of pyrethroid. Nonspecific binding was determined in the presence of 
300 p M veratridine. 
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Slice Number 

Figure 2. Labeling of a 36 kDa protein from rat brain. Rat brain membranes (2 
mg protein) was equilibrated with [3H] DeCAF (0.9 pM) in the absence (•) or 
presence (O) of 1 m M unlabeled DeCAF, photolyzed, separated by SDS-PAGE 
and analyzed by measuring bound radioactivity from slices (2 mm) of 4-17% 
acrylamide gel. Total binding was 578 fmoles/ mg while non-specific binding 
was 30 fmoles/ mg. Inset structure of DeCAF. (Reproduced with permission 
from ref. 9. Copyright 1991). 
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and pyrethroids is consistent with pyrethroid enhancement of batrachotoxin binding 
(here and references 3,16) and batrachotoxin or veratridine-induced Na influx into 
neuroblastoma cells (18,19). Even though DDT demonstrated activity similar to type 
II pyrethroids in the [ 3 H]BTX binding assay described above (under our labeling 
conditions, binding was increased 190% by 33 p M DDT; see also ref. 20), DDT was 
unable to inhibit DeCAF labeling, indicating its activity is exerted through a site 
separate from that of pyrethroids. 

Preincubation of synaptoneurosomes with tetrodotoxin (TTX) dose-
dependendy stimulated labeling of the 36 kDa protein(s) (Fig. 3), while labeling of 
other proteins and non-specific labeling were unaffected. Saxitoxin (10 pM) was also 
effective at stimulating binding (9). TTX has remarkable specificity for voltage-
dependent sodium channels, thus stimulation of labeling by TTX is a strong 
indication that DeCAF labels a protein affected by conformational changes in voltage-
dependent sodium channels. Both STX and TTX have been shown to inhibit 
binding of batrachotoxin to sodium channels in synaptoneurosomes (1621), 
presumably by inducing a conformational change (22). This latter observation has 
been confirmed in this laboratory. Under conditions used for photolabeling, 100 n M 
T T X or 20 n M STX inhibited [ 3 H]BTX binding by 30% indicating that under our 
reaction conditions, TTX and STX can allosterically modify voltage-dependent 
sodium channels. TTX/STX-modified photolabeling of voltage-dependent sodium 
channels by DeCAF would be a convenient explanation for DeCAF activity. 
However, four other results strongly argue that the 36 kDa DeCAF-labeled protein is 
not a known sodium channel subunit Voltage-dependent sodium channels are 
heterotrimers consisting of an a subunit (260 kDa), a Pi subunit (36 kDa), and a P2 
subunit (33 kDa) that is disulfide linked to the a subunit (23). [ 3H] DeCAF labeling 
of the 36 kDa protein(s) and [ 3H]STX binding to voltage-dependent sodium channels 
were compared during various purification steps utilized for voltage-dependent 
sodium channels. DeCAF labeling of membranes separated on sucrose density 
gradients indicated that while some labeling was found at the same density as 
membranes containing [ 3H]STX binding, most DeCAF labeling activity was found at 
a higher density fraction. Secondly, omission of reducing agent did not reduce the 
amount of labeling found at 36 kDa on SDS-PAGE indicating that the DeCAF-
labelled protein was not the 33 kDa p2-subunit which is disulfide-linked to the 260 
kDa- a subunit of the sodium channel. Third, binding to Pi subunit was ruled out 
because [3H]DeCAF-labeled protein did not bind to wheat-germ agglutinin under 
conditions where >90% of solubilized nerve membrane sodium channels were 
adsorbed (24). Finally, [ 3H]DeCAF labeled a 36 kDa protein in rat liver membranes 
at 60 % the efficiency of brain membranes, whereas saxitoxin binding was <0.5%. 

Thus, while DeCAF labeling of rat brain membranes is sensitive to 
TTX/STX, DeCAF does not directiy label (or direcdy modify?) voltage-dependent 
sodium channels. Without direct interaction, it must be postulated that DeCAF labels 
a protein that is associated with voltage-dependent sodium channels, and is 
conformationally altered by binding of T T X or STX. 

Effect of G-Protein Modifiers on D e C A F Binding. Sodium channels and 
muscarinic acetylcholine receptors may interact through G-proteins (25). The 
possibility that pyrethroids work at this G-protein interaction provides an attractive 
explanation for die broad activity demonstrated by pyrethroids. To study possible G-
protein relationships to the DeCAF labeling described above, analogs of GTP were 
tested for effects on [ 3H]DeCAF labeling. Addition of the non-hydrolyzable 
triphosphate analogs, GTPyS and GppNHp, stimulated labeling as much as two-fold 
(9). This stimulation was found to be optimal at GTPyS concentrations greater than 1 
m M with DeCAF concentrations greater than 0.5 mM. Activation was specific for 
triphosphate; 100 p M GDP, GDPpS or ATP had no effect 
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Figure 3. Stimulation of DeCAF binding by tetrodotoxin. DeCAF labeling was 
performed at the indicated concentration of TTX and labeling of the 36 kDa 
binding protein(s) was assayed as described (9,10). Values are means ± S.E.M. 
for triplicate samples. Non-specific binding was determined in parallel 
incubations containing 100 p M unlabeled DeCAF and was subtracted from all 
values this non-specific binding was unaffected by TTX. Inset: membranes were 
incubated for 30 min. at 22°C in the absence (o) or presence (•) of 2.5 p M T T X 
and analyzed for bound radioactivity by SDS-PAGE. (Reproduced with 
permission from ref. 9. Copyright 1991). 
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These observations indicate that DeCAF may bind to either GTP-binding 
proteins or to a protein that is modified by GTP-binding proteins. The possibility that 
pyrethroids bind to G-proteins is intriguing. In view of their diverse regulatory roles, 
demonstrating alteration of G-proteins could help explain their broad diversity of toxic 
activity. 

Does GTP Alter Sodium Channel Activity? Efforts have been directed 
towards determining if sodium channel activity is regulated by addition of GTP or 
GTPyS. When influx of 2 2 N a was measured in the presence of batrachotoxin plus 
scorpion toxin or veratridine plus scorpion toxin, a TTX-sensitive component of flux 
(-1.2 nMoles/10 sec./ mg protein) was observed. Homogenization of membranes in 
the presence of GTPyS stimulated influx approximately 2-fold. Similar increases in 
influx were not seen with GDPpS, or ATP. Unfortunately, while stimulation was 
reproducible, it was variable in degree between experiments, and was not seen with 
pyrethroid as agonistic agent (stimulation of sodium influx with any agonist other 
than batrachotoxin or veratridine was weak). Finally, interpretation of these results is 
difficult in light of recent results demonstrating the existence of multiple potential 
targets for stimulation by GTP such as phosphorylation of voltage-dependent sodium 
channels by cyclic AMP-dependent protein kinase which reduces peak N a + current 
and protein kinase C which reduces peak current and rate of channel inactivation 
(26,27). 

Does DeCAF Interact Directly with G-Proteins? G-proteins are signal 
transducing messengers that relay signals from activated cell-surface (transmembrane) 
receptors to intended cellular target or "effector" molecules. G-protein-linked 
receptors are characterized as having seven transmembrane-spanning segments. 
While the number and diversity of these receptors is large (far greater than 100), and 
still being defined, they include receptors for light (transducin), odorants, and 
neurotransmitters. 

The wide variety of G-proteins linked to these receptors include stimulatory 
G-protein (G s) which activates adenylyl cyclase, inhibitory G-protein (GO- which 
inhibits adenylyl cyclase, Gq which activates phospholipase-Cp (PLCp), and other G-
proteins ( G 0 etc.) with activities that are still being defined. 

As a class, these receptor-linked G-proteins are heterotrimeric containing a 
single a subunit and a Py subunit complex. The Ga subunit (39-50 kDa), when 
active, binds and slowly hydrolyzes GTP. In addition, the Gp subunit (35-36 kDa) is 
tightly associated with a third subunit, Gy (7-10 kDa), which is normally 
isoprenylated. The Gapy trimer is associated with non-activated transmembrane 
receptors, and to the membrane (via the Py subunits) in an inactive GDP-bound form. 
When a signal is recognized by the transmembrane receptor, G-protein is activated, 
and the a subunit replaces its bound GDP with GTP (Figure 4). At this point, Go~ 
GTP, recognizes and activates its target effector molecule (some are described above). 
Activation of effector molecules by G a occurs as long as it has not hydrolyzed its 
bound GTP to GDP. Once GTP is hydrolyzed, G a reassociates with Gpy and its 
cognate transmembrane receptor. 

G-proteins have been purified from a variety of sources including bovine 
brain and retina. In the latter case, retinal G-protein (transducin or Topy) is well 
characterized and (except for lack of isoprenylation of the y subunit) are highly 
homologous to their counterparts in other tissues. In this system, Tpy as well as T a 

dissociates from ROS membranes after GTP is added in the presence of light. 
Soluble TpY can then be readily purified (2829). These attributes make tranducin an 
attractive model system for G-protein study and to assess the specificity of DeCAF 
labeling. 

 J
ul

y 
22

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ay

 9
, 1

99
5 

| d
oi

: 1
0.

10
21

/b
k-

19
95

-0
59

1.
ch

00
9

In Molecular Action of Insecticides on Ion Channels; Clark, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 



9. ROSSIGNOL GTP-Binding Proteins in Pyrethroid Activity 157 

Figure 4. Role of G-proteins in signal transduction. Inactive G-protein 
heterotrimer (Gopy) binds GDP when associated with inactive receptor. Upon 
activation of the receptor by ligand binding, G a replaces GDP with GTP which it 
slowly hydrolyzes while activating effector molecules. After GTP is hydrolyzed, 
G a reassociates with Gpy and receptor to complete the cycle. Besides assisting 
in coupling of G a to receptor, new roles for Gjjy in direct activation or inhibition 
of effector molecules have been elucidated ana are described in figure 5. 
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Binding of [ 3H]DeCAF to Retina, Retinal Rod Outer Segments (ROS), 
Transducin-p (Tp) and p-Subunit of GTP-Binding Proteins (Gp) from 
Bovine Brain. pH] DeCAF demonstrated specific binding to a 36 kDa protein(s) 
in homogenized retina and ROS. As would be expected if Tp was labeled, hypotonic 
lysis and treatment of ROS with GTP nearly quantitatively released the 36 kDa 
DeCAF-labeled protein from the membrane fraction, and after purification of TjW by 
D E A E , a 195-fold enrichment of labeling was observed. Side-by-side SDS-PAGE 
analysis of pH] DeCAF labeled protein and T a subunit labeled by cholera toxin-
catalyzed p 2 P] ADP-ribosylation suggested that pH]DeCAF labeling was distinct 
from the a-subunit. 

As in rat brain membranes, labeling was dependent on the concentration of 
pH]DeCAF and was inhibited by DeCAF and fenvalerate. Finally, labeled 36 kDa-
protein could be immunoprecipitated by the anti- Tp antibodies S217 (44% 
immunoprecipitation) and U49 antibodies (89% immunoprecipitation). 

Binding of [ 3H]DeCAF to Purified Go (Ggy complex) from Bovine 
Brain. Like Tp subunit from retina, purified bovine brain Gay could be 
photoaffinity labeled with pH]DeCAF. Binding was specific and saturable at greater 
than 0.8 p M DeCAF and corresponded to the single silver-stained protein band on 
SDS-polyacrylamide gels. Maximum specific activity of labeling of Gp by DeCAF 
was approximately 23 pmoles/mg protein (slighdy less than maximal labeling of 
holotransducin at ~100 pmoles/mg). In comparison, labeling of bovine serum 
albumin or cytochrome C under similar conditions was less than 0.37 pmoles/mg or 
1.6 % of labeling seen with Gp. 

What are Potential Consequences of Pyrethroid Modification of Gpy? 
Purified holotransducin (T a|fy) was used to study possible effects on the ability of 
DeCAF to alter T a function. DeCAF was found to have no effect on equilibrium 
binding, association rate, or rate of dissociation of [ 3 5S]GTPyS from T a . DeCAF 
also had no effect on cholera toxin or pertussis toxin catalyzed ADP-ribosylation of 
purified T a . This latter result justified the use of cholera toxin and [ 3 2 P]NAD to 
quantitate release of T a from hypotonically lysed ROS membranes, and conditions 
were established where ADP-ribosylation correlated to levels of T a (9). Using this 
method, release of T a was found to be two-fold stimulated by DeCAF [2.03±0.2-
fold (average ± S.E.M.; n=13)]. DeCAF also stimulated the release of T a from the 
membrane when GTPyS was present at limiting concentration (3.3 pM). Under these 
conditions, GTPyS-stimulated release of T a by DeCAF varied from 1.2 to 3.8-fold 
with an average of 2.24±0.31 (n=10), and was dose-dependent for DeCAF and 
maximal at about 0.5 p M . These results suggest that DeCAF may modify the ability 
of Tfty to couple with T a , thus stimulating its release from the membrane. 

As described above, Ggy subunits assist in mediating the coupling of G a with 
membrane receptors. It was originally believed that Gpy had no other function. More 
recently however, it has been shown that Gfty has signal transducing properties of its 
own (Figure 5). The first observation of effector activation by purified Gpy 
suggested that it could activate potassium channels (IKACH) in atrial myocytes (30). 
More recendy, as reviewed by Iniguez-Lluhi, et al. (31) and Clapham and Neer (32), 
Gpy can also modify other effectors both direcdy and indirectly by: 

• Synergizing with G a to activate adenylyl cyclase [type H adenylyl cyclase 
(brain) or type IV (widely distributed)]. 
• Activating effectors independentiy of G a . Phospholipase Cp can be activated 
by Gpy alone (33). In turn, the action of PLCp on phosphoinositides 
generates inositol phosphates (e.g. IP3) and diacylglycerol. 
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Figure 5. Diverse roles for direct activity of Gpy. As described in recent reviews 
(31,32), Gpy has been found to activate and inhibit a variety of effector 
molecules that have broad implications in cellular homeostasis. 

• Antagonizing the activation of type I adenylyl cyclase that is activated by 
Gsa and calmodulin. 
• Other activities of Gpy are less-well defined, but Gpy has been shown to 
interact with p-adrenergic receptor kinase (PARK), phosducin, calmodulin, 
and molecules that direct intracellular traffic in yeast 

What are the consequences of modifying these effectors? It is unclear that the 
interaction of pyrethroids with Gpy would result in stimulation or inhibition of Gpy. 
In most cases, Gy is modified by isoprenylation, this anchors Gp Y to the membrane. 
Recendy, it has been shown that this anchoring is necessary for coupling of an 
olfactory G-protein receptor kinase to its substrate (34). The hydrophobicity of 
pyrethroids may enable them to act at the interface of Gpy and die membrane and 
inhibit the ability of Gpy to carry out its signal-transducing functions. Because the 
protein-protein interactions of Gp Y and effector can result in activation, inhibition or 
even "desensitization" (34), it is difficult to speculate on the ultimate downstream 
effects of modification of Gpy. However, Figure 5 outlines some of the known direct 
and further "downstream" effects of Gpy. This allows us consider some of the 
normal consequences of Gpy activities, and speculate on the consequences of their 
modification. 

• Adenylyl cyclase. To date, six forms of cyclase have been cloned. A l l are 
stimulated by the a-subunit of stimulatory G-protein (GSQ), but are differendy 
modified by Gpy. Calmodulin-and Gsa-stimulated type I cyclase are inhibited by 
Gpy. In contrast, type II and type IV cyclase are conditionally stimulated by Gpy, i.e. 
Gpy must be at high concentration, and only when G a is also present (31). 
Activation of cyclase and resultant increases in cyclic A M P stimulates cAMP-
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dependent protein kinase, which has a wide variety of substrates. Interestingly, 
cAMP-dependent protein kinase has been shown to phosphorylate rat brain sodium 
channels. This phosphorylation results in decreasing peak current amplitude and 
delay of inactivation (26,27). 

• Phopholipase Cp. Stimulation of PLC would increase levels of 
diacylglycerol and inositol phosphates (e.g. IP3). Diacylglycerol activates protein 
kinase C. As reviewed in (4) many neuronal effects are modulated by protein kinase 
C. Deltamethrin has been shown to stimulate the protein kinase C pathway (3). In 
addition, IP3 stimulates release of Ca++ from internal storage sites. This release of 
Ca-1"1" can activate calmodulin-dependent protein kinases as well as muscle 
contraction. 

• Ion currents. Representative examples of G-proteins (a subunits) from 
almost every defined class of G-proteins (G s , G i , Go, transducin), have effects on 
ion currents through direct interaction of their G a subunits with channels. Other 
second messenger-derived effects (cAMP, cGMP, A A , IP3/Ca + + ) , and/or 
diacylglycerol (35) are indirect and still debatable. Alteration of the ability of Gpyto 
couple G a subunits to their targeted ion channels would inhibit G a activity and 
subsequent control of ion flux. 

Through direct and indirect mechanisms, G-proteins alter many enzymes that 
are pyrethroid "targets", including ion channels and protein kinases. Binding of 
pyrethroids to Gp may directly alter stimulatory or inhibitory functions of Gpy or alter 
coupling of G a to membrane receptors. In this way, pyrethroid poisoning of G-
proteins would explain the apparent diversity of pyrethroid activity. Thus, 
neurotoxicity of pyrethroids could be manifested as the result of alteration of one or 
more of the many systems that use G-proteins for signal transduction. 
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Chapter 10 

Calcium Channel as a New Potential Target 
for Insecticides 

L . M. Hall1, D . Ren1, G. Feng 1, D. F. Eberl1, M. Dubald2, M. Yang 1 , 
F . Hannan1, C. T. Kousky1, and W. Zheng 1 

1Department of Biochemical Pharmacology, State University of New York 
at Buffalo, Buffalo, N Y 14260-1200 

2Rhone Poulenc A G , P.O. Box 12014, 2 TW Alexander Drive, Research 
Triangle Park, N C 27709 

Pharmacological, electrophysiological, and ligand-binding studies 
have indicated the presence of diverse voltage-sensitive calcium 
channels in insects which appear to be pharmacologically distinct 
from those of vertebrates. To define the molecular structure of these 
channels, we have used a polymerase chain reaction (PCR) cloning 
strategy to identify and sequence a cDNA encoding an α1 subunit of 
Drosophila calcium channels. Quantitative Northern blotting studies 
have shown that this subunit is most highly expressed in legs and 
heads. Genetic analysis has demonstrated that a premature stop 
codon in the α1 subunit causes an embryonic lethal phenotype 
demonstrating that function of this subunit (which is the target for 
organic calcium channel blockers) is required for survival of the 
organism. The structural differences between this insect calcium 
channel and those from vertebrates may prove useful for the design of 
new insect-specific calcium channel blockers. 

Voltage-sensitive calcium channels play two important roles in all excitable cells. 
First, they play a key role in control of cell excitability by either contributing to the 
shape of regenerative action potentials or by generating the action potential in cells 
which lack sodium channels. The second major role of calcium channels is to serve 
as the link which transduces a depolarization into the nonelectrical processes that are 
controlled by excitation. Some of these processes include: synaptic transmission, 
endocrine secretion, and muscle contraction. (See review by Bhle(l).) Calcium 
channels are ubiquitous and have been reported in excitable cells in species ranging 
from Paramecium to humans. 

We are interested in calcium channels as potential targets for the 
development of new insecticides. In determining their suitability as targets, we have 
used molecular genetic and pharmacological approaches to consider 4 questions: 

1. What is the structure of insect calcium channels? 
2. Are insect calcium channels structurally and pharmacologically different 

enough from mammalian calcium channels so that insect selective agents can be 
developed? 

3. Are insect calcium channels accessible to insecticides? 
4. What are the physiological consequences of blocking calcium channels in 

insects? 

0097-6156/95/0591-0162$12.00/0 
© 1995 American Chemical Society 
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What is the Structure of Insect Calcium Channels? 

Voltage-dependent calcium channels in mammalian skeletal muscle are comprised 
of 5 subunits (ai , n% P, y, and 8). As reviewed by Hofmann and coworkersfi), the 
a i subunit itself forms the calcium conducting pore and also contains the binding 
sites for all known calcium channel blockers. The smaller p subunit enhances 
calcium current expression when coexpressed with the a i subunit in a variety of 
heterologous expression systems. In some expression systems the p subunit alters 
channel kinetics. The 02/6 subunits are encoded by a single gene. The two subunits 
are formed by posttranslational proteolytic processing. Coexpression of 01, ct2/8, 
and p cDNAs together is required for maximum calcium channel expression in 
some, but not all, expression systems. The addition of the y subunit to coexpression 
experiments generally has little affect on overall channel expression levels, but does 
shift the steady state inactivation of Ina by 40mV to negative membrane potentials 
(3). It is, however, not yet clear whether in vertebrates the y subunit is present in 
tissues other than skeletal muscle (2). 

Although molecular analysis of voltage-dependent calcium channels is just 
beginning in insects, gene cloning studies from our laboratory have provided 
evidence that calcium channels in the fruitfly Drosophila melanogaster have a 
similar subunit structure to the mammalian channels. We have sequenced complete 
cDNA clones encoding cti and p subunits (D. Ren, G. Feng, W. Zheng, D.F. Eberl, 
F. Hannan, M . Dubald and L . M . Hall, unpublished results). In addition, using 
reduced stringency PCR and probing Southern blots with a mammalian ct2 cDNA, 
we have obtained preliminary evidence for the existence of an 012 subunit in 
Drosophila. Because of the key role that a i subunits play in the function of calcium 
channels and their utility as targets for pharmacologically active agents in 
mammalian systems, we have focused our initial efforts on the characterization of 
this component 

Figure 1 illustrates the successful strategy used to clone the first a\ subunit 
from Drosophila. Initially, we designed a set of 9 PCR primer pairs from the most 
highly conserved regions of the known vertebrate calcium channel a i subunits 
focusing on those conserved regions which would also give the least codon 
degeneracy. These primer pairs were used to amplify from a genomic D N A 
template so that no assumptions were made concerning the time in development or 
the tissue of expression. PCR products of approximately the same size or larger than 
that predicted from the vertebrate cDNA sequences were sequenced directly to 
determine whether any encoded a peptide with amino acid sequence similarity to the 
vertebrate subunit. Codon preference analysis was used to identify introns. Three of 
the most promising PCR products were sequenced and one of these showed a high 
degree of similarity to the vertebrate a i subunit. The Drosophila genomic sequence 
did contain two small but easily identifiable introns of 59 and 60 base pairs. The 
positions of the successful primers are given as black boxes numbered 6 and 7 in 
Figure 1A. 

Once the PCR amplification product was shown to encode a portion of an a i 
subunit, this product was used to screen an adult head cDNA library to obtain the 
full coding sequence. Our previous calcium channel ligand binding studies (4) plus 
Northern analysis had suggested that this channel was expressed in significant 
amounts in adult heads which are enriched in neuronal tissue. In Drosophila as in 
other organisms, the a i subunit mRNA is very long (>8kb). To obtain the full open 
reading frame, it was necessary to isolate three overlapping cDNA clones ( N l , 
W8A, and SH22C) as shown in Figure IB. Although there was excellent match in 
most of the overlapping regions of these clones, there is a region of 149 nucleotides 
in the 3' end of clone W8A (indicated by the downward pointing arrow) which 
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164 MOLECULAR ACTION OF INSECTICIDES ON ION CHANNELS 

Figure 1. Strategy for cloning and relationship of cDNA clones encoding a 
full length calcium channel a i subunit from Drosophila. (A) Cartoon 
showing the general structure of all a i subunits of voltage-sensitive calcium 
channels cloned to date including the a\ subunit from Drosophila 
melanogaster. The black boxes labeled 6 and 7 designate the positions of 
primers used for successful amplification of the Drosophila a\ subunit (B) 
cDNA clones used to obtain the full open reading frame for the Drosophila 
a\ subunit The small open boxes within clone SH22D indicate regions of 
known alternative splicing.  J
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shows no overlap with the sequence in SH22C. Sequence analysis of genomic 
clones has indicated alternatively spliced exons in this region. Additional regions of 
alternative splicing are indicated as open boxes in clone SH22D. These alternatively 
spliced regions provide a means to generate functional diversity of calcium channel 
subunits from a single gene. 

Complete sequencing of the a i subunit revealed that the Drosophila subunit 
is similar in overall plan to the mammalian homologues. This is revealed 
dramatically in the hydropathy plots shown in Figure 2. The Drosophila subunit 
contains 4 repeat regions labeled in Figures 1 and 2 as I, H, HI, and IV. Within each 
repeat there are 6 transmembrane domains labeled 1-6 (and referred to in the 
literature as S1-S6) which show structural similarity when compared among the 4 
repeat regions. For example, the S4 regions all show positively charged amino acid 
side chains alternating every 3 to 4 amino acids. These positively charged side 
chains have been proposed to all lie on one side of an a helix and to constitute at 
least part of the voltage sensing mechanism of these channels. 

Another structural feature that is conserved between this Drosophila a\ 
subunit and those from other species is a hydrophobic loop (generally referred to as 
SSI and SS2) which is located between transmembrane segments S5 and S6 in each 
repeat segment. This region has been modeled as dipping part way through the 
membrane as shown in Figure 1A. This region contributes to the ion selectivity 
filter since changing single amino acid residues in these regions can shift channel 
selectivity from sodium to calcium or vice versa (5, 6). In this crucial region the 
Drosophila subunit contains the glutamic acid residues diagnostic of calcium 
channels. This, along with the high sequence similarity to vertebrate calcium 
channels (ranging from 63.4% to 78.3% similarity), firmly establishes this clone as 
encoding an insect calcium channel a i subunit. 

Are there structural and pharmacological differences between insect and 
vertebrate calcium channels which would allow the development of insect 
specific channel blockers? 

Although the general structural plan between insect and vertebrate calcium channels 
is conserved, there are many regional differences. One striking structural difference 
is revealed in the comparison of the hydropathy plots in Figure 2. It is apparent that 
the amino and carboxy terminal cytoplasmic domains are much longer in the 
Drosophila subunit than in the illustrated mammalian skeletal muscle homologue. 
When these sequences are compared at the amino acid level, there is no similarity at 
all in the insect sequence after about 225 amino acids upstream of the beginning of 
IS 1 and after 160 amino acids downstream of the carboxyl region IVS6. It is not yet 
clear whether these regions are functionally significant in the insect calcium channel. 
If they are, they might be targeted by membrane permeant agents to generate insect 
specific toxins. In mammals the very effective phenylalkylamine class of calcium 
channel blockers are thought to penetrate membranes and interact with the 
cytoplasmic domains of the a i subunit (7). Therefore, there is a precedent for 
designing highly effective, membrane permeant calcium channel blockers. 

A more complete and systematic analysis of the regional differences between 
the rabbit skeletal muscle subunit and the Drosophila subunit is given in Figure 3 
where the cytoplasmic, transmembrane and extracellular domains have been 
compared sequentially across the molecule and the percent difference in amino acid 
sequence has been plotted. It should be noted that the first (highly nonconserved) 
493 amino acids in the Drosophila have not been included in this analysis. This 
figure shows that in addition to the nonconserved, cytoplasmic amino and carboxy 
termini, there are numerous extracellular domains such as those between IS1 & IS2, 
IS3 & IS4, IVS1 & IVS2, and IVS3 & IVS4 which are only weakly conserved and 
therefore are possible targets for insect-specific agents which act extracellularly. 
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Figure 2. Comparison of hydropathy plots for a i subunits from rat brain type 
V (17) (panel B) with the Drosophila subunit (panel A). Hydropathy plots 
were determined using the method of Kyte and Doolittle (18) with the 
GeneWorks software. Up is hydrophobic and down (negative numbers) is 
hydrophilic.  J
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V//A Cytoplasmic 

H I Transmembrane 

1 I Extracellular 

III I V 

Relative Length of Amino Acid Sequence 

Figure 3. Comparison of regional sequence differences in calcium channel a i 
subunits from Drosophila versus rabbit skeletal muscle. A n amino acid pair 
was scored as different only if it represented a nonconservative substitution. 
The width of each bar is proportional to the length of the amino acid 
sequence except in the region labeled CT where the scale is 1/10 that of the 
rest of the chart The 4 repeat domains are designated I, n, HI, and IV. 
Within each repeat the proposed transmembrane segments (S1-S6) are 
designated as 1-6. NT = amino terminal segment (beginning with methionine 
494). CT = Carboxy terminus. Note that parts of the "extracellular" loop 
between S5 and S6 form the membrane embedded SS1/SS2 loop shown 
diagrammatically in Figure 1 A . 
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The dihydropyridine class of calcium channel blockers are thought to act against the 
mammalian calcium channel a i subunit by blocking from the outside of the channel 
(8-10). 

From the point of view of amino acid sequence there appear to be numerous 
areas of differences. These gene cloning and sequencing studies provide a means to 
define the molecular basis for previously observed pharmacological similarities and 
differences between insect and mammalian calcium channels (4, 11-13). Some 
highlights of these differences are summarized in Table I below. 

Table L Pharmacology of Calcium Channels Predominant in Drosophila 
Heads versus 

Mammalian Skeletal Muscle L-type Calcium Channels (4,13) 

Drosophila Mammalian L-tvpe 

Phenylalkylamines 
Dihydropyridines 
Benzodiazepines 
Tetrandrine 

Sensitive 
Insensitive 
Insensitive 
Very sensitive 

Sensitive 
Sensitive 
Sensitive 
Sensitive 

As summarized in Table I, at least some subtypes of both Drosophila and 
mammalian calcium channels are sensitive to the phenylalkylamine class of calcium 
channel blockers. Photoaffinity labeling coupled with immunoprecipitation studies 
have identified a peptide including the cytoplasmic domain immediately adjacent to 
IVS6 and extending into the transmembrane domain of IVS6 which is involved in 
binding this class of calcium channel blocker. Phenylalkylamines act from the 
cytoplasmic side of the channel (9). Our sequencing studies have shown that the 
Drosophila a\ subunit is completely conserved in the cytoplasmic portion of this 
peptide and shows only two conservative amino acid differences within the 
transmembrane domain of IVS6. Thus, in order to develop insect-specific agents 
targeted against this region of the channel, the ligand would have to have a domain 
of action that extended outside of this highly conserved area. 

In contrast, the predominant calcium channel activity expressed in 
Drosophila heads is insensitive to the dihydropyridines which are very effective at 
blocking mammalian L-type calcium channels. Since the cloned calcium channel 
we describe here has not yet been expressed, we do not know its exact 
pharmacological specificity. We do know that it is highly expressed in Drosophila 
heads and therefore is likely to encode the phenylalkylamine-sensitive, 
dihydropyridine-insensitive channel found in heads (4). Consistent with this idea is 
our finding that this Drosophila subunit shows many nonconservative amino acid 
substitutions in the regions thought to encode the dihydropyridine binding site. This 
binding site is thought to reside in part in the regions beginning in the extracellular 
domain between IHS5 & IHS6 and between IVS5 & IVS6 and extending into the 
adjacent S6 transmembrane domain (8-10) Thus, this drug binding site is thought to 
extend into the channel from die outside. 

Binding sites for the other two classes of calcium channel drugs 
(benzodiazepines and tetrandrine) shown in Table I have not yet been defined in 
any species. Chimeras between the insect and mammalian subunits could be used in 
expression studies to identify the position of these sites in the future. Of particular 
interest is the very high sensitivity of the insect calcium channel ligand binding to 
inhibition by tetrandrine, an active component found in the Chinese herb used to 
treat cardiac arrythmias (14). In nature tetrandrine might contribute to the defense 
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mechanism of the plant by affecting pest insect calcium channels much the same 
way that the pyrethrins from chrysanthemums act on insect sodium channels to 
protect the plant from invaders. Thus, tetrandrine is potentially a useful lead 
compound for the development of effective insecticides targeted against insect 
calcium channels. 

Are insect calcium channels accessible to the actions of insecticides ? 

We have taken two approaches to this question. One is to use quantitative Northern 
blotting and in situ hybridization to ask where this calcium channel oti subunit is 
expressed. The second approach is to ask whether Drosophila is susceptible to 
orally administered phenylalkylamines. 

As summarized in Table H , quantitative Northern blotting using mRNA 
prepared from adult Drosophila body parts shows that this a i subunit is most highly 
expressed in legs. (The level of calcium channel subunit mRNA has been 
standardized against ribosomal protein-49 [RP49] message (15).) The second 
highest level of expression is in heads which are enriched for neuronal tissue. This 
table also illustrates that there was more apparent heterogeneity in calcium channel 
message size classes in heads than in other body parts. The enrichment in heads was 
determined by combining the two different size classes. Enrichment of message 
expression in heads relative to bodies is generally indicative of a nervous system 
specific expression. Thus, this calcium channel is likely to show a distribution 
pattern similar to the para sodium channel which is a target for pyrethroid action 
(16). This sodium channel is expressed throughout the nervous system. 

The high level of expression in legs suggests that this channel may be 
susceptible to die action of insecticides which could penetrate through the legs as an 
insect walks across a surface. Neuronal specific expression of this subunit has been 
confirmed by whole mount in situ hybridization to embryos which shows 
widespread expression throughout the central nervous system. 

Table IL Quantitative Expression of Calcium Channel mRNA 

Tissue Calcium Channel ai mRNA size class on subunit/RP49 
Body 9.6"kb 0.21 
Head 10.2 kb 0.18 
Head 9.5 kb 0.16 
Leg 9.5 kb 1.23 

To further address the issue as to whether these calcium channels are 
susceptible to action of blocking agents, we raised flies from egg to adult on media 
containing various amounts of the phenylalkylamine verapamil. This drug was 
designed for use in treating cardiac arrythmias in humans and so would not be 
expected a priori to be extremely effective against insect calcium channels. 
Nevertheless, as shown in Figure 4 we found a dose dependent killing effect with 
100% lethality for wild-type flies at the highest verapamil concentration tested. 
Interestingly, we also observed a dramatic, drug-dependent delay in time required to 
mature from egg to adult. There was no obvious sexual dimorphism in the effects of 
verapamil on either the viability or the developmental delay. 
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M-OmM 

F-OmM 
M-5mM 

F-5mM 

- D - M-10mM 

- O - F-10mM 
M-15mM 

F-15mM 

M = Male 
F = Female 

13 15 17 
Days from Egg Lay 

Figure 4. Effects of the calcium channel blocker verapamil on Drosophila 
survival and development. Wild-type Canton-S adults were allowed to lay 
eggs on standard Drosophila medium (19). Shortly after laying, groups of 50 
eggs were transferred to fresh shell vials containing 7 ml of Formula 4-24 
Instant Drosophila Medium (Carolina Biological Supply Co.) prepared with 
an equal volume of 10% ethanol containing die indicated concentration of 
verapamiL Vials were incubated in total darkness at 25°C until adults began 
eclosing. The number and sex of the flies hatching each day was recorded. 
Two hundred eggs (-50% male, -50% female) were treated at each 
concentration. 
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What are the consequences of functionally inactivating this specific ai subunit 
in insects? 

Although the above verapamil feeding experiment suggests that blockade of calcium 
channels wi l l lead to lethality, the interpretation of this type of drug feeding 
experiment is complicated by the fact that we cannot be certain that the cloned cxi 
subunit is the target causing lethality. Since it requires high concentrations of drug 
administered in the food arid since we do not know what the actual concentration is 
at the target site, there is a concern that the lethality might be due to effects at a site 
other than the expected target. Interpretation is further complicated by the fact that 
in mammals, there are multiple genes encoding different a\ subunits (2). There is 
preliminary evidence for at least one additional gene in Drosophila encoding a 
different a i subunit (L. Smith and J.C. Hall, personal communication). From a 
simple feeding experiment we cannot tell whether the lethality is due to an effect on 
calcium channels. Even i f the killing is through a calcium channel mechanism, we 
cannot distinguish whether the lethality is due to effects on this channel or on 
another channel or due to effects on multiple channels. Indeed, with the multiplicity 
of neuronal calcium channel subtypes in mammals, it is an important question to 
determine whether they functionally overlap. 

We have used a genetic approach to address the question of the consequences 
of inactivating this specific a i subunit. First, we mapped the gene to a position on 
the left arm of the third chromosome using in situ hybridization of the cloned cDNA 
to salivary gland chromosomes. This initial localization was followed by mapping 
of the cDNA with respect to chromosome deletions to obtain a more precise 
location. This physical mapping of the locus was correlated with mutant analysis to 
determine which of the exising mutations in the region showed the same deletion 
mapping pattern as the cDNA. This approach allowed us to identify one candidate 
complementation group which causes embryonic lethality. D N A sequencing studies 
showed that one allele at this locus causes a premature stop codon in the cytoplasmic 
loop between IVS4 and IVS5. (See Figure 1.) This point mutation would result in 
the formation of a truncated protein lacking carboxy portion of homology region IV 
and the long carboxy terminal cytoplasmic tail. 

Since the genetic mutation specifically affects this particular a i subunit 
subtype, we can conclude that agents which inactivate this subunit have the potential 
to k i l l the insect as early as the late embryonic stage. For pest insects, i f an egg-
permeable compound can be developed, it would have the potential to ki l l the insect 
before the destructive larval stages emerge. These experiments establish the utility 
of this subunit as a potential insecticide target. The availability of a complete cDNA 
encoding this subunit provides a basis for developing a heterologous expression 
system which can be used for the initial, rapid screening of test compounds for 
action on this target 

Calcium Channels as Targets for New Insecticides 

Our gene cloning and sequencing studies have shown that although there is enough 
sequence similarity to allow cloning of insect calcium channel subunits across 
species using appropriately designed PCR primers and reduced stringency 
conditions for amplifications, there are substantial regional differences between the 
insect and mammalian channels. These regions could be targeted to develop 
species-selective agents. The expression of these channels in peripheral structures 
such as legs offers the hope that these channels may be susceptible to compounds as 
the insect walks across a surface. The existing calcium channel blockers as well as 
natural products such as tetrandrine may provide useful lead compounds for the 
development of new insecticidal compounds which target this calcium channel 
subunit Screening for such new compounds will be facilitated by the expression of 

 J
ul

y 
22

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ay

 9
, 1

99
5 

| d
oi

: 1
0.

10
21

/b
k-

19
95

-0
59

1.
ch

01
0

In Molecular Action of Insecticides on Ion Channels; Clark, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 



172 MOLECULAR ACTION OF INSECTICIDES ON ION CHANNELS 

this cloned gene in cells which can be readily mass produced for large scale 
screening. 
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Chapter 11 

Action of DDT and Pyrethroids on Calcium 
Channels in Paramecium tetraurelia 

J. Marshall Clark1, Sean J. Edman1, Scott R. Nagy1, Alfredo Canhoto1, 
Frank Hecht2, and Judith Van Houten2 

1Department of Entomology, University of Massachusetts, 
Amherst, MA 01003 

2Department of Zoology, University of Vermont, Burlington, VT 05405 

DDT and neurotoxic pyrethroids are potent agonists of the voltage
-sensitive Ca2+ channel associated with the ciliary membrane of 
Paramecium tetraurelia. As such, these insecticides resulted in 
increased avoidance behaviors and mortality. Deciliated 
Paramecium and defective Ca2+ channel pawn mutants are 
unaffected by these insecticides whereas hyperactive Dancer 
mutants are hypersensitive. This channel is more sensitive to the 
phenethylamine-type and the dihydropyridine-type Ca2+ channel 
blockers but unaffected by omega-conotoxin GIVA. 
Electrophysiologically, 10-9 M deltamethrin rapidly produces 
membrane destabilization, repetitive Ca2+ action potentials and 
membrane depolarization. A l l the above effects are produced in the 
absence of any involvement of a voltage-sensitive Na+ channel. 

The symptoms of pyrethroid poisoning are characterized by hyperexcitation, 
convulsions, seizures, and finally paralysis. The biophysical mechanisms 
responsible for these symptoms have been elucidated using a variety of 
experimental protocols, in a wide array of organisms, with essentially the same 
result. It is now well accepted that pyrethroid insecticides, in common with DDT, 
have a major action at voltage-sensitive Na + channels associated with excitable 
cells, most notably the nerve cell (1). This interaction causes a modification in the 
kinetics of both the inactivation and activation gating processes of the channel. The 
resulting increased inward sodium ion flux produces nerve cell depolarization and 
overall hyperexcitability in the nervous system. Although this membrane 
depolarization aspect is considered to be a primary action of DDT and pyrethroids, 
the exact molecular entity that is modified in this interaction has not been 
established (2). Additionally, it is unclear whether or not this is the sole 
mechanism of action for pyrethroids and DDT in all excitable tissues and in all 
organisms. 

0097-6156/95/0591-0173$12.00/0 
© 1995 American Chemical Society 
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174 MOLECULAR ACTION OF INSECTICIDES ON ION CHANNELS 

Besides the voltage-sensitive Na + channel, there are a number of other 
cellular events that also are perturbed by pyrethroids. These include: potassium 
channels (3); calcium channels (4); nicotinic acetylcholine receptor (5); G A B A -
chloride ionophore complex (6); ATP-hydrolyzing processes (e.g., adenosine 
triphosphatases), (7); protein kinases and phosphatases, (8); inositol triphosphates 
(9); GTP-binding proteins (10); and neurotransmitter release (11). 

This last aspect, neurotransmitter release, is a particularly robust toxicologic 
endpoint to assess the various actions of DDT and the pyrethroids. The isolated 
presynaptic nerve terminal preparation (i.e., synaptosomes) used in this assay 
possesses all the above mechanisms for study. Selection of specific assay 
conditions and inhibitors provides a means of assessing the relative importance of 
each in the mode of action of these ion channel-directed insecticides. 

Previous studies have established that Type II pyrethroids are extremely 
potent enhancers of neurotransmitter release (12, 13) and that this effect is 
particularly evident during depolarization (14, 15). The deltamethrin-dependent 
release of neurotransmitter during depolarization was highly correlated with the 
uptake of external C a 2 + by the synaptosome with a stoichiometry of approximately 1 
to 5 (16). This release was also shown to be only partially inhibited by tetrodotoxin 
(i.e., approximately 50%) but was completely abolished by a phenethylamine-type 
C a 2 + channel antagonist, D595 (17). Since tetrodotoxin is a specific N a + channel 
blocker, deltamethrin may be enhancing neurotransmitter release by increasing the 
uptake of C a 2 + via other voltage-sensitive channels (e.g. calcium) or exchange 
mechanisms in addition to its action at the voltage-sensitive N a + channel. 

Because of these results, we hypothesized that deltamethrin and other Type 
II pyrethroids may also function as phenethylamine-type C a 2 + channel agonists 
resulting in a potent enhancement of neurotransmitter release (17) and producing a 
positive inotropic action at the myocardium (18). To evaluate this hypothesis, we 
have chosen first to study the effects of DDT and pyrethroids on the ciliate 
protozoan, Paramecium tetraurelia. 

Voltage-sensitive Ca 2 + Channels and Avoidance Reaction Behaviors 

A huge volume of research exists on the ciliary movement and locomotion in 
Paramecium (19). In normally forward swimming Paramecium, the power stroke 
of the rigid cilia beats in an anterior to posterior manner that propels the organism 
forward. Because the somatic cilia beat in a wave-like, metachronic fashion, the 
forward swimming Paramecium rotates on its long axis in the form of spirals. The 
biophysical and biochemical mechanism of ciliary movement is best described by 
the sliding microtubule model (20). The cilia, which are comprised of a 9 + 2 
arrangement of paired microtubules called the axoneme, are covered with a ciliary 
membrane and are attached at their proximal end to the Paramecium by a 
cylindrical basal body or kinetosome. Associated with the tubulin proteins are 
contractile proteins called dyneins that possess Mg2+-dependent ATPase activity. 
Although not completely understood, the hydrolysis of ATP to ADP by the dyneins 
results in the mechanochemical energy transduction that allows the ciliary 
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11. CLARK ET AL. Action of DDT on Calcium Channels 175 

microtubules to slide by each other resulting in the wave-like undulations of the 
cilia and swimming. 

Given favorable environmental stimuli, Paramecium swims in the forward 
direction for a large proportion of its time. However, unfavorable environmental 
stimuli (e.g. water temperature changes, chemical gradients, physical obstacles, 
etc.) result in a backward swimming behavior that is called the avoidance reaction 
(21). Paramecium swims backward by reversing its ciliary action usually for a 
short period of time (e.g. 1-2 sec). It will then spin around through an angle of less 
than 180° by looping its anterior end about in a large circle and swim away in the 
forward mode. This avoidance reaction thus consists of three distinct behaviors; 
backward swim, spin, and looping. Under natural conditions, the time to complete 
these behaviors is brief but can be greatly extended for experimental examination 
by exposing Paramecium to high K + solutions. This K+-induced signal produces 
membrane depolarization and is very similar to that used to release neurotransmitter 
from isolated presynaptic nerve terminals (12). 

Similar to the Ca2+-dependent release of neurotransmitter, the transitory 
reversal of cilia that gives rise to the avoidance reaction is explicitly dependent 
upon a C a 2 + action potential via voltage-sensitive C a 2 + channels associated with the 
ciliary membrane (22-24). Upon receiving an electrical, chemical, or mechanical 
stimulation, the ciliary C a 2 + channels open giving rise to a depolarizing C a 2 + action 
potential and a transient increase in intracellular C a 2 + concentration. This increase 
in internal C a 2 + ions is absolutely necessary for the reorientation of the axonemal 
movements and results in the reversal of the ciliary power stroke." The activation 
and inactivation processes that give rise to the C a 2 + action potentials in 
Paramecium are similar to those of the voltage-sensitive N a 2 + channel of other 
organisms and Paramecium membranes have the same basic properties as neurons, 
sensory cells, and other excitable cells (18). Thus, by correlating the mortality 
response of Paramecium to selected insecticides and other toxins to their action on 
the avoidance behaviors elicited by Paramecium, one can easily and rapidly assess 
which compounds modify voltage-sensitive C a 2 + channels and which ones do not. 

Paramecium Strains 

Types and Rearing Conditions. Wild-type and Dancer and Pawn mutant strains 
of Paramecium tetraurelia were supplied by Dr. J. Van Houten (University of 
Vermont at Burlington). Each strain was reared under identical conditions (24). A 
5 mL aliquot of improved wheat culture medium was added to an autoclaved 
culture tube. This medium was then inoculated with bacteria (Enterobacter 
aerogenes), and allowed to incubate at room temperature for 24-48 h. After the 
incubation, the medium was then inoculated with 500 pL of Paramecium. The 
paramecia were cultured at 28°C. After 14 days, the paramecia were reinoculated 
into another 5 mL aliquot of bacteria-rich medium. 

Standard Mortality Bioassay. Using a 12 well Corning cell-well plate (22 mm 
diam., Cat. No. 25815), 12 watch glasses (26 mm diam.) were placed onto each of 
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the 12 wells of the plate. If the treatment chemical in the assay was to be an 
insecticide, the wells were first soaked for five min in a 0.5% solution of carbowax 
(PEG 20,000, Fisher Scientific) and allowed to air dry overnight. A 500 pL aliquot 
of buffer solution was added to 11 of the watch glasses. Either a resting buffer (1 
m M Ca(OH) 2, 1 m M Tris base, 1 m M citric acid, 15 m M NaCl, 5 m M KC1) or a 
depolarizing buffer (1 m M Ca(OH)2, 1 m M Tris base, 1 m M citric acid, 20 m M 
KC1) was used. In the remaining watch glass, 250 pL of resting buffer was 
combined with 250 pL of culture media containing the desired strain of 
Paramecium tetraurelia. Under a dissecting microscope, five paramecia were 
removed from the last well using a plastic 1 cc tuberculin syringe which had been 
pulled to a fine tip under a low heat flame and placed into each of the 11 watch 
glasses. The first 6 wells were injected with a solution of the treatment compound 
using a Hamilton 10 pL glass syringe. The solution in each watch glass was gendy 
stirred during the injection and a timer was started after the injection was complete. 
A Paramecium was considered dead when it permanentiy ceased swimming and the 
time was recorded. The last 5 wells were injected in an identical fashion as the first 
6 except that the solvent contained no treatment chemical (i.e., solvent controls). 

Deciliation Mortality Bioassay. Three changes were made to the procedures of 
the standard mortality bioassay in order to examine the effects of deciliation on 
treatment mortality. One, an additional 12 well plate was used so that the number 
of wells in the treatment group and the control group could be doubled (i.e., from 6 
and 5 to 12 and 10, respectively). Two, half of the watch glasses in each group 
contained 5 deciliated paramecia while the other half each contained the usual 5 
normal (ciliated) paramecia. Paramecia were deciliated by placing them in a 
solution of 10% ethanol in resting buffer for 5 min before transferring them into the 
watch glasses (24). Finally, since lack of movement was normally the criterion 
used to indicate mortality, enough time was allowed to elapse (2 h) for sufficient 
reciliation to occur before mortality recording began. 

Behavioral Bioassay. Three watch glasses were placed onto a Corning cell-well 
plate. In the first watch glass, 250 pL of resting buffer was combined with 250 pL 
of culture media containing Paramecium tetraurelia. A 500 pL aliquot of resting 
buffer was placed into the second watch glass and a 500 pL aliquot of derwlarizing 
buffer was placed into the third. A single Paramecium was removed from the first 
watch glass and placed into the second for 5 min. The third watch glass was 
injected with treatment compound (or just solvent in the case of the controls) to 
give the desired concentration. The Paramecium was then transferred from the 
second watch glass to the third and a timer was started. The time the organism 
spent backward swimming, spinning, and looping was recorded until normal 
(forward) swimming behavior resumed or the Paramecium died. The third watch 
glass was then replaced and another 500 pL aliquot of depolarizing buffer was 
added. This entire process was repeated until the desired number of repetitions had 
been reached. 
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Electrophysiological Assay. A small drop of resting buffer containing a single 
Paramecium was transferred into the recording chamber fixed on an inverted 
microscope (Olympus CK, Tokyo). The buffer was carefully reduced until the cell 
was immobilized on the bottom of the chamber. A single microelectrode was 
inserted into the immobilized cell and the chamber flooded with resting buffer. The 
microelectrode was made from borosilicate glass filament (outer diameter-1.0 mm; 
inner diameter-0.5 mm, World Precision Instruments, Sarasota, FL) and was filled 
with 0.5 M KC1. The bath was grounded via a 0.5 M KC1 / 2% agar bath 
electrode. The membrane potential recorded with the microelectrode was amplified 
10 times with a dual micro-probe amplifier (model 750, World Precision Instr., 
Sarasota, FL) , and recorded with a chart recorder (model 220, Gould) at 125 
mm/min and 2 mV/division. At the indicated time, deltamethrin was added to the 
chamber with an automatic pipet. 

Pyrethroids and DDT act as C a 2 + Channel Agonists on P. tetraurelia 

Deltamethrin is toxic to P. tetraurelia in a Dose- and Use- dependent Manner. 
The results of mortality bioassays conducted in both resting and high K + 

depolarizing buffers are illustrated in Figure 1. Lethal time to 50% mortality values 
(LT 5 0s) are determined by logit mortality versus log dose transformations (POLO 
PC, Berkeley, CA). 

Deltamethrin is toxic to P. tetraurelia in a dose-dependent manner under 
both experimental conditions but is particularly so when depolarized by high K 
buffer (i.e., 20 mM). This aspect is reminiscent to the use-dependent action of 
pyrethroids on voltage-sensitive Na + channels (2). Under depolarizing conditions, 
concentrations of deltamethrin as low as 10"10 M are significantly more toxic than 
the concurrent ethanol-treated controls (likelihood ratio test, P < 0.05). This makes 
P. tetraurelia one of the most sensitive organisms that are intoxicated by 
pyrethroids. 

Neurotoxic N a + Channel Ligands are not toxic to P. tetraurelia. Mortality 
assessment of Paramecium by deltamethrin is also not a trivial process. Because 
Paramecium has no voltage-sensitive Na + channels (19), the most notable site of 
action for pyrethroids is not available for modification in this organism. As 
expected, neurotoxic ligands that are selective to voltage-sensitive N a + channels, 
such as tetrodotoxin, aconitine, and veratridine, produced no overt toxicity in 
Paramecium (Table I) compared to ethanol-treated controls. 

Neurotoxic Pyrethroids and DDT are selectively toxic to P. tetraurelia. As 
judged by the likelihood ratio test (POLO PC, P < 0.05), IR deltamethrin (10"7 M) 
significantly reduced the L T 5 0 value compared to a concurrent ethanol-treated 
control value under depolarizing conditions (Table II). A similar significant 
reduction is apparent in the presence of resmethrin and DDT at the same 
concentration. Neither the non-toxic IS isomer of deltamethrin nor the less toxic 
DDE metabolite of DDT are significantly different in their toxicity to P. tetraurelia 
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A 

[ Log Deltamethrin, M ] 

Figure 1. Dose- and use-dependent mortality of P. tetraurelia to 
deltamethrin. Asterisks indicate significant differences between treated and 
concurrent control groups (likelihood ratio test, P < 0.05). 

Table I. Comparative mortality responses of Paramecium tetraurelia in bioassays with Na+ 

channel ligands in depolarizing buffer 

Compound N Slope ±SE LT5o(95%CL) LT9T(95%CL) Likelihood 
[10-7M] Ratio Test* 

Control 26 4.4 + 0.7 546(492,606) 1761 (1302,3157) 
Tetrodotoxin 32 6.3+0.9 47(412,519) 1641(1182,2946) accepted 

Aconitine 30 4.8 + 0.7 1061 (921,1270) 5573(3620,11875) accepted 
Veratridine 30 6.7+1.0 527(479,578) 1728(1312,2825) accepted 
Likelihood that the slope and intercepts are the same as in the control (p < 0.05). 
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than their concurrent ethanol-treated controls. These results indicate that 
Paramecium elicits the same stereospecific response that has been reported for 
mammals (25), other vertebrates (26) and invertebrates (27, 28) to these 
compounds. 

Toxicity of Insecticides with no action on Voltage-Sensitive Ion Channels. To 
ascertain whether the toxic actions of DDT and pyrethroids are selective in 
Paramecium or due to a more generalized response, insecticides known not to 
interact with voltage-sensitive ion channels were examined (Table III). Neither 
abamectin nor dieldrin resulted in toxicity statistically different from the ethanol-
treated controls. Both insecticides interact with ligand-gated chloride channels (e.g. 
G A B A and glutamate, 29, 30, respectively). Similar ligand-gated channels or 
currents have not been reported in Paramecium (19). Diflubenzuron, a chitin 
synthesis inhibitor, likewise did not produce any enhancement in toxicity. Being a 
protozoan, Paramecium has no chitin synthesizing ability. 

Two insecticides that have no action at voltage-sensitive ion channels, 
however, are quite toxic to Paramecium. Paraoxon, an acetylcholinesterase 
inhibitor, is the most toxic insecticide tested (Table III). Chlordimeform, a 
formamidine insecticide that most probably functions as an octopamine mimic (31), 
is also very toxic to Paramecium (Table III). 

Toxicity of Organic C a 2 + Channel Ligands. Nifedipine, a 1,4-dihydropyridine-
type C a 2 + channel antagonist, produced significant toxicity in Paramecium as 
judged by its L T 5 0 value and a likelihood ratio test (Table IV). D595, a 
phenethylamine-type Ca2+channel blocker, produced similar results (Table IV). 
Both compounds have potent antagonistic effects on L-type and T-type calcium 
channels (32) and D595 had been found previously to be a potent inhibitor of 
deltamethrin-dependent neurotransmitter release (17). Interestingly, the polypeptide 
toxin from the piscivarous marine snail, Conus geographus, ©-conotoxin GVIA, is 
not toxic to Paramecium (Table IV). In studies with cultured chick DRG cells and 
in cultured rat sympathetic neurons, co-conotoxin GVIA blocked both N - and L -
type C a 2 + currents but not T-type (33). 

In view of its inhibition of delt^ethrin-dependent neurotransmitter release 
(17) and its apparent interaction with the ciliary C a 2 + channels in Paramecium 
(Table IV), an experiment was conducted to determine whether pre-treatment with 
D595 would protect Paramecium from the toxic action of deltamethrin. As 
indicated in Table V , 10"7 M deltamethrin produced a substantial decrease in the 
L T 5 0 value for treated Paramecium compared to ethanol controls. However, a 5 
min pretreatment with 10'7 M D595, prior to exposure to deltamethrin, greatiy 
attenuated the toxicity of deltamethrin and resulted in a dose-response that was not 
significandy different form the ethanol control (Table V) . Because D595 is a 
specific C a 2 + channel antagonist, its protective action in the presence of 
deltamethrin may be due to it occupying a similar site on the ciliary Ca + channel of 
Paramecium as deltamethrin. 
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Table II. Comparative mortality responses of P. tetraurelia in insecticide bioassays with 
depolarizing buffer 

Compound N Slope ± S E LT5o(95%CL) LT9T(95%CL) Likelihood 
[10"7M] Ratio Test' 

Control 34 4.9 ±0 .7 889(692,1073) 4601 (2952,12210) 
lR-Deltamethrin 113 2.8 ±0 .2 125 (105, 144) 2131(1331,4402) REJECTED 
lS-Deltamethrin 32 2.3 ±0.5 263 (202,359) 7561 (2589,113220) accepted 

Resmethrin 32 2.7 ±0.5 148(104,191) 3015 (1391,16429) REJECTED 
DDT 30 10.2 ±3 .0 329(308,351) 534 (466,703) REJECTED 
DDE 30 7.0 ±1.3 246(221,274) 767 (575,1305) accepted 

Likelihood that the slopes and intercepts are the same as in the control (p < 0.05). 

Table III. Comparative mortality responses of P. tetraurelia in insecticide bioassays with 
depolarizing buffer 

Compound N Slope ± S E LT5o(95%CL) LT9T(95%CL) Likelihood 
[10_7M] Ratio Test' 

Control 34 4.9 ±0 .7 889(692,1073) 4601 (2952,12210) ... 

Dieldrin 31 5.9 ± 0.6 252 (230,277) 979 (756,1452) accepted 
Abamectin 26 5.2 ±1 .0 280(245,330) 1310(823,3627) accepted 

Diflubenzuron 29 8.2 ±2 .0 379(329,523) 1004 (655,3432) accepted 
Paraoxon 33 2.1 ±0 .9 21.4(0.5,44.8) 455 (235,13461) REJECTED 

Chlordimeform 30 5.5 ±1 .4 30.1 (18.6,38.2) 129 (84,455) REJECTED 
Likelihood that the slopes and intercepts are the same as in the control (p < 0.05). 

Table IV. Comparative mortality responses of P. tetraurelia in bioassays with Ca 2 + channel 
ligands in depolarizing buffer 

Compound 
[10"7M] 

N Slope ± S E LT5o(95%CL) LT9T(95%CL) Likelihood 
Ratio Test' 

Control 25 7.0 ±1 .2 1025(914,1195) 3223 (1249,5582) __ 

Nifedipine 30 3.4 ±1 .0 315(196,402) 3259(1740,16813) REJECTED 
D595 30 5.4 ±0 .8 803 (724,909) 3535(2519,6176) REJECTED 

co-conotoxin 
A, . . . . . . A. , 

30 7.8 ± 1.2 1152(1045,1287) 3206(2515,4760) accepted 
Likelihood that the slopes and intercepts are the same as in the control (p < 0.05). 
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Correlation of Pyrethroid-dependent Mortality and Effects on Avoidance 
Reaction Behaviors that are controlled by Ciliary Voltage-sensitive C a 2 + 

Channels. In Paramecium, the avoidance reaction (i.e., backward swimming, 
spinning, and looping behaviors) and swimming velocity are controlled by the 
bioelectrical processes of the plasma membrane. The avoidance reaction is a 
transitory reversal of cilia that corresponds explicitly with a C a 2 + action potential 
via voltage-sensitive C a 2 + channels and increase in intracellular C a 2 + (19). Similar 
to its mortality response, only the neurotoxic 1R isomer of deltamethrin 
significantiy increased all aspects of the avoidance behaviors in P. tetraurelia 
(Figure 2). The IS isomer was not significantly different from ethanol-treated 
control behaviors (Figure 2). Conversely, the phenethylamine-type C a 2 + channel 
blocker, D595, significantly reduced backward swim and spin behaviors, as 
expected, but had no significant effect on the looping process (Figure 2). 

We can use this behavioral assay also to correlate the lack of mortality of 
insecticides that do not act on voltage-sensitive ion channels with the lack of effect 
on the avoidance reaction. Abamectin, which resulted in no increased mortality, 
was likewise found to have no effect on the avoidance reaction in Paramecium 
(Figure 3). These findings are consistent with the widely-held belief that abamectin 
acts on ligand-gated CI" channels and not on voltage-sensitive C a 2 + channels. 

Chlordimeform, which was toxic to Paramecium, did not significantiy alter 
any of the behaviors of the avoidance reaction (Figure 3). Thus, chlordimeform 
does not elicit its toxicity via any modification of ciliary voltage-sensitive C a 2 + 

channels. This finding is intriguing, nonetheless, because previous reports of 
octopaminergic responses have not been found for P. tetraurelia.. 

Paraoxon, which was particularly toxic to Paramecium, altered the 
backward swim and spin behaviors (Figure 3) of the avoidance response. When 
compared to the effects elicited in the presence of deltamethrin, paraoxon treatment 
resulted in a decreased backward swim behavior, a greatly increased spin behavior, 
but looping behavior was unaffected. These findings indicate that paraoxon may be 
altering voltage-sensitive C a 2 + channels in the cilia but in a way quite distinct from 
that caused by deltamethrin. However, cholinesterase activity has been 
demonstrated in Paramecium (34) and organophosphate and carbamate insecticides 
have been previously reported as toxic (35). Thus, it is possible that paraoxon is 
acting as a cholinesterase inhibitor and its effects on avoidance behaviors are due to 
an indirect modification of ciliary C a 2 + channels. 

Because the behaviors involved in the avoidance reaction are explicitly due 
to modifications of ciliary C a 2 + channels, the above results are consistent with the 
hypothesis that deltamethrin may be acting as a phenethylamine-type C a 2 + channel 
agonist in Paramecium. However, ligand binding data is necessary to clearly 
establish this aspect. 

Comparative Mortality of Behavioral C a 2 + Channel Mutants of Paramecium to 
Deltamethrin. Two genie mutants with altered systems of excitation are included 
in this comparison (36, 37). The pawn mutant has a mutation that has inactivated 
its ciliary voltage-sensitive C a 2 + channels. It shows no avoidance response and can 
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Table V. Mortality responses of P. tetraurelia in insecticide bioassays with and without D595 
in depolarizing buffer 

Compound 
[10'7M] 

N Slope ± S E L T 5 0 ( 9 5 % C L ) LT 9 7 (95%CL) Likelihood 
Ratio Test* 

Control 26 4.6 ± 0 . 7 417(355,537) 2112(1232,6846) 
lR-Deltamethrin 30 4.9 ± 1.0 280 (239,334) 1575 (1005,3629) 
lR-Deltamethrin 32 5.1 ± 0 . 8 358(278,553) 1700(867,22171) 

+ 
D595 

• Likelihood that the slopes and intercepts are the same as in the control (p < 0.05). 

R E J E C T E D 
accepted 

>300 

If 250 

o 
i 
CD 
CQ 

CD 
E 

Backward Swim Looping 

D595 
Control 

"IR-Deltamethrin 
1S-Deltamethrin 

Avoidance Behaviors 

Figure 2. Effect of \R- and IS-deltamethrin and D595 on avoidance reaction 
behaviors. Asterisks and arrows indicate significant differences between 
treated and concurrent control groups (likelihood ratio test, P< 0.05). 
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only move forward like the chess piece it is named after. The dancer mutant has a 
mutation that has made its avoidance response hyperexcitable. Single C a 2 + action 
potentials now produce extended periods of backward swimming behavior. As 
illustrated in Figure 4 (top panel), the dancer mutant is hypersensitive to the toxic 
action of 10"7 M deltamethrin compared to wild type P. tetraurelia in resting buffer. 
Comparatively, the pawn mutant responds no differentiy than the ethanol-treated 
control. Upon depolarization (Figure 4, bottom panel), wild type P. tetraurelia 
becomes equally sensitive to deltamethrin as the dancer mutant but the pawn 
mutant is still recalcitrant to the action of this potent pyrethroid insecticide. In this 
case, a functional C a 2 + channel must be available for deltamethrin to elicit a toxic 
response to Paramecium. The functional removal of this channel in the pawn 
mutant eliminates the toxic action of deltamethrin. The availability of a C a 2 + 

channel that remains in the open state more often (e.g. dancer mutant) is consistent 
with the use-dependency of the action of deltamethrin and with the increased 
sensitivity of this mutant to deltamethrin. 

Deltamethrin produces no Enhanced Toxicity on Deciliated P. tetraurelia. 
Ethanol pre-treatment (10%) provides a rapid, efficient, and non-lethal means of 
removing the somatic ciliature of P. tetraurelia (16). Subsequent exposure of 
deciliated P. tetraurelia to 10'7 M deltamethrin resulted in no increased toxicity 
under either resting or depolarized conditions (Figure 5). Statistically, neither of 
the deltamethrin-treated lines are significantiy different from their concurrent 
deciliated but ethanol-treated control lines (likelihood ratio test, P < 0.05). 

The chemical removal of the somatic cilia effectively removes the 
associated voltage-sensitive C a 2 + channels. In the physical absence of these 
channels, deltamethrin no longer elicits a toxicological response in deciliated 
Paramecium. 

Deltamethrin causes Membrane Destabilization, Repetitive Ca 2 + Action 
Potentials and Membrane Depolarizations. The effect of deltamethrin (10~9 M) 
on the soma resting potential of P. tetraurelia using intracellular recording is 
illustrated in Figure 6. Immediately upon application, C a 2 + action potentials (AP) 
are evident and the plasma membrane begins to depolarize from its untreated 
resting potential (-31 mV). At approximately 2 min post-application, a repetitive 
C a 2 + action potential (RAP) is seen that is followed by an extremely intense RAP 
about one min later. Approximately 4 min post-application, the membrane 
potential is at -4mV and the organism dies. These electrophysiological symptoms 
of poisoning (i.e. membrane destabilization, increased spontaneous action 
potentials, repetitive discharges, and membrane depolarization) are similar to those 
used to describe the action of pyrethroids on voltage-sensitive N a + channels (38). 
Nevertheless, these symptoms occur in the complete absence of voltage-sensitive 
N a + channels. 

These and the above results are consistent with the hypothesis that Type II 
pyrethroids, such as deltamethrin, act as potent voltage-sensitive C a 2 + channel 
agonists in Paramecium. 
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Avoidance Behaviors 

Figure 3. Effects of insecticides that do not interact with voltage-sensitive 
ion channels on advoidance reaction behaviors. Asterisks and arrows indicate 
significant differences between treated and concurrent control groups 
(likelihood ratio test, P < 0.05). 
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Figure 4. Comparative mortality of behavioral C a 2 + channel mutants of 
Paramecium to 10"7M deltamethrin (Reproduced with permission from ref. 
49. Copyright 1993 Pesticide Science Society of Japan). 
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Figure 5. Effect of 10"7M deltamethrin on deciliated P. tetraurelia 
(Reproduced with permission from ref. 49. Copyright 1993 Pesticide Science 
Society of Japan). 
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Conclusions and Future Research 

Results are presented that substantiate the role of ciliary voltage-sensitive 
C a 2 + channels as a site of action of pyrethroids that act as C a 2 + channel agonists in 
Paramecium. Most germane is the fact that both mortality and avoidance behavior 
changes are produced in the complete absence of any involvement of voltage-
sensitive N a + channels. Insecticides such as abamectin, chlordimeform, dieldrin, 
diflubenzuron, paraoxon and non-toxic analogues such as DDE and 1S-
deltamethrin do not interact with this Ca2 +channel in a similar fashion. 1R-
deltamethrin (10~9 M) causes rapid membrane destabilization, increased spontaneous 
action potentials, repetitive discharges, and membrane depolarization. These 
findings reflect a high level of similarity in the pharmacology, toxicology, and 
electrophysiology of tetrodotoxin-sensitive, voltage-gated N a + channels and the 
voltage-gated C a 2 + channels in the cilia of Paramecium. 

The fact that Type II pyrethroids may interact with both N a + and C a 2 + 

voltage-sensitive channels should not be that contradictory to the existing sodium 
channel theory of DDT and pyrethroid action in that there appears to be a great deal 
of structural homology between them. As Curtis and Catterall (39, 40) point out, 
both the isolated sodium channel ionophore (41) and the dihydropyridine calcium 
antagonist receptor complex of the voltage-sensitive C a 2 + channel (42) are large 
membrane glycoproteins of 200-300 kD that consist of one large subunit and two 
smaller subunits. Indeed, Tanabe et al (43) have reported close structural and 
primary sequence similarities of the dihydropyridine receptor of the voltage-
sensitive C a 2 + channel to the voltage-sensitive N a + channel in support of this 
contention. Such overall structural similarities indicate similar requirements for 
rapid movement of ions across membranes via voltage-gated ionophores and may 
indicate similar binding regions for DDT and pyrethroids. This apparent 
commonality in action has already been extended to the phenethylamine class of 
C a 2 + channel blockers (e.g., D595) which also have an inhibitory action at other 
voltage-gated channels including the Na + channel, although at much higher dosages 
(44-47). 

A final point that is worthy of some discussion is illustrated in Figure 7. A s 
indicated, Paramecium plays a central role in detritus-based food webs and serves 
as a link in plantonic food chains in aquatic ecosystems (19). Ciliates as a group, 
and Paramecium in particular, feed on an enormous array of bacteria that grow in 
turn by feeding on decomposed organic matter. Paramecium then serve as a food 
source themselves and are fed upon by other protozoans and a variety of aquatic 
metazoan organisms. Although this relationship has been recognized for some 
time, little quantitative research has been reported on these ecological relationships 
(19). 

Given the well-recognized aquatic toxicity associated with the pyrethroids 
(48), the present finding that pyrethroids are extremely potent toxins to 
Paramecium may be axiomatic. A possible, and probable, ramification of this 
finding may be that we have greatly underestimated the overall ecological impacts 
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AQUATIC TOXICOLOGY 
OF PYRETHROIDS? 

detritius 
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Figure 7. Central role of Paramecium in aquatic ecosystems. 

from pyrethroids in aquatic areas by focusing the majority of our investigations on 
macroinvertebrates (e.g., insects) and vertebrates (e.g., fish). A toxicological 
evaluation of the impact of pyrethroids on protozoans and other microinvertebrates, 
the role of voltage-sensitive C a 2 + channels in these interactions, and the effects of 
this toxicity to other trophic levels in the aquatic ecosystem, would seem pertinent. 
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Chapter 12 

Biophysical Analysis of a Single Amino Acid 
Replacement in the Resistance to Dieldrin 

y-Aminobutyric Acid Receptor 
Novel Dual Mechanism for Cyclodiene Insecticide Resistance 

R. H. ffrench-Constant1, H.-G. Zhang2, and M. B. Jackson2 

1Department of Entomology and 2Department of Physiology, University 
of Wisconsin, Madison, WI 53706 

Target site insensitivity to cyclodienes is associated with a novel 
insecticide insensitive y-aminobutyric acid (GABA) receptor subunit 
gene termed Resistance to dieldrin (Rdl). To date, examination of this 
gene in resistant insects from three different orders has always shown 
the replacement of the same amino acid (alanine302) with either a 
serine or a glycine (D. simulans only) in the second membrane 
spanning region (M2) of the receptor. This provides the first direct 
evidence that cyclodienes and picrotoxinin bind within the M2 region 
of the receptor, the putative lining of the integral G A B A gated chloride 
ion channel. However, it is unclear why resistance is always only 
associated with replacements of this single amino acid. We have 
shown, via a detailed biophysical analysis of the mutated G A B A 
receptor, that the alanine302>serine replacement has a number of 
effects on channel function including: reduced sensitivity to 
picrotoxinin, lindane and TBPS; lower channel conductances; extended 
open times and shorter closed times and a marked reduction in the rate 
of GABA-induced receptor desensitization. Via a simple model for 
evaluating binding site versus allosteric changes, we propose that 
replacements of alanine302 are the only mutations that can both 
directly weaken cyclodiene binding to the antagonist favored 
(desensitized) conformation and indirectly destablilize the antagonist 
favored conformation through an additional allosteric mechanism. 
Thus a unique dual resistance mechanism achieves the high levels of 
target site insensitivity observed. 

Despite their early introduction, the exact mode of action of cyclodienes has until 
recently remained obscure. Thus although the weight of pharmacological evidence 
has previously suggested that they block G A B A gated chloride ion currents (1), it has 
remained unclear with which G A B A receptor subunit(s), and precisely which amino 
acids on the receptor, they interact As cyclodiene resistance has accounted for 

0097-6156/95/0591-0192$12.00/0 
© 1995 American Chemical Society 
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approximately 60% of reported cases of insecticide resistance (2), we decided to 
employ a genetic approach to clone the gene conferring target site insensitivity and 
to examine the amino acid replacement(s) conferring resistance. Following field 
isolation of a mutant of the genetic model Drosophila melanogaster (3), and precise 
localization of the mutant gene on the polytene chromosome map (4), we cloned the 
gene responsible following a 200kb chromosomal walk (5). The resistance gene Rdl 
(Resistance to dieldrin) codes for a novel class of G A B A receptor subunit (6). Here 
we describe the location of the single amino acid replaced in cyclodiene resistant 
strains and examine its role in resistance by a detailed biophysical analysis of the 
receptor. Although the cyclodienes themselves are no longer as widely used, the 
convulsant binding site(s) remain an important target for a number of classes of 
insecticidal compounds (7-9)(see also Deng, in this volume) and for important 
convulsant drugs such as picrotoxinin (PTX). 

The Location of Alanine302 Within the Putative Ion Channel Pore 

Nucleotide sequencing of the open reading frame of Rdl from a susceptible and 
resistant strain of D. melanogaster revealed a single amino acid replacement 
alanine302> serine within the proposed second membrane spanning domain of the 
receptor or M2 (10). Subsequent sequencing of other D. melanogaster strains, and 
also examination of this region with a diagnostic restriction enzyme site eliminated 
by the replacement, revealed that the same point mutation was found in all resistant 
strains of this species collected worldwide (10). Further, cloning of the M2 region 
by degenerate PCR from a number of other species from three different insect orders 
(11, 12) (Diptera: Aedes aegypti, Musca domestical Dictyoptera: Periplaneta 
americana and Coleoptera: Triboliwn castanewn, Hypothenemus hampei) revealed 
precisely the same change. Recently, the same replacement has also been reported 
in another cyclodiene resistant cockroach species Blatella germanica (K. Kaku and 
F. Matsumura, in this volume). In fact the only different mutation we have found has 
been in D. simulans, a close relative of D. melanogaster, where the same amino acid 
is replaced but with a glycine (alanine302> glycine) instead of a serine (10). 

By site-directed mutagenesis of the susceptible Rdl cDNA and subsequent 
expression in Xenopus oocytes we have shown that the alanine302> serine 
replacement confers approximately 100 fold insensitivity to PTX and high levels of 
resistance to the cyclodiene dieldrin (13). The location of alanine302 within M2 is 
of particular interest in relation to the proposed mode of action of the cyclodienes and 
PTX. Work in the closely related nicotinic acetylcholine receptor involving serine> 
alanine replacements in this region has shown that a residue, close to the analogous 
position of alanine302 (Figure 1), interacts with elements within the channel pore 
(14). This led to the terming of this position as the "inner polar site" and the 
proposal that M2 actually forms the ion channel lining of this class of receptors. 
Further, alanine302 corresponds to the most cytoplasmic of the three small uncharged 
residues actually thought to be exposed to the channel lumen itself. This finding 
therefore represents the strongest evidence to date that cyclodienes and PTX actually 
bind within the channel pore. 
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M2 
Torpedo ^ _ 
nicotinic alpha TDSGEKMTLSISVLLSLTVFLLVIVELIPST 

A deduced QX-222 block 

M2 

NAT P ARVALGVTT VLTMTTLMS S TNAAL PKI 

• 
S deduced PTX block 

Figure 1. Alignment of the Rdl G A B A receptor subunit sequence with that of 
the nicotinic acetylcholine receptor (nAChR) to illustrate that alanine302 
occupies a similar position to the residue in the nAChR interacting with the 
channel blocker QX-222. 

Drosophila 
Rdl G A B A 
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Biophysical Analysis of the Resistant Receptor 

Despite the location of an amino acid conferring resistance to cyclodienes/PTX within 
the channel, physiological investigations have suggested that these drugs block by a 
mode of action different from open channel block. Newland and Cull-Candy in their 
extensive study of the kinetics of PTX action, have found that this drug binds 
preferentially to the desensitized conformation of the mammalian G A B A A 

receptor (15). That is to say, that when in the desensitized state (not responsive to 
G A B A ) a higher affinity binding site for PTX is exposed. In order to examine the 
precise mechanism by which replacements of alanine302 confer resistance to 
cyclodienes/PTX, we carried out a detailed biophysical analysis of the mutant 
receptor in cultured Drosophila neurons using the patch clamp technique. 

Response to GABA and Antagonists. GABA-activated whole cell current responses 
were recorded from patch-clamped cultured Drosophila neurons. Responses to brief 
pulses of G A B A were identical in cells cultured from both susceptible and resistant 
flies. Current increased linearly with voltage and reversed near 0 mV, as expected 
for a chloride selective channel in symmetrical chloride solutions. G A B A dose 
response curves from the two strains were also the same, with nearly identical 
apparent affinities for G A B A and similar low cooperativities (with dissociation 
constants of 31 p M and 29 pM, and Hi l l coefficients of 1.2 and 0.83 for susceptible 
and resistant preparations respectively). 

In contrast, widely differing sensitivities of G A B A receptor antagonists were 
observed in susceptible and resistant receptors (Figure 2). Thus, PTX displayed 116 
fold reduced sensitivity (IQ values of 224 nM and 26 p M for susceptible and resistant 
respectively) in resistant neurons, similar to the levels of resistance observed in 
oocytes expressing the mutant alanine302> serine cDNA (13). Lindane (or y-HCH) 
exhibited extremely high levels (970 fold) of resistance (0.15 nM and 146 n M for 
susceptible and resistant respectively), in contrast to the low levels (9 fold) of cross 
resistance found in bioassays of adult cyclodiene resistant Drosophila (4). Whereas 
^-butylbicyclophosphorothionate or TPBS, an important vertebrate G A B A A receptor 
antagonist, showed very low levels of resistance (only 9 fold) in the cultured neurons. 

These findings raised two important questions that were difficult to reconcile. 
1) Why does the alanine 302> serine mutant show such high levels of resistance to 
lindane in electrophysiological assays and such low levels of resistance in the whole 
insect? Is the primary site of action of this compound really, therefore, the same as 
that of the cyclodienes (i.e. a G A B A gated chloride ion channel containing Rdl 
subunits)? 2) How can two different replacements of the same amino acid 
(alanine302> serine or glycine) confer similar levels of resistance in the whole insect 
if only direct differences in drug binding are involved? i.e. How can addition of a 
hydroxyl group (serine) or reduction of the amino acid side chain to only a hydrogen 
(glycine) have the same effect on resistance and therefore on drug binding to the 
receptor? To address the phenomena underlying these questions, we carried out 
further analysis of the channel properties of the wild type and mutant receptors by 
analysis of single channel recordings. 
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Mutant Channel Properties. Analysis of single channel recordings revealed 
several additional differences between susceptible and resistant channels. Firstly, the 
mutation reduced the single channel conductance by 5% for inward current and 17% 
for outward current (28 to 26.5 picosemens and 19 to 15.8 pS, for inward and 
outward conductance, respectively). Secondly, resistance was associated with 
significantly longer channel open times and shorter closed times, reflecting a net 
stabilization of the channel open state by approximately 5 fold. However, these 
changes were small and not likely to contribute to the drug resistance of the receptor. 
A much more important change was the marked reduction in the rate of G A B A -
induced desensitization (Figure 3), and a net destabilization of the desensitized 
conformation by a factor of 29 (current desensitized to a final level of 1.6% peak 
current in susceptible and 32% of peak current in resistant neurons). As PTX has 
been proposed to bind preferentially to the desensitized state of the G A B A receptor 
(15), our results suggest that destabilization of the desensitized state could actually 
act in concert with the changes in the insecticide binding site, as a novel dual 
resistance mechanism. 

Evaluation of Binding Site Alterations Versus Allosteric Effects 

To form a framework for the evaluation of binding site versus allosteric changes in 
cyclodiene resistance we developed the following model, in which a receptor 
isomerizes between two conformations; activatable, A and inactivatable, N . 
Antagonists binding to these conformations therefore have affinities of K A and K N , 
respectively. 

K A 

z A 

AQ j Al S°JL JrSi 

N 0 7 N , 
K N 

S 0 and S x represent equilibrium constants for interconversion between activatable and 
inactivatable states, in which the antagonist binding site is free or occupied, 
respectively. Similar models have proved very robust in the interpretation of ligand 
induced changes in the affinity of the acetylcholine receptor (16). The above model 
implies the following dependence for response to G A B A as a function of 
concentration of antagonist, C (17). 

R_ X*JH+C/KJ 

(Eq. 1) 

 J
ul

y 
22

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ay

 9
, 1

99
5 

| d
oi

: 1
0.

10
21

/b
k-

19
95

-0
59

1.
ch

01
2

In Molecular Action of Insecticides on Ion Channels; Clark, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 



W
ild

 T
yp

e 
R

dl
* 

00
 

(b
) 

Fi
gu

re
 3

. 
D

iff
er

en
tia

l 
de

se
ns

iti
za

tio
n 

of
 w

ild
 t

yp
e 

(a
) 

an
d 

re
si

st
an

t 
(b

) 
G

A
B

A 
o 

re
ce

pt
or

s 
by

 c
on

tin
uo

us
 a

pp
lic

at
io

n 
of

 G
A

B
A 

(s
ol

id
 b

ar
). 

T
ra

ce
s 

w
er

e 
fit

te
d 

2 
to

 a
 s

in
gl

e 
ex

po
ne

nt
ia

l g
iv

in
g 

m
ea

n 
(+

 S
E

) t
im

e 
co

ns
ta

nt
s 

of
 1

.2
 +

 0
.1

 s
ec

 (
n 

§ 
= 

10
) 

an
d 

11
.1

 +
 0

.9
 s

ec
 (

n 
= 

9)
 f

or
 s

us
ce

pt
ib

le
 a

nd
 r

es
is

ta
nt

 r
ec

ep
to

rs
, 

Q
 

re
sp

ec
tiv

el
y.

 
T

he
 c

ur
re

nt
 d

es
en

si
tiz

ed
 t

o 
a 

fin
al

 l
ev

el
 o

f 
1.

6%
 o

f 
th

e 
pe

ak
 

E
 

cu
rr

en
t 

in
 w

ild
 t

yp
e 

an
d 

32
%

 o
f p

ea
k 

cu
rr

en
t 

in
 th

e 
re

si
st

an
t 

pr
ep

ar
at

io
ns

. 
g 

 J
ul

y 
22

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ay

 9
, 1

99
5 

| d
oi

: 1
0.

10
21

/b
k-

19
95

-0
59

1.
ch

01
2

In Molecular Action of Insecticides on Ion Channels; Clark, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 



12. FFRENCH-CONSTANT ET AL. Cyclodiene Insecticide Resistance 199 

With a few simplifying assumptions, the antagonist concentration at which response 
is half maximal can be reduced to: 

(Eq.2) 
An analogous expression has been derived for agonist binding sites (18). 

Equation 2 reduces the issue of resistance at the molecular level to two 
fundamentally different mechanisms. If a mutation alters the conformational 
equilibrium, then S 0 will change. If a mutation alters the binding site, then K N will 
change. A change in either S 0 or K N is sufficient to shift the dose-inhibition curve. 
However, when the change occurs in S 0 only, the mechanism will be purely 
allosteric. In such a case the sensitivity of the receptor to all antagonists of a given 
class will be shifted equally. In contrast, a change in only is indicative of a 
mutation within the binding site. In such a case the change in sensitivity would vary 
in magnitude with the choice of ligand. Since we have in fact observed different 
levels of resistance to each of the three ligands tested, the mechanism of resistance 
cannot be purely allosteric. Resistance of the Rdl receptor must therefore be 
associated with a change in the antagonist binding site. Therefore, alanine302 makes 
a direct contribution to the binding site of cyclodienes/PTX. 

Although the above reasoning argues that the binding site has changed, other 
lines of evidence indicate that allosteric processes are at work as well. PTX has been 
shown to bind preferentially to the desensitized conformation in vertebrate G A B A 
receptors (15). This would suggest that the desensitized conformation corresponds 
to the conformation denoted as N in the model above. Since the mutation is 
accompanied by a change in desensitization, S 0 should change and make an allosteric 
contribution to resistance. Results from our whole cell patch clamp recordings have 
shown that resistance is associated with a 29 fold change in the open-desensitized 
equilibrium constant The open-desensitized equilibrium constant differs from S 0 in 
the above model, in terms of the state of occupancy of the G A B A binding sites. 
However, as the mutation is far from G A B A binding sites (GABA and PTX do not 
compete in binding assays), it should destabilize the GABA-ligated and unligated 
forms of the receptor to similar degrees. Therefore, it can be assumed that the ratio 
of desensitization equilibrium constants for G A B A induced desensitization can be 
used as an estimate of the factor by which S 0 was changed by the mutation. Thus, 
our desensitization results for Rdl imply a 29 fold change in S 0 above. This allows 
us to resolve the resistance ratios for the three ligands into their relative contributions 
from either resistance mechanism, namely a) destabilization of the desensitized 
conformation and b) changes in (Table 1). Thus, for example within the 116 fold 
increase in the Kj of PTX, if destabilization of the desensitized conformation accounts 
for a factor of 29 the remaining 4 fold resistance represents an increase in 
Interestingly, this means that as the Kj ratio for TBPS is less than the factor by which 
desensitization is destabilized, one can infer that the mutation actually enhances 
binding of this particular ligand. 
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Table 1. The relative contributions of allosteric (destabilization of the 
desensitized conformation) and direct (changes in binding site affinity) effects on 
Rdl resistance conferred by alanine302> serine to three convulsants. The 
destabilization factor is assumed to be 29 fold throughout 

Compound Change in sensitivity Change in binding 
K> KN 

1. F I X 116 4 

2. Lindane 970 34 

3. TBPS 9 0.31 

In order to facilitate conceptualization of these direct and indirect effects on 
insecticide binding, we have included a diagrammatic model in Figure 4. Here, the 
receptor is visualized in either the open or desensitized state, in the presence or 
absence of antagonist The key point to note is that passage to the desensitized state 
increases the affinity of binding between the receptor and the drug or insecticide. 
This is illustrated by the "tighter fit" of the antagonist into its binding site in the 
channel. 

Conclusions and Future Directions 

Although we now have a clearer understanding of the receptor with which 
cyclodienes interact and their mode of action, as with any scientific investigation, our 
studies have raised further important questions relevant both to insecticide 
resistance/mode of action and to G A B A receptor structure/function. We will 
therefore briefly review our conclusions here and indicate future directions in the 
study of the cyclodiene receptor. 

Binding site. By examining shifts in sensitivity within the framework of an allosteric 
theory, we were able to separate direct binding effects from allosteric effects. The 
unequal shifts in sensitivity to three different ligands at overlapping sites indicates 
that alanine 302 participates directly in drug binding. Since this residue is in the M2 
region, and the M2 region is generally believed to form the pore, this provides strong 
evidence that picrotoxinin and cyclodienes bind to the pore region of the G A B A 
receptor. 
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Figure 4. Conceptual model of the interaction of the Rdl G A B A receptor with 
the antagonists PTX or cyclodiene insecticides. The receptor in visualized in 
open (top) or desensitized (bottom) states, in the presence (right) or absence 
(left) of the antagonist Note how the transition to the desensitized state 
increases the affinity of the receptor for the antagonist (bottom right). 
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Comparisons with other ligand-gated channels. The M2 regions of other ligand-
gated channels have been studied extensively by site-directed mutagenesis. In the 
Torperdo a subunit of the nicotinic acetylcholine receptor the reciprocal substitution 
of a serine to alanine (four amino acids away from alanine 302) reduced block by the 
anesthetic QX-222 (14). Unfortunately, effects of this substitution on desensitization 
were not examined. However, other replacements in M2 regions were shown to alter 
desensitization dramatically; a leucine homologous to leucine 309 of Rdl influenced 
desensitization in both a neuronal nicotinic a subunit (19) and the 5-HT3 receptor 
(20). Clearly, the M2 region has functions in important conformational transitions 
as well as ion permeation. 

A Novel Dual Resistance Mechanism. Conventionally insecticide resistance 
conferred by target site insensitivity has been inferred to arise from a limited number 
of possibilities: 1) a change in binding site of the receptor, 2) a change in the number 
of receptors, 3) a change in the relative proportion of receptor subpopulations with 
differing affinities for insecticides and 4) changes in the membrane environment of 
the receptor (21). Here we report that cyclodiene resistance is conferred not only by 
a simple change in binding site affinity but also by an allosteric destabilization of the 
insecticide favored (desensitized) state. This therefore constitutes a novel dual 
resistance mechanism. 

Is Rdl a Homomultimer? The finding that resistance ratios for PTX are similar 
in cultured neurons to those in heterologous expression systems (either in Xenopus 
oocytes (13) or Spodoptera cell lines (22)), and the similar pharmacology of the in 
vivo and in vitro receptors (13) (our unpublished results), raises the possibility that 
the cyclodiene G A B A receptor is composed only of Rdl subunits. This would be in 
contrast to the complex heteromultimeric assemblies of vertebrate G A B A A receptors 
(23-25). It should obviously be stressed that the inclusion of other subunits into the 
cyclodiene receptor cannot be excluded at this stage. Further, even i f other subunits 
were present in the same receptor they may have no effect on PTX binding. 
However this is our working hypothesis at present. Thus, for example, it is presently 
unclear as to whether the Drosophila | i G A B A A receptor subunit homolog, recently 
cloned independently in two laboratories (26-27), may form part of the same receptor 
or not In order to determine the subunit composition of the Drosophila cyclodiene 
receptor we will examine oocytes and transformed flies expressing mutants conferring 
lower channel conductances in the presence and absence of wild type subunits. 

Future Directions. As two different replacements of the same amino acid 
(alanine302> serine or >glycine) are found in Drosophila species (10), which would 
be expected to have different effects on direct drug binding affinity, we might 
therefore also expect different relative contributions of allosteric effects to give the 
same net resistance levels observed in the whole fly. We will therefore directly test 
this new hypothesis on cyclodiene mode of action by examining the relative 
contributions of direct effects on binding site affinity and allosteric effects conferred 
by each of these two mutations. 

Although this study leaves us with a clearer picture of cyclodiene and PTX mode 
of action it also suggests that lindane may have its primary site of action at a 
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different receptor. We therefore hope to use this approach of isolating insecticide 
targets from resistant Drosophila mutants for lindane and for other (novel) 
compounds of interest Finally, and interestingly, despite the demonstration of 
aberrant channel functions associated with resistance, there is little evidence that 
cyclodiene resistance in Drosophila is associated with a serious fitness disadvantage. 
Thus, cyclodiene resistance persists in Drosophila populations in the field at a 
frequency of approximately 1% despite the large scale withdrawal of most 
cyclodienes (28). Further, resistance frequencies remain unchanged in population 
cage studies run for over a year in the laboratory (our unpublished results). The only 
adverse phenotype associated with resistance, that we have been able to document, 
is paralysis at high temperatures (29). This study therefore not only illustrates a 
novel mechanism of insecticide resistance but also highlights how resistance genes 
can still persist in the absence of selection despite documented differences in 
susceptible and resistant receptor functions. 
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Chapter 13 

Structural and Functional Characterization 
of Insect Genes Encoding Ligand-Gated 

Chloride-Channel Subunits 

Douglas C. Knipple, Joseph E . Henderson, and David M. Soderlund 

Department of Entomology, New York State Agricultural Experiment 
Station, Cornell University, Geneva, N Y 14456 

Ligand-gated chloride channels mediate synaptic inhibition in animal 
nervous systems and are sites of action of important drugs and toxins. 
Recent studies of vertebrate G A B A - and glycine-gated chloride 
channels have revealed their heteromultimeric organization and the 
large number of genes encoding unique but structurally related subunits 
that comprise them. In insects, physiological studies have 
demonstrated the existence of diverse ligand-gated chloride channels, 
but their underlying structural and functional properties remain poorly 
characterized. This paper describes our isolation of members of this 
gene family from Drosophila melanogaster by PCR-based homology 
probing and summarizes investigations in this genetic model system of 
the only two insect subunit genes isolated to date to which functional 
properties have been ascribed. The implications of these findings for 
target-based insecticide discovery efforts are discussed in the context of 
the major paradigms established from the study of homologous 
vertebrate receptors. 

Inhibitory neurotransmission plays a fundamental role in animal nervous systems by 
counterbalancing and modulating the excitatory inputs into postsynaptic cells. This 
process is mediated by amino acid neurotransmitter receptors, which, when activated, 
permit the selective flow of chloride ions across the postsynaptic membrane resulting 
in hyperpolarization of the postsynaptic cell (1). In mammals, glycine-gated chloride 
channels are the principal inhibitory receptors in the spinal cord and brainstem whereas 
GABA-gated chloride channels are the predominant inhibitory receptors elsewhere in 
the brain. These receptors are sites of action of important drugs and neurotoxins and 
have complex pharmacologies that are believed to reflect an underlying structural 
diversity owing to their heteromultimeric nature and variable subunit composition 
(reviewed in ref. 2). 

In contrast to the situation in vertebrates, the underlying structural basis of 
inhibitory neurotransmission in insects is poorly understood. Physiological studies 
provide evidence for the existence of several classes of functionally distinct chloride 
channels in insect nerve and muscle, but to date the complete structures of only two 
subunits having homology to vertebrate G A B A and glycine receptors have been 
deduced (3,4). This paper provides an overview of the current state of knowledge of 

0097-6156/95/0591-0205$12.00/0 
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ligand-gated chloride channels in insects and discusses the implications of recent 
functional studies of vertebrate receptors for ongoing investigations of insect ligand-
gated chloride channels. 

Structural and Functional Properties of Vertebrate GABA and Glycine 
Receptors 

The Ligand-Gated Chloride Channel Gene Family of Vertebrates. 
Molecular cloning and expression studies have revealed an unexpectedly large number 
of genes encoding G A B A - and glycine-gated chloride channels. More than 20 
individual members of the ligand-gated chloride channel gene family in mammals have 
been characterized to date, including five classes of G A B A receptor subunits (a, p, y, 
8, and p) (5) and two classes of glycine receptor subunits (a and (J) (6). The 
diversity of this family of genes is further increased by the existence of multiple 
subunit isoforms in some of these classes (e.g., ccl, <x2). G A B A - and glycine-gated 
chloride channel subunit genes comprise a gene family that is itself a part of a larger 
superfamily of ligand-gated ion channel genes, which includes genes encoding 
acetylcholine receptor subunits (7-9). Gene products of this superfamily have a 
conserved structural organization characterized by four hydrophobic membrane-
spanning domains that contribute to the formation of the ion channel and a large 
extracellular domain containing a postulated cysteine-cysteine bridge (Figure 1). 
Recent mutational analyses have identified a region of the second transmembrane 
domain that confers ionic selectivity (70) and two homologous and discontinuous 
segments of the extracellular domain between the cysteine loop and the first 
transmembrane domain that are implicated in neurotransmitter-binding (11,12). 

Heteromultimeric Nature of Vertebrate Ligand-gated Chloride 
Channels. Biochemical purification and photoaffinity labelling experiments have 
provided direct evidence that mammalian G A B A (75) and glycine (14) receptors are 
heteromultimeric. By analogy to the acetylcholine receptors, vertebrate G A B A and 
glycine receptors have been thought to form pentameric assemblies (Figure 2). On the 
basis of the heteromultimeric nature of ligand-gated chloride channels and the large 
number of genes encoding individual subunits that have been identified, many subunit 
combinations are possible in native receptors. Various combinations of G A B A 
receptor subunits have been examined using transient expression assays employing 
either Xenopus oocytes or transfected vertebrate cells in culture (75). Expression of 
various combinations of G A B A receptor subunits results in the formation of 
heteromultimeric receptors with differing structures and pharmacology (reviewed in 
ref. 2). Furthermore, functional properties of expressed receptors can often be altered 
by isoform substitution (16-18). Thus the observed pharmacological diversity of 
vertebrate G A B A and glycine receptors may be due primarily to the diversity of 
subunits that can coassemble to form functional heteromultimers. 

Although some subunits expressed in these systems are capable of forming 
homomultimeric receptors, they typically exhibit biophysical and pharmacological 
properties that are unlike those of native receptors. A notable exception to this rule is 
provided by the G A B A receptor p subunit, which forms a homomultimeric receptor 
that produces chloride currents in response to G A B A that are comparable in magnitude 
to those produced by heteromultimeric receptors (79). Furthermore these expressed 
receptors exhibit the pharmacology of the G A B A c receptors found in the rat retinal 
system (2021) and the p subunit is highly expressed in this tissue (22). Thus it is 
possible that G A B A receptors of the vertebrate visual system may, unlike most G A B A 
receptors, form a homomultimeric receptor in vivo. It is important to note that 
whereas expression studies examining the properties of receptors comprising various 
subunit combinations have contributed greatly to our understanding of important 

 J
ul

y 
22

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ay

 9
, 1

99
5 

| d
oi

: 1
0.

10
21

/b
k-

19
95

-0
59

1.
ch

01
3

In Molecular Action of Insecticides on Ion Channels; Clark, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 



13. KNIPPLE ETAL. Insect Genes Encoding Ligand-Gated CI Channels 207 

Figure 1. Conserved features of ligand-gated chloride channel subunits (adapted 
from ref. 34). Depicted are the inferred transmembrane domains (M1-M4), 
hydrophilic domains (thin lines), cysteine loop in the extracellular domain (9), 
and regions implicated in neurotransmitter binding (11,12) (boxed). 

Figure 2. Postulated pentameric organization of vertebrate acetylcholine, 
G A B A , and glycine receptors (adapted from ref. 39). A hypothetical 
heteromultimeric G A B A receptor containing a, P, and y subunits is shown. This 
is one of many possible assemblies comprised of these three subunits and it must 
be stressed that the stoichiometry and organization of native G A B A receptors are 
not known. 
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aspects of these pharmacological targets, particularly in regard to their benzodiazapine 
pharmacology, the subunit composition and stoichiometry of native receptors in 
specific neuroanatomical regions remains unknown (2,5). 

Ligand-gated Chloride Channels in Insects 

Electrophysiological studies provide evidence for a variety of of ligand-gated chloride 
channels in insect nerve and muscle (23,24). Pharmacologically distinct G A B A 
receptor types are found in the insect central nervous system and at neuromuscular 
junctions (24). Histamine-gated chloride channels are found in arthropod visual 
systems, and have been shown to play a major role in the transduction and processing 
of visual information in the optic lobe of the blowfly (25). The sixth abdominal 
ganglion of the American cockroach contains taurine-gated chloride channels that are 
physiologically and pharmacologically distinct from the GABA-gated chloride 
channels in the same preparation (26). Finally, insect muscle contains extrasynaptic 
glutamate-gated chloride channels (27). These diverse receptors represent at least five 
distinct classes of ligand-gated chloride channels, and strongly suggest an underlying 
diversity of channel structures. If insect ligand-gated chloride channels are 
heteromultimeric like their vertebrate counterparts, then there may easily be 10-20 
genes in the ligand-gated chloride channel gene family of insects. 

Isolation of Insect Ligand-gated Chloride Channel Subunit Genes by 
Homology Probing. Despite the apparent diversity of ligand-gated chloride 
channels in insects, virtually nothing is known of their native structures because until 
very recendy no genes encoding channel subunits had been isolated from insects. To 
address this problem, we implemented an approach that exploited the conserved amino 
acid sequence elements of die vertebrate G A B A and glycine receptor gene family of 
vertebrates (4,28). The existence of a short stretch of invariant amino acids 
(TTVLTMTT) in the second inferred transmembrane domain (see Figure 1) of most 
reported vertebrate ligand-gated chloride channels (with the exceptions of the unusual 
P subunit of the glycine receptor (29) and the G A B A receptor p subunit (22)) led us to 
hypothesize that this octapeptide sequence might be a "signature motif1 for the family 
of ligand-gated chloride channel subunits, and therefore might be conserved in 
homologous ligand-gated chloride channels of insects. Unfortunately, the overall 
level of amino acid sequence identity between different vertebrate subunit classes is 
relatively low and the T T V L T M T T motif is the only stretch of invariant amino acid 
sequence encoded by this gene family that is of suitable length for PCR primer design. 
Consequendy, we employed a "single-site" PCR-based homology screening of D. 
melanogaster genomic D N A with a degenerate oligonucleotide target primer that 
encodes the first seven amino acids of the octapeptide motif and either BgllL- or 
BamHI-cut and anchor-adapted genomic D N A (4). Sequencing of the several discrete 
amplification products obtained by this procedure revealed that two of them 
(designated LCCH1 and LCCH2) contained open reading frames that extended far 
enough to permit recognition of sequence similarity (about 40% identity) to conserved 
residues in the M2-M3 regions of vertebrate G A B A and glycine receptor subunits. 
The other amplification products were either too short or their open reading frames 
were terminated a short distance downstream from the target priming site, precluding 
the facile determination of homology relationships. 

We also employed conventional PCR homology probing using two degenerate 
target primers specifying defined sequence elements of vertebrate a and p subunits. 
This strategy yielded a single product (designated LCCH3) that contained an extended 
open reading frame of predicted length delimited by the octapeptide signature motif in 
M2 and the conserved C F V F V F motif found in M3 of all G A B A receptor P subunit 
sequences. The predicted amino acid sequence of this fragment exhibited greater than 
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40% identity to the corresponding sequences encoded by G A B A receptor p subunit 
genes. In our effort to isolate gene segments with homology to G A B A receptor a 
subunit-like sequences, we failed to obtain a specific amplification product using the 
degenerate signature motif primer in combination with the A T V N Y F T amino acid 
sequence motif present in M3 of all vertebrate a subunits. 

In order to more fully characterize the genes from which the LCCH1, LCCH2, 
and L C C H 3 amplification products were initially obtained, we screened a D. 
melanogaster genomic library and isolated clones labeled by each probe. Southern 
analysis from each group of genomic clones identified restriction fragments that were 
subsequently subcloned and sequenced. The sequences of the regions flanking the 
original amplified segments of these DNAs were analyzed by deducing the coding and 
noncoding sequences and comparing the encoded amino acid sequences to vertebrate 
G A B A and glycine receptors in order to identify the conserved structural features 
described above. Hydropathy plots of the predicted amino acid sequences deduced 
from the identified open reading frames of L C C H 1 , LCCH2, and L C C H 3 were 
similar to those obtained for the corresponding regions of vertebrate G A B A and 
glycine receptor subunits, and in particular exhibited the characteristic highly 
hydrophobic segments corresponding to the inferred membrane-spanning regions 
separated by hydrophilic segments. A l l three genes also contained other sequence 
elements that were conserved in some of the vertebrate G A B A and glycine receptor 
subunit genes but were not invariant across the entire family. LCCH3 was found to 
have a high level of homology to previously characterized members of the p subunit 
class of G A B A receptors with sequence identity of 79% to members of the vertebrate 
P subunit class in the core region encompassing domains M l through M3. It exhibits 
a remarkable 98% identity over the same interval to a subunit encoded by a gene 
isolated from the pond snail Lymnaea stagnalis, which when coexpressed in Xenopus 
oocytes with vertebrate a l produces functional heteromultimeric G A B A receptors 
(30). On the basis of this structural analysis the LCCH1, LCCH2, and LCCH3 genes 
were positively identified as members of the ligand-gated chloride channel gene 
family. Further information on these genes and their encoded gene products is 
described separately below. 

L C C H 3 : A Ligand-Gated Chloride Channel Gene That Maps 
Near the slrp Locus. The high degree of sequence identity between LCCH3 and 
known G A B A receptor p subunits in die core region led us to give high priority to the 
isolation and complete sequence determination of the LCCH3 cDNA. Thus, the 
complete coding sequence of LCCH3, comprising a single open reading frame of 
1488 nucleotides, was inferred from a 1.65 kb cDNA clone, which we isolated from a 
pupal cDNA library (4). Besides the conserved hydrophobic domains corresponding 
to the four membrane spanning segments, the 496-amino acid polypeptide encoded by 
this cDNA was found to contain the other structural features that are conserved in both 
relative position and amino acid sequence to vertebrate G A B A and glycine receptor 
subunits (7). In addition two four-amino-acid domains (Tyr 1 7 7 -Gly-Tyr-Thr and 
Thr 2 2 0-Gly-Val-Tyr) implicated in G A B A binding in the extracellular domain between 
the cysteine loop and M l (77) are identical to corresponding domains of the p subunit 
class (Table I). 

In situ hybridization of LCCH3 to polytene chromosomes showed that this 
gene maps onto the same cytogenetic interval (13F-14A) (28) as the slrp (slow 
receptor potential) locus (57). The general hypoactivity and aberrant electroretinogram 
phenotypes of slrp mutants are consistent with defects in inhibitory neurotransmission 
(31-33). Thus the mapping of slrp and LCCH3 onto the same cytogenetic interval 
suggests that the defects exhibited in slrp flies could result from mutations in the 
LCCH3 gene. 
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L C C H 1 : The Rdl Locus. Both D N A sequencing and in situ 
hybridization to polytene chromosome squashes (28,34) showed LCCH1 to be 
identical to the Rdl gene isolated independently using a molecular genetic approach 
(3). The investigations of Roush, ffrench-Constant, and co-workers to established the 
significance of Rdl as a target of cyclodiene insecticides and as a probable G A B A 
receptor subunit are described in a recent review (35) and elsewhere in this volume. 

L C C H 2 : A Novel Ligand-Gated Chloride Channel Gene? D N A 
sequencing of the LCCH2 gene showed that LCCH2 encodes the invariant landmarks 
of the ligand-gated chloride channel gene family with the notable exception that the 
octapeptide motif is truncated by the replacement of the terminal Thr with Phe (28J4). 
The inferred amino acid sequence of LCCH2 in the core region is equally divergent 
from all other known sequences in the gene family suggesting that L C C H 2 may 
represent a novel class of ligand-gated chloride channel subunit genes. In contrast to 
LCCH1 and L C C H 3 , LCCH2 maps onto a cytogenetic region (75A) that has no 
mutations that might provide insight into the functional role of its gene product (28). 

Analysis of Insect Ligand-gated Chloride Channel Structure and 
Function 

Expression of L C C H 3 and Rdl in Xenopus Oocy tes . Heterologous 
expression studies in Xenopus oocytes serve two important functions. First, 
expression of mRNA obtained from in vitro transcription of cloned cDNAs provides 
essential confirmation that genes isolated by virtue of their structural homology to 
known ligand-gated chloride channel subunits actually encode such subunits. Second, 
the co-expression of different combinations of subunit genes permits us to test 
hypotheses about the functional assembly of individual subunits in heteromultimeric 
receptor complexes. 

The expression of both the Rdl and LCCH3 gene products has been analyzed 
in this system (36, this paper). The Rdl subunit is capable of forming functional 
homomultimeric receptors that give robust (approaching 1 jiA) chloride currents to 
G A B A administered in the 10 range. However, the formation of G A B A receptors 
comprised solely of Rdl subunits in this system requires an order of magnitude higher 
concentrations of R N A than that required to elicit a comparable response from 
heteromultimeric vertebrate a /P receptors. The latter finding suggests that the 
assembly of Rdl subunits into homomultimeric receptors is inefficient and that the 
homomultimeric structure may not be reflective of native receptors in the fly. 

In contrast to the results obtained with the Rdl subunit, oocytes injected with 
LCCH3 R N A do not respond measurably to G A B A or to a variety of other ligands, 
which suggests that other subunits must coassemble with LCCH3 to form functional 
receptors. The large GABA-gated currents we measured using expressed Rdl 
homomultimers and rat cc/p heteromultimers as positive controls for methodology 
were similar in magnitude to values reported in the literature (15,17£6). The report of 
chimeric G A B A receptors comprised of vertebrate a l subunits and L. stagnalis p 
subunits that give robust responses to G A B A , together with the high level of structural 
homology between the L. stagnalis P subunit and LCCH3, led us to hypothesize that 
LCCH3 might also form a functional chimeric G A B A receptor with a vertebrate a l 
subunit However, we found that oocytes injected with rat a l and LCCH3 RNAs 
yielded only very low level (3-5 nA) responses to G A B A and no detectable responses 
to a variety of other neurotransmitters. These findings suggest either that the subunit 
interactions between LCCH3 and rat a l are less strong than those resulting in the 
formation of chimeric rat a l / L . stagnalis P receptors, or that rat a l / L C C H 3 chimeric 
receptors are formed but are insensitive to G A B A . 
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In other experiments no responses to G A B A were detected from oocytes 
coinjected with LCCH3 and Rdl RNAs. For these experiments, lower concentrations 
of R N A (<25 ng/oocyte) were used because of the robust GABA-gated currents that 
are obtained from homomultimeric Rdl receptors using higher R N A concentrations. 
These results are consistent with, but do not prove, the hypothesis that LCCH3 and 
Rdl do not assemble in vivo to form a functional receptor. 

Structures of the Postulated Neurotransmitter Binding Domains of 
L C C H 3 and Rdl. Recent studies of vertebrate G A B A and glycine receptors have 
implicated two regions in the extracellular domain of ligand-gated chloride channel 
subunits that are involved in neurotransmitter binding (11,12) (Table 1). Each of 
these sites consists of four amino acids having aromatic residues in conserved 
positions. In one of these studies (77) the responsiveness to G A B A of expressed 
heteromultimeric G A B A receptors was assayed following systematic substitutions of 
the aromatic residues of these domains in a, p, and y subunits. Table 1 summarizes 
the results obtained for various substitutions. Wheras no effect was observed when 
substitutions were made in the first domain of a and y subunits, changes in the 
homologous domain of the P subunit significantly diminished the sensitivity of the 
expressed channels to G A B A , strongly suggesting that activation of the native channel 
results from binding of G A B A to the p subunit In a separate study (72) substitutions 
of tyrosine for phenylalanine in the homologous domain of homomultimeric a l 
glycine receptors produced a dramatic increase in sensitivity to diverse amino acid 
neurotransmitters, including significant responses to p-alanine and taurine. 

Although the above studies imply an essential role of P subunits in 
neurotransmitter binding, the assignment of die ligand binding domain solely to the P 
subunit in native receptors is probably an oversimplification. For example, mutational 
studies by Sigel et al. (37) showed that substitutions of leu for phe6* (between the 
amino terminus and the cysteine-loop) in the G A B A receptor a subunit resulted in a 
significant decrease in sensitivity to G A B A of heteromultimeric (a/p/y) G A B A 
receptors, whereas mutations in the homologous residue of p and y subunits produced 
much less profound effects. This study points to the importance of allosteric 
interactions of the extracellular domains of dissimilar adjacent subunits in 
neurotransmitter recognition. 

The regions of the LCCH3 and Rdl subunits corresponding to the domains of 
vertebrate ligand-gated chloride channel subunits implicated in neurotransmitter 
binding show strong conservation of the essential elements of these domains (Table 
1). An intriguing aspect of the Rdl subunit is that phenylalanine is the aromatic amino 
acid in the first position of the first domain unlike all other G A B A receptor subunits, 
which have tyrosine in this position. Furthermore substitution of phenylalanine for 
tyrosine in the vertebrate p subunit of receptors having native-like heteromultimeric 
subunit composition results in gready decreased sensitivity to G A B A . In the context 
of these findings, the lack of conservation of this residue in the Rdl subunit suggests 
the possibility that in native heteromultimeric receptors Rdl may confer an unusual 
pharmacological profile or instead may not be involved in G A B A binding. 

Conclusions 

The identification of conserved structural motifs in vertebrate G A B A and 
glycine receptor subunits provided the basis for our PCR-based search for ligand-
gated chloride channel genes in D. melanogaster. Our isolation by this method of 
three genes encoding proteins having structural features common to all vertebrate 
ligand-gated chloride channel subunits demonstrates the conservation of these essential 
structural elements in inhibitory neurotransmitter receptor subunits of insects and 
provides technical validation of this experimental approach (28,34). Physiological 

 J
ul

y 
22

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ay

 9
, 1

99
5 

| d
oi

: 1
0.

10
21

/b
k-

19
95

-0
59

1.
ch

01
3

In Molecular Action of Insecticides on Ion Channels; Clark, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 



13. KNIPPLE ETAL. Insect Genes Encoding Ligand-Gated CI Channels 213 

evidence for diverse ligand-gated chloride channels in insects (25-27) predicts a large 
and diverse gene family encoding the subunits that comprise these receptors. Because 
of the practical need to focus on the most promising D N A amplification products 
obtained in our initial screen, our search for insect homologues of this gene family 
was far from exhaustive and it is reasonable to assume that several additional members 
of this gene family remain to be identified. 

Heterologous expression studies have shown that the majority of G A B A and 
glycine receptors of vertebrates are heteromultimeric in native tissues and have 
suggested that the observed pharmacological diversity of these receptors is likely 
attributable to receptor subtypes comprised of different subunits combinations 
(2,5,13-18). Our finding that the LCCH3 gene product fails to form detectable 
chimeric G A B A receptors when coexpressed in Xenopus oocytes with rat G A B A 
receptor a l subunits indicates that LCCH3 is dissimilar to the molluscan (5 subunit in 
this respect despite its high level of homology to the latter. This negative finding 
nevertheless implies that the LCCH3 subunit requires an additional and as yet 
unidentified subunit if it is, in fact, involved in the formation of functional receptors in 
vivo (as suggested by the coincidence of the cytogenetic localization the LCCH3 gene 
with the slrp locus). In contrast to the situation with LCCH3, functional analysis of 
the Rdl gene product has demonstrated that the Rdl subunit forms homomultimers in 
Xenopus oocytes that are responsive to G A B A (35,36). Although this finding is 
consistent with the hypothesis that native receptors containing Rdl are 
homomultimeric, two pieces of circumstantial evidence, specifically the high R N A 
concentrations required to obtain detectable Rdl homomultimers in Xenopus oocytes 
and the unusual sequence of one of the two domains of the Rdl subunit implicated in 
G A B A binding, suggest that the coassembly of other subunits with Rdl is required in 
vivo. Besides heterologous expression studies, the elucidation of the structures of 
native insect receptors will require the implementation of additional approaches such as 
the in situ localization of specific subunits in tissue sections using subunit-specific 
antibodies. 

Although G A B A receptors incorporating the Rdl subunit have been 
established as the primary targets of chlorinated cyclodiene insecticides (35,36), the 
diversity in insects of ligand-gated chloride channels and their heteromultimeric nature 
suggest that target-based insecticide discovery approaches focusing exclusively on this 
subunit protein will be unduly restricted in scope. This point is illustrated by evidence 
showing that the avermectins, a class of compounds with highly specific insecticidal 
properties, act on ligand-gated chloride channels in insects that are not gated by G A B A 
(39). The number of unique physiological systems in insects in which inhibitory 
ligand-gated chloride channels play a role is significant, suggesting a diversity of 
potential target sites available for future development. At present efforts to identify 
additional receptor target sites that mediate inhibitory neurotransmission in insects are 
limited principally by the small number of genes encoding the subunit proteins of this 
family that have been cloned to date. 
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Chapter 14 

Chloride-Channel Gene Probes 
from Cyclodiene-Resistant and -Susceptible 

Strains of Blattella germanica 

Koichiro Kaku1 and Fumio Matsumura 

Department of Environmental Toxicology and Department of Entomology, 
University of California, Davis, CA 95616 

The DNA and amino acid sequence of the membrane spanning region of 
a G A B A receptor of the German cockroach (Blattella germanica) has 
been identified, along with information on the nature and the specific site 
of mutation in a cyclodiene resistant strain (LPP strain). In this resistant 
strain the mutation has occurred at the most conserved, lower M2 cylinder 
region involving a G to T conversion, resulting in an amino acid change 
of alanine (GCC) residue to serine (TCC). The site, furthermore, coincides 
with the most conserved region of all G A B A receptor subunits and the 
expected C1- transporting segment constituting the innermost surface of 
the channel opening. The deduced sequence of the German cockroach 
G A B A receptor differs from that of the Drosophila mainly in the 
connecting region between M3 and M4. 

It has been known for a long time that many insect species are capable of developing high 
levels of specific resistance to highly toxic cyclodiene insecticides (1-2). Dr. A.W.A. 
Brown, a founding father of insecticide resistance studies, has described the cyclodiene 
resistance problem as "a delight for geneticists and a nightmare for biochemists." Indeed, 
the mode of inheritance of the resistance gene was found to follow a straightforward 
Mendelian model, but the mechanism by which such a resistance phenomenon is 
phenotypically expressed remained a mystery for the long time period from the early 
1960s to the 80s. Early efforts included studies on lipid differences, search on resistance 
antagonists, metabolism, tissue distribution and uptake studies as well as cross-resistance 
studies including that to DDT, organophosphates and carbamates. These studies have 
clearly established that this resistance mechanism is effective to most chemically defined 
cyclodiene insecticides and lindane, but not to any other types of commercially used 
pesticides. Since this group of chemicals includes very metabolically stable insecticides, 
such as heptachlor epoxide, and since metabolism and insect uptake studies could not 

1 Current address: K-I Chemical Research Institute Company Ltd., Shizuoka, Japan 

0097-6156/95/0591-0216$12.00A) 
© 1995 American Chemical Society 
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14. KAKU & MATSUMURA Cl-Channel Gene Probes in 

reveal any difference between resistant and susceptible strains within the same species, 
the type of resistance developed here has been called "target insensitivity." 
Electrophysiological data clearly supported such a view as isolated, resistant nervous 
systems required higher concentrations of cyclodienes to show symptoms of excitation 
than control nerves. Interestingly, Brown (2) mentioned the anecdotal observation that 
pre-resistant populations among malaria mosquitoes were already present in Africa, even 
before dieldrin was used there. The level of pre-resistant population has been said to be 
in the order of several percent among Anopheles mosquito larvae. These observations 
suggest that a certain biochemical change must have taken place in the nervous system 
and that such a change is stable in a given population (i.e., is not giving the resistant 
individuals selective disadvantages against other stresses). The main question has been 
what the actual main target of these insecticides is. Without this knowledge we have no 
idea about the site of change in the resistant nervous system. 

In 1982 Dr. Ghiassudin and I (3) formulated a hypothesis that the target of this group 
of insecticides could be the G A B A receptor, based upon the observation that heptachlor 
epoxide and lindane could prevent GABA-induced increase in 36C1" uptake by isolated 
nerve cords and coaxial muscles from the American cockroach. Also helpful in this regard 
was the incipient observation made in our laboratory that cyclodiene resistant German 
cockroaches showed cross-resistance to picrotoxin, whose action mechanism at that time 
was being established to act on the G A B A receptors of the mammalian central nervous 
system. By using 3H-dihydropicrotoxinin as an artificial ligand we were able to clearly 
establish that the picrotoxinin binding site in the resistant nervous system is less affected 
by dieldrin than that of the susceptible counterpart. 

Subsequent mechanistic studies (3-8) have shown that these insecticides are specific 
antagonists of the G A B A action on G A B A receptors in both mammals and insects, and 
that their binding site within the receptor is probably identical to that of picrotoxinin, a 
well known naturally occurring antagonist of GABA. In the case of the German 
cockroach, cyclodiene resistance was shown to have evolved as a result of a very specific 
change in the biochemical properties of the GABA receptor itself (3,6,8). Such a change 
in this target site gives the homozygous individuals 10- to 100-fold resistance to these 
insecticides (6). The G A B A receptors of several cyclodiene-resistant species have been 
shown to exhibit less binding affinity to cyclodienes (9,10) or specific radioligands (11, 
12) including 3H-dihydropicrotoxinin (6) as compared to each of their susceptible counter
parts. Therefore, these insects obviously offer us a unique opportunity to understand the 
site of action of these chemicals. 

Recently ffrench-Constant et al. (13) have identified the DNA sequence of a G A B A 
receptor from Drosophila melanogaster (14) from a cloned DNA. This G A B A receptor 
differs considerably from the mammalian forms, and was named Rdl Subsequentiy 
Henderson et al. (14) have also cloned and sequenced another G A B A receptor gene, 
LCCH3 from Drosophila melanogaster cDNA libraries, which has been termed as a P-
subunit based on the overall similarity to mammalian P subunits and that of Lymnaea 
stagnalis, the first G A B A receptor identified in an invertebrate species (15). In more 
recent papers ffrench-Constant et al. (16) and Thompson et al. (17) have shown that a 
mutation occurred in cyclodiene resistant Rdl type G A B A receptor to cause an Ala - Ser 
shift (at 302) in Drosophila and Aedes aegypti, respectively. 

 J
ul

y 
22

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ay

 9
, 1

99
5 

| d
oi

: 1
0.

10
21

/b
k-

19
95

-0
59

1.
ch

01
4

In Molecular Action of Insecticides on Ion Channels; Clark, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 



218 MOLECULAR ACTION OF INSECTICIDES ON ION CHANNELS 

M A T E R I A L S AND METHODS 

The strains of German cockroaches (Blattella germanica) used for this work have been 
described elsewhere (9,10). The cyclodiene-resistant strains were occasionally selected 
by using dieldrin to maintain the homozygous resistant individuals. The LPP strain was 
genetically selected from the original chlordane-resistant London strain (10) by back-
crossing to the CSMA-susceptible strain for 8 generations, each time selecting for hetero
zygous resistance, and subsequent self crossing and selection for homozygous resistant 
individuals. 

Isolation of poly A + mRNA. Poly A + mRNA was isolated (18) from adult German 
cockroaches (CSMA and LPP strain) (10). Heads and thoraxes were collected from 100 
adult German cockroaches (50 males and 50 females) combined, and immediately frozen 
under liquid nitrogen. Approximately 3 g of tissues were ground in mortar with pestle 
under liquid nitrogen, and the slurries were transferred into 50 ml cell culture tubes. 
Immediately thereafter nitrogen was evaporated, and 40 ml lysis buffer [0.2 M NaCl, 0.2 
M Tris-HCl (pH 7.5), 1.5 mM MgCl 2 , 2% SDS, 200 ug/ml Proteinase K (Boehringer 
Mannheim) in DEPC-treated H 2 0] was added, followed by immediate homogenization 
by Polytron® for 15-30 sec. The homogenates were incubated at 45°C for 2 hr with inter
mittent agitation. The residue in the lysate, mainly the cuticle of cockroaches, was 
separated by low speed centrifugation, and the supernatant was transferred into a sterile 
50 ml cell culture tube. The NaCl concentration of the lysate (0.2 M) was adjusted to that 
of binding buffer" (0.5 M NaCl) with 60 ul of 5 M NaCl in the same buffer per ml lysate. 
80 mg of Oligo(dT) cellulose (GIBCO BRL/Iife Technologies, Gaitherburg, MD) which 
was equilibrated to the same concentration of binding buffer [0.5 M NaCl, 0.01 M Tris-
HCl (pH 7.5)] was mixed with the lysate, followed by incubation for 1 hr at room temper
ature with intermittent agitation. The treatment of poly A + mRNA bound oligo(dT) 
cellulose and the elution scheme were identical to that of Badley et al. (18). The 
precipitated poly A + mRNA was pelleted by centrifugation at 10,000 x g for 10 min, 
washed with ice-cold 75% ethanol, vacuum dried for 30 min and dissolved in 54 ul of 
DEPC-treated H 2 0 . Yields of extracted poly A + mRNAs were approximately 42 ug both 
from CSMA and LPP strains. 

Preparation of cDNA. Both mRNAs (38.5 ug) were reverse-transcribed into first strand 
cDNAs in 200 ul of reaction buffer containing 20 mM Tris-HCl (pH 8.4 at 25°C), 50 mM 
KC1, 5 mM MgCl 2 , 0.01% gelatin [wt/volj, 1 mM deoxynucleotide triphosphates 
(Pharmacia LKB), 200 units RNAsin (cloned, Promega), 3000 units M - M L V reverse 
transcriptase (GIBCO BRL/life Technologies) and 1 ug oligo(dT)17-adapter primer (5'-
GACTCGAGTCGACATCGATTTTT-TTnTnTrnT-3 ' ) (Frohman et al., 1988). The 
reaction mixture was incubated at room temperature for 15 min, followed by incubation 
at 37°C for 1.5 hr and 95°C for 5 min. The mixture was then quickly chilled on ice and 
stored at -20 °C until further use. A l l primers were synthesized on Model 391 DNA 
Synthesizer (Applied Biosystems, Foster City, CA) and purified by gel filtration using 
Sephadex-50. 

Preparation of double stranded DNA by PCR. Each 1 ul cDNA mixture was combined 
in a 50 ul reaction mixture with 5 ul 10 X PCR buffer [100 mM Tris-HCl (pH 9.0 at 
25°C), 500 mM KC1, 1.5 mM MgCl 2 , 1% Triton X-100], 0.2 mM deoxynucleotide 
triphosphates (Pharmacia L K B Biotechnology), 1 unit Taq DNA polymerase (Promega), 
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14. KAKU & MATSUMURA Cl-Channel Gene Probes 219 

and 2.5 pg of both upstream and downstream degenerate primers or 5 pmol of specific 
primers. The mixture was overlaid with mineral oil. The PCR condition used was 
denaturation 95°C for 1 min, annealing 55°C for 2 min and extension 72°C for 3 min for 
40 cycles in a DNA Thermal Cycler (Precision Scientific, Chicago, EL). 9 pi of each 
amplified product was run on a 2% agarose gel (FMC BioProducts, Rockland, ME) made 
with 1 X TBE (0.45 M Tris-HCl, 0.45 M boric acid, 10 mM EDTA) and stained with 
ethidium bromide. The desired PCR fragments were exercised from agarose gel and cut 
into pieces using a sterile blade, rinsed by ddH 20 twice, frozen and thawed in 100 pi 
ddH 20 (repeated twice), and left in a refrigerator overnight. 3 pi of the eluted DNA 
solution was re-amplified in 150 pi reaction mixture with 15 pi of 10 X PCR buffer, 
containing 0.2 mM deoxynucleotide triphosphates, 3 units Taq DNA polymerase, and 
7.5 pg of both upstream and downstream degenerate primers or 15 pmol of specific 
primers. The PCR conditions were identical to the above except the annealing time was 
1 min. In the second round PCR, three to six identical batches were amplified at the same 
time to prepare a large quantity of samples for DNA sequencing reaction or enzymatic 
restriction. The mass-produced PCR solution was collected in a 1.5 ml microcentrifuge 
tube and the mineral oil removed with chloroform. The water layer (450-900 pi) was 
concentrated to 35-40 pi by Centricon-100® (Amicon) at 1,000 x g for 30 min at 4-10°C. 
The concentrated DNA fragment was electrophoresed on 1% agarose gel made with 1 X 
TBE and excised from the gel, followed by purification by using QIAEX matrix 
(QIAGEN) according to the manufacturer's protocol. The DNA was eluted with ddH 20 
and the concentration of the purified DNA was estimated by GelMarker® (Research 
Genetics, Huntsville, AL) as a quantitative standard on a 2% agarose gel. Usually 5-10 pg 
DNA was obtained from 450 |jl reaction mixture under our standard experimental 
condition. 

DNA sequencing reaction of PCR amplified double-stranded DNA. Sequenase® 
Version 2.0 System (United States Biochemical, Cleveland, OH) and DNA polymerase 
I (Klenow fragment) Promega) (20) were used for DNA sequencing reaction. DNA 
template-primer solution was made to 10 pi including the purified double-stranded DNA 
(approximately 0.5-2.0 pmol), primer (30 times the amount of DNA for a specific primer 
or approximately 1 pg for degenerate primer) and 2 pi of 5 X Sequenase Buffer [200 mM 
Tris-HCl (pH 7.5), 100 mM MgCl 2 , 250 mM NaCl], which was boiled for 3 min and 
quickly cooled in dry ice-ethanol bath. The rest of DNA sequencing procedure was 
identical to that of Schuurman and Keulen (1991). Electrophoresis using 1 X TBE system 
was performed for 1.75 hr or 4.75 hr at 60 W on 7.4 M urea/6% Long Ranger gel (AT 
Biochem, Malvern, PA, 42 x 36 x 0.02 cm) with STS-45 Gel Electrophoresis Unit (IBI, 
New Haven, CT). The gel was dried at 60-80°C for 2 hr on Whatman 3MM paper under 
vacuum and exposed to Kodak XAR-5 film (Rochester, NY) for 8 to 72 hr. 

Strategies for identification of the G A B A receptor genes through PCR approach. 
The general flow diagram of the approach adopted is shown in Fig. 1. In brief, Step I. 
Primer A, B and C as shown were used to obtain DNA fragments designated as PCR-
DNA A-C and B-C. Step II. Since the DNA fragment amplified by the combination of 
primer B and primer C (i.e., PCR-DNA- B-C) contained two kinds of subunits of G A B A 
receptor genes, it was digested by several restriction endonucleases for analysis of DNA 
sequencing. One type possessed Rsa I recognition site but no Sfu I recognition site, 
whereas the other type possessed Sfu I recognition site but no Rsa I recognition site. The 
mass-produced PCR-DNA B-C (approximately 3 pg) was incubated at 37° C for 1 hr in 
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Fig. 1. Strategies for identification of G A B A receptor gene of German cockroach 
through polymerase chain reactions (PCR).The details of PCR strategies and the 
structure of primer E, F, G, I, J and K are described in the Method section. 
(Reproduced with permission from reference 47. Copyright 1994, Pergamon.) 
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40 pi reaction mixture containing 50 mM Tris-HCl (pH 7.5, 37°C), 100 mM NaCl , 10 
mM M g C l 2 , 1 mM dithioerythritol and 10 units Sfu 1 (Boehringer Mannheim, 
Indianapohs, IN) or containing 10 mM Tris-HCl (pH 7.5, 37°C), 10 mM M g C l 2 , 1 mM 
ditruoerythritol and 11 units Rsa I (Boehringer Mannheim). Hie reaction mixture was 
separated by using electrophoresis on 1% agarose gel made with 1 X TBE, and the 
unrestricted fragment (approximately 520 bps) was excised from the gel. The DNA was 
purified by QIAEX matrix (QIAGEN, Dusseldorf, Germany) according to the 
manufacturer's instruction and sequenced using primer B and primer C following the 
standard procedure. Two kinds of sequences (DNA-a and DNA-b type) around M4 
membrane spanning region were revealed, and thereafter DNA sequencing was expanded 
to primer A region by using PCR-DNA A-D which had been prepared by primer A , 
primer D (5'-TGGGGTGGATGAGATGTT-3', corresponding to QHLIHPK) and PCR-
DNA A-C as a template DNA. Step HI. The method of Frohman et al. (19) was modified 
to extend PCR to 3'-flanking region. PCR-DNA A-D was used as the probe DNA. The 
purified probe-DNA (0.25 pg), which had been denatured at 95°C for 5 min, was applied 
on a strip of BIODYNE A 0.2 pm membrane (2.6 X 1.5 cm, Pall BioSupport, Glen Cove, 
NY) and washed with 1.5 M NaCl and 1M Tris-HCl (pH 7.4) followed by fixation by 
U V irradiation (120 mj). The membrane was prehybridized in a polypropylene tube 
(#2063 Falcon, Lincoln Park, NJ) with hybridization buffer [5 X SSC, 0.5% Block 
Reagent (Boehringer Mannheim), 0.1% sarkosyl, 0.02% SDS] at 68°C for 1 hr. cDNA (50 
pi) was denatured by heating at 95°C for 5 min and quickly chilled on ice and mixed wit 
600 pi of the hybridization buffer and hybridized with probe-DNA on the membrane at 
68°C overnight. After removing the hybridization solution, the membrane was washed 
with 1 ml of 0.1 X SSC and 0.1% SDS solution at room temperature for 5 min, and 
incubated with 1 ml of 0.1 M NaOH at room temperature for 15 min to strip the G A B A 
receptor cDNA from the probe DNA. This alkali solution was neutralized with 1M HC1 
on ice and desalted by Centricon-100 (Amicon, Beverly, MA) at 1,000 x g for 30 min with 
1 ml ddH 20 three times. The retained solution was made up to 50 pi with ddH 20 and the 
first round PCR was performed with 1 p of the hybridization-selected cDNA as a DNA 
template, adapter primer (5'GACTCGAGTCGACATCG-3') and primer E (5-
GCGCCCAAACAAACAGTA-3 ' ) , or primer F (5-GCGCCCAAACAAACAGTT-3) . 
The primer E and F correspond to the amino acid sequence APKQTV of DNA-a and 
DNA-b type, respectively. In the second round PCR, primer G (5-
ACGTGCAGACGAAGAAGT-3 ' , corresponding to GRADEEV) and primer H (5-
CAGCATCTCATTCACCCA-3', corresponding to QHLIHP) were used for confirmatory 
studies. Thus, obtained PCR products showed the two basic types of DNA sequence 
between M4 transmembrane region and 3'-flanking region (i.e., Rdl l , Rdl2-type vs. Rdl3, 
Rdl4-type) as shown in Fig.2. 

RESULTS 

We first made an effort to sequence the G A B A receptor from the cDNA library of the 
susceptible German cockroach strain (CSMA strain) through a series of polymerase chain 
reactions (PCR), using various primers as shown in Fig. 1 and its caption. We chose the 
PCR approach, instead of DNA cloning. 

The sequencing results shown in Fig. 2 revealed a few surprising features of the 
German cockroach G A B A receptors. First, despite the fact that we employed primers 
representing the most common (conserved) regions (21-25) for all known subunits of 
mammalian and Drosophila GABA (13) receptors (i.e., a, P, y and 6 subunits), only one 
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. 243 A r e a A • M M 1 1 L * " CCA CAC COG GCC XTG CAC ATT OGC CTC 
*-223 R Q R A M t V E I C L 

Rdl2 ATT AAA TCT GTA OCT ATC TCC AGC GAG GTA CAG CTG CCT CAC TTC OCT GTC CTC GOG CAC AGA CAG AQG GOG ACC GAA ATT AAC TTA 
I K S V C I S S E V Q L P Q F R V L G H R Q R A T E I a N L M M 1 3 I * " CGA CAG COG GCC XTG GAG ATT OGC CTC 

. R Q R A K I V E I C L 
R414 ATT AAA TCT GTA OCT ATC TCC ACC GAG GTA CAG CTG CCT CAG TTC CCT CTC CTC GCC CAC ACA CAG ACC COG ACC CAA ATT AAC TTA 

I K S V G I S S E V Q L P Q F R V L C H R Q R A T E I N L 
X i A (. G 

M i l ACA ACA CCA AAC TAT TCT CGG CTG GCG TGC GAG ATT CAG TTC GTG COG TCC ATG CGA 
T T G N Y S R L A C E I Q F V R S M G 

Rdl2 TCC ACA GGA AAC TAT TCT CGG CTG GCG TGC GAG ATT CAG TTC GTG CGG TCC ATG CGA 
S T C N Y S R L A C E I Q F V R S M G 

Rdl3 ACA ACA GGA AAC TAT TCT CGG CTC GCG TGC GAG ATT CAG TTC GTG CGG TCC ATG CGA 
T T G N Y S R L A C E I Q F V R S M G 

Rd l 4 TCC ACA GGA AAC TAT TCT CGG CTG GCG TGC GAG ATT CAG TTC GTG CGG TCC ATG GGA 

R d l l OCT CTG ATC GTC ATC ATC TCC TOG CTC ACC TTC TOG CTG 
G L I . - V I I S W V S F W L 

Rdl2 GGT CTG ATC GTC ATC ATC TCC TGC CTC AGC TTC TGC CTG 
G L X V I I S W V S F W L 

R d l 3 GGT CTG ATC GTC ATC ATC TCC TOG GTC AGC TTC TOG CTG 
G L X V I I S W V S F W L 

M l 4 GGT CTC ATC GTC ATC ATC TCC TGC GTC AGC TTC TOG CTG 
Ml G h I v T I S W V S F W L 

A A C OGC A A T G C G ACC 
N R N A T 

A A C OGC A A T G C G AGC 

AAC OGC AAT GCG ACC 
N R N A T 

AAC CGC AAT GCG ACC 

TAC TAC CTC ATC CAG ATA TAT ATT CCT TCT 
L I Q I Y I P S 

TAC TAC CTC ATC CAG ATA TAT ATT CCT TCT 
Y Y L I Q I Y I P S 

TAC TAC CTC ATC CAG ATA TAT ATT CCT TCT 
Y Y L I Q I Y I P S 

TAC TAC CTC ATC CAG ATA TAT ATT CCT TCT 
Y L I Q I Y I P S 

AreaB. B 
CCC GCC CGA GTC GCC CTC GOG GTT ACC ACT GTG 

P A R V - A L G V T T V 
CCC GCC CGA CTC GCC CTC GCG GTT ACC ACT GTG 

V - A L C V T T V 
CCC CCC CCA GTC GCC CTC GOG GTT ACC ACT GTC 

V - A L C V T T V 
CCC CCC CCA GTC GCC CTC CGG GTT ACC ACT CTG * L R V A L C i V T T V 

R d l l CTC ACC ATG ACT ACC CTT ATG TOG TCC 
L T N T T L H S S 

Rdl2 CTC ACC ATG ACT ACC CTT ATG TCC TCC 

Rdl3 CTC ACC ATG ACT ACC CTT ATG TCC TCC 
L T M T T L H S S 

Rdl4 CTC ACC ATG ACT ACC CTT ATG TOG TCC 

ACC AAC CCT GCG CTA CCT AAG ATT TCC TAC CTC AAG TCT ATC CAT GTG TAT CTC GGA ACA 

ACC AAC CCT GCG CTA OCT AAG ATT TCC TAC CTC AAG TCT ATC GAT GTG TAT CTG GGA ACA 

ACC AAC GCT GCC CTA CCT AAG ATT TCC TAC CTC AAC TCT ATC GAT CTG TAT CTC OCA ACA 

ACC AAC GCT GCG CTA CCT AAG ATT TCC TAC CTC AAG TCT ATC CAT GTC TAT CTG OCA ACA 

R d l l T G C T T C G T T A T G GTC T T C G C G T C G T T G C T A C A A T A C C C T A C A G T T OGC T A C A T G C C A AAC A C A A T C C A A A T G C O G A A G A A C C G A TTy 
C F V M V F A S L L E Y A T V G Y M A K R I Q M R K N R F 

R d l 2 T G C T T C G T T A T G G T C T T C G C C T C G T T G C T A G A A T A C G C T A C A G T T O G C T A C A T G O C A AAC A G A A T C C A A A T G C G G A A G A A C C G A TTy 
C F V H V F A S L L E Y A T V G Y M A K R I Q M R K N R F 

Rdl 3 T G C T T C G T T A T C C T C T T C G C G T C G T T G C T A G A A T A C G C T A C A G T T G G C T A C A T G C C A AAC A G A A T C C A A A T G COG A A G A A C C G A T T T 
C F V M V F A S L L E Y A T V C Y M A K R I Q M R K N R F 

R d l 4 T G C T T C G T T A T G G T C T T C G C G T C G T T G C T A G A A T A C C C T A C A G T T G G C T A C A T G C C A AAC A G A A T C C A A A T G C G G A A G A A C C G A T T T 

M 3 _ £ E Y. JJ v i A S L L E Y A T V G Y M A K I R I Q K R K N R F 

R d l l 

Rdl 2 

Rdl 3 

Rdl 4 

R d l l 

Rd l 2 

Rdl 3 

Rdl 4 

C T C G C C A T C C A G A A G A T T G C C G A G C A G A A G A A G C C T G C T A T C C A C A C G G C T C A T C ^ 
L A I Q K I A E O K K A C M D T A H A P P P C P P G E C D 

CTG CCC ATC CAC AAC I ATT GCG GAG 

CTG GCC ATC CAC AAC J 
L A I g K 

CTG GCC ATC CAG AAG I 

EJF 
ACA GTA OGC 

T V R 
ACA] GTA CGC 

T * V R 

CAG AAG AAG GCT GGT ATG GAC ACG CCT CAT GCA CCT CCC COG GOG CCC CCA GGC GAA OCT CAC 
Q X X A G M D T A H A P P P G P P C E G D 

CAG AAG AAC GCT OCT ATG GAC ACG GCT CAT CCA CCT CCC COG CGG CCC CCA GOG GAA GGT CAC 
Q K K A G M O T A H A P P P G P P G E G D 

CAG AAG AAG GCT GGT ATG GAC ACG GCT CAT CCA CCT CCC CCC CGG CCC CCA GGC CAA OCT GAC 
Q K K A G M D T A H A P P P C P P C E G D 

G-
OQC TTC AAA GTT CAC GAT CCC AAG CCC CAC TCC AAC CGC CGC ACG CTG GAA AAC ACC ATC AAC GCA AAA CAA 

H A P X Q 
CAT GCG CCC AAA CAA 

H A P X Q 
CAT GCG CCC AAA CAA ACA GTT CGA ATT AAA GAT CAC CAT CCC AAG CCC CAT TCC AGA ACT GCC ACC 

H A P K Q T V R I K D H D P K P H S R T O T 
CAT GCG CCC AAA CAA ACA CTT CGA ATT AAA GAT CAC GAT CCC AAG CCC CAT TCG AGA ACT OGC ACC 

CGG TTC AAA GTT CAC GAT CCC AAG GCC CAC TCG AAC GCC CCC ACG CTG GAA AAC ACC ATC AAC GCA 
- - - - - - - - L E N T I N G 

CTT GAG AAT ACC CTC ACG COG 
L E N T V R G 

CTT GAG AAT ACC CTC AOS GCC 

R d l l CCT GCA GAC GAA CAA CTC OCA GCT CCA GCT CCC CAA CAT CTC ATC CAC CCC AAA AAA GAC ATC AAC AAG CTC TAC CCA ATT ACA CCC 
R A D E E V A A P A P Q H L I H P K K O I N K L Y G I T P 

Rdl 2 CCT GCA GAC GAA GAA GTC CCA GCT CCA GCT CCC CAA CAT CTC ATC CAC CCC AAA AAA GAC ATC AAC AAG CTC TAC GGA ATT ACA CCC 
R A D E E V A A P A P Q H L I H P K K D I N K L Y G X T P 

Rd l 3 CGT CCA GAT GAA GAG GCT GGC GCC CCT OCT COG CAG CAT CTC ATT CAC CCA GCC AAG GAC ATG AAT AAG CTC TTC GGA ATA ACT GCC 

R d l 4 C G T C C A G A T G A A GAG G C T G G C C C C C C T G C T C 3 CAT CTC ATT CAC CCA GCC AAG GAC ATG AAT AAG CTC TTC GGA ATA ACT GCC 

R d l l AGC GAC ATC GAT 
S 0 I D 

Rdl2 AGC GAC ATC GAT 

Rdl3 AGC GAC ATC GAC 
S D I D 

Rdl4 AGC GAC ATC GAC 

AAA TAC TCC CGC ATC GTT TTC CCT GTC TCT TTC ATC TCT TTC AAC CTG ATC TAC TOG ATC ATC TAC CTT 
X Y S R I V F P V C F I C F N L N Y W I I Y L 

AAA TAC TCC CGC ATC GTT TTC CCT GTC TCT TTC ATC TCT TTC AAC CTG ATG TAC TOG ATC ATC TAC CTT 
X Y S R I V F P V C F I C F N L M Y W I I Y L 

AAA TAC TCT CGC ATC ATC TTT CCA GTA TCC TTC ATC TGC TTC AAC CTC ATG TAC TGG ATC ATC TAT CTG 

\ TAC TCT CGC 
Y S R ATC ATG 1 K GTA TCC TTC 

V C F 
ATC TCC TTC AAC CTC ATG 1 

1 c F N I H 

R d l l AGT GAC GTA GTA GCA GAC GAC TTG CTG CTT CTT GAC GAG GAA AAA TAA AAA AAT TTA AAA G " 
S D V V A D D L V L L D E E K * _ 

Rdl2 AGT GAC CTA CTA CCA GAC GAC TTG GTC CTT CTT GAC GAC CAA AAA TAA AAA AAT TTA AAA C 
S D V V A D D L V L L D E E K • < -

Rdl3 AGT GAT GTC GTG GCA GAA GAT CTA GTG CTC CTT GAA CTG TAA ACG TAA AGT CCA TCT TCA TCG CAT AAC A 
S D V V A E D L V L L E V * . 

Rdl4 ACT GAT GTC GTG CCA GAA CAT CTA GTG CTC CTT GAA GTG TAA ACC TAA ACT GCA TCT TCA TOG CAT AAC A 

Fig. 2. The DNA and amino acid sequence of the German cockroach G A B A receptor 
subunit, Rdll, Rdll, Rdl3 and Rdl4. The numbers at the beginning of Rdll and Rdll 
indicate the corresponding amino acid number of Drosophila Rdl-subunit (ffrench-
Constant et al., 1991). The sites of mutation are indicated by solid squares. The DNA 
regions corresponding to PCR primers are shown by dotted lines with alphabetical 
designations direcdy above the region. The base shown at " X " was R= either A or G, 
and by " Y " was T or C. The site indicated by an arrow (at the tail end of primer E) 
was observed to contain a G A G (E) insertion in many cases. Rdll and Rdll were 
found to contain an equal amount of inserted vs. noninserted sequences, while Rdl3 
and RdlA consist mostly of noninserted sequences according to the band intensities. 
(Reproduced with permission from reference 47. Copyright 1994, Pergamon.) 
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14. KAKU & MATSUMURA Cl-Channel Gene Probes 223 

type resembling the Rdl sequence of Drosophila was picked up from the cDN A library of 
the German cockroaches. The overall features of this type of German cockroach G A B A 
receptor sequences are similar to Rdl. Second, we found at least 4 basic types of strands 
of Rdl subunits in this species. Since both Rdl\ and Rdll possess a minor variant DNA 
base (Fig. 2 amino acid #13, shown as X meaning that it is either R=A or G at this 
position, yielding either methionine or valine), there are altogether 6 variants of these Rdl 
subunits. While the most variable region was in the connecting part between M3 and M4, 
variations were also found in other areas (Fig. 2). Third, these &//-subunits were much 
shorter than the /fa/Z-subunit of Drosophila melanogaster (13), the main difference being 
a shorter interconnecting region between M3 and M4. 

For comparison, the cDNA library from the resistant strain (LPP strain) was analyzed 
through the same PCR and sequencing approach. The results showed that the sequences 
of all PCR fragments from this resistant strain were totally identical except at two DNA 
bases (see the solid squares, Fig. 2). In one of the sites (area B, Fig. 3) G to T mutation 
was detected in all six /WZ-subunits identified from this strain. Examples of the portion of 
the sequencing gel images indicating this mutational change are shown in Fig. 4 (area B). 
It must be noted that there was no sign of the presence, even at a trace level, of the 
guanine residue in the resistant DNA preparation at the position of mutation. In the case 
of the other mutations (area A) only one of the four basic types (Rdl3) of these Rdl-
subunits showed a change of the amino acid composition (G to S). We could not detect 
any other difference between the susceptible and resistant strains with respect to the 
quantity or the quality of PCR products among various /ta/-subunits. Based on the 
observations that (a) this is the same site and the nature of mutation recently reported by 
others (16,17), (b) the mutation occurring at area B involved all German cockroach Rdl 
subunits, (c) this is the most conserved region among all GABA subunits published so far, 
and (d) area B is within the membrane spanning region, whereas area A is not, we 
estimate that the mutation occurring at area B is the main factor conferring the cyclodiene 
resistance to this resistant strain. 

D I S C U S S I O N 

A key question we must raise now is whether this mutational change occurring at such a 
conserved region (i.e. area B) of the GABA receptor would functionally allow the chloride 
channel to operate normally. A literature search of all sequences of known G A B A 
receptor subunits has uncovered the presence of three mammalian subunits (22,24) (6, 
y2 and rho2 human) which possess the same serine substitution for alanine configuration 
(Fig. 3 area B). Therefore, it is unlikely that such a mutation is a totally destructive one 
in terms of the functional aspect of G A B A interactions and chloride ion transport. 

What then is the evidence indicating that this site of mutation confers the resistance 
to cyclodiene-type chemicals? It must be pointed out, first, that there is enough evidence 
that the GABA receptors of the nervous systems of the resistant cockroaches (4,6, 8-10) 
and other species (6,11,12) show lower binding affinities or a lower sensitivity (26) to 
cyclodiene-type ligands than do their susceptible counterparts. Second, there are now 
enough examples of the same type of mutations occurring in cyclodiene resistant insect 
species (16,17). Therefore, one could conclude that the above mutation somehow changes 
the affinity of the assembled GABA receptor to cyclodiene-type chemicals. The main 
reasons to consider that the binding site of cyclodiene-type chemicals could also be within 
or close to this most conserved region where the mutation took place are: (a) it is located 
at the innermost surface of the chloride channel which is directly accessible to influxing 
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Area A 
German cockroach (CSMA) Rdll,Rdl3 R Q R A X E I G L T T G N Y S R L 
German cockroach (LPP) Rdl 1,Rdl3 R Q R A X E I G 

s 
L T T G N Y S R L 

German cockroach (CSMA) Rdl2,Rdl4 R Q R A T E I N L S T G N Y S R L 
German cockroach (LPP) Rdl 2,Rdl4 R Q R A T E I N L S T G N Y S R L 
Drosophi 1 a (Rdl, 13) R Q R A T E I N L T T G N Y S R L 
Lymnaea (S,37 ) A T I N K I E E L L T G D Y Q R L 
Mammal (SI)* K M V S K K V E F T T G A Y P R L 
Mammal (S2)| K L I T K K V V F S T G S Y P R L 
Bovine brain, Rat forebrain (S3,30) R L V S R N V V F A T G A Y P R L 
Chicken (S3.42) R L V S K N V V F A T G A Y P R L 
Mammal (otl)t T V D s G I V Q S S T G E Y V V M 
Bovine brain (a.2,30) S I G K E T I K S s T G E Y T V M 
Bovine brain (<x3,30) V V G T E I I R S s T G E Y V V M 
Rat brain (a 4,4 0) T V G T E N I S T s T G E Y T I M 
Rat brain(22),Human{39),Mouse(43) (y2) R N T.T E V V K T T S G D Y V V M 
Chicken (12.43) R N T T E V V K T T S G D Y V V M 
Rat brain (8*22) R F T T E L M N F K s A G Q F P R L 
Human (91,44 ) (rhol,45) H T T T K L A F Y S s T G W Y N R L 
Human (rho2,45) H T T S R L A F Y S s T G W Y N R L 

X:Met or Val 
*:Bovine brain (21) . Rat forebrain(38), Human(39) 
t:Bovine brain(38), Rat forebrain(38) 
*:Bovine brain(21) , Rat brain(40). Mouse(41). Human(39) 

AreaB 
German cockroach(CSMA) Rdl 1-4 V s F W L N R N A T P A R V A L G V T T V L T M T T 
German cockroach(LPP) Rdl1-4 V s F W L N R N A T P A R V S L G V T T V L T M T T 
Drosophila (Rdl, 13 ) V s F W L N R N A T P A R V A L G V T T V L T M T T 
Lymnaea (6,37 ) V s F W I N H E A T s A R V A L G I T T V L T M T T 
Mammal(S)* V s F W I N Y D A S A A R V A L G I T T V L T M T T 
Mammal (a)| V s F W L N R E S V P A R T V F G V T T V L T M T T 
Mammal (y 2)$ V s F W I N K D A V P A R T S L G I T T V L T M T T 
Rat brain(5 ,22 ) V s F w I S Q A A V P A R V s L G I T T V L T M T T 
Human (pi ,44 ) (rhol 45 ) V s F w I D R R A V P A R V p L G I T T V L T M S T 
Human (rho2,45 ) V s F w I D R R A V P A R V s L G I T T y. JL T. M. T T 

M2 

*:Bovine brain(61,22 ) / Rat forebrain(151,38 ), Human(SI,39 ), Bovine brain(S2,38 ) , 
Rat forebrain (S2,38 ), Bovine brain(S3 .38) , Rat forebrain (S3.38 ). Chicken(S3 A2 ) 

t : Bovine brain (al, 21), Rat brain(al,40 ) , Mouse(dl,41), Human (a 1,33 ), 
Bovine brain(a2,30 ) . Bovine brain ((13,30), Rat brain (a 4,4 0 ) 

% : Rat brain (22 ), Human (39), Chicken (43 ), Mouse (43 ) 

Fig. 3. Comparison of the amino acid sequences of two areas of G A B A receptors, 
each containing a point mutation, in resistant B. germanica among several species. 
The locations of the mutations in the resistant German cockroach are shown by bold 
letters. The mutation in area A was found in only two of the /ta/-subunits, whereas 
that in area B was found in all of them. 
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CSMA LPP 

A C G T A C G T 

G 
G 
C 

_ „ G l y — 

- A G 
G G 
C C 

3mx G l y 

Fig. 4. Examples of DNA-sequencing gels showing the sites of mutation in the 
resistant strain (Lpp strain) in comparison with the susceptible counterpart (CSMA 
strain). The upper figures (panel A) show the area A where only one of the Rdl 
subunits (RdlA) showed a mutation. The lower figures (panel B) show the center M 2 

region where the major mutation responsible for cyclodiene resistance occurred. Note 
that the G to T conversion is complete in this homozygous R strain, resulting in an 
amino acid change of alanine to serine. The amino acid sequences of this area are 
highly conserved by being common among most G A B A receptor subunits from 
invertebrates and vertebrate species. 
(Reproduced with permission from reference 47. Copyright 1994, Pergamon.) 
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ligands through the pore, and (b) this region is the only common denominator for all 
hitherto identified mammalian and insect GABA receptor subunits as well as inhibitory 
glycine receptors (27) which also show sensitivities to picrotoxinin. Indeed, it has been 
shown by Pribilla et al. (28) that in the case of the chloride channel of inhibitory glycine 
receptor, the M 2 segment of the P-subunit is the action site of picrotoxinin. Judging by the 
fact that none of the mammalian subunits by themselves are capable of forming homo-
polymers capable of responding to diazepines in the same Xenopus tests (29), it is evident 
that this conserved region does represent a specific picrotoxinin and barbiturate interaction 
site (28-35). On the other hand, in this work we have not experimentally shown that 
picrotoxinin type chemicals indeed bind to this region. Therefore, the precise binding site 
within this M2 region must be identified through vigorous experimental efforts in the 
future. Also, it would be of great interest to conduct functional tests on these mutated Rdl 
subunits. Unfortunately, this PCR approach is not suited to isolate a complete Rdl gene 
clone, which will be required for expression work. 

The presence of at least 4 variants of this Rdl type GABA receptor sequence is note
worthy. Perhaps these are the result of alternative splicing, as in the case of Drosophila 
(36). However, much more work would be needed to confirm such a possibility. 

Another unusual observation is that there is a site in Rdll and Rdll subunits where 
one extra amino acid (glutamic acid) equivalent of a DNA triplet (GAG) is inserted 
(Fig. 2). This is not an isolated incidence, as judged by the fact that as much as about 50% 
of the existing Rdll and Rdll mRNAs contained this insertion. Since Rdl3 and RdlA 
subunits did not show any sign of extra insertion, this phenomenon appears to indicate a 
fundamental difference in constructing Rdll and Rdll from RdB and RdlA subunits. A 
close comparison of these units shows that there is a long stretch of conserved sequence 
from amino acid 253 through 401, the only difference being the position 366 indicated by 
"y". The triplet base insertion mentioned above occurred between 401 and 402 just at the 
end of the conserved region. This unusual occurrence of insertion of one amino acid may 
require special attention. 

Also worth mentioning are the observed differences in length and amino acid sequen
ces of the M 3 - M 4 connecting region between the receptors of German cockroaches and 
those of Drosophila melanogaster. The former is only 75 amino acids long as opposed to 
230 for Rdl type (13) and 130 for LCCH3 (14). Not only that, there is no similar segment 
of sequence series anywhere in this stretch (i.e., 377-555, according to the numbering 
scheme of ffrench-Constant et al. (13)). For instance, the characteristic proline-rich 
sequence, PPPGPPG, in the subunits from the German cockroach could not be located in 
any of the G A B A subunits published so far. In this regard the G A B A receptor sequence 
of the German cockroach is more homologous to that of Aedes aegypti (17) than to 
Drosophila. 

To summarize this section, we have found the type of GABA receptor subunits in the 
German cockroach to be unique. There are at least 6 variants of this type of subunit in this 
species. The resistant counterparts showed two point mutations. One of them, occurring 
at the most conserved region, appears to be correlated to the resistance of this strain to 
cyclodiene-type chemicals. 

The foregoing part of this article was published in a recent technical paper by us (47). 

Having identified the site of mutation in the GABA receptor in B. germanica, which 
appears to be certain to confer the resistant individuals the selective advantage against the 
toxic action of cyclodiene-type chemicals, one can now ask what the toxicological 
significance is of such an accomplishment. Certainly, one outcome of this finding is that 
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the action site of these chemicals within the G A B A receptor is likely to be the location 
very close to the site of mutation. One could speculate that such a mutation makes the 
binding affinity of the resistant GABA receptor to these chemicals lower than that toward 
the wild type G A B A receptor in the susceptible nervous system. There are several 
supporting pieces of evidence. As early as 1966, Dr. Hayashi and I (9) studied the binding 
behavior of 14C-dieldrin among various nerve components from the central nervous 
system of the resistant (London strain) and susceptible (CSMA strain) German cockroach 
nerves. We could demonstrate then that the extent of dieldrin binding to components of 
the plasma membrane fraction was less in the London strain, the ancestral strain for the 
LPP strain used in the current study. A subsequent study by Telford and Matsumura, using 
an autoradiographic detection method on section specimen for electron microscopy 
prepared from 14C-dieldrin treated nerve cords, also clearly showed that the number of 1 C 
grains, representing labeled dieldrin, observed to be present on the plasma membrane was 
much less in the preparation from the London strain, despite the fact that they were treated 
under identical incubation conditions (10). It is indeed very gratifying that after so many 
years we could finally demonstrate what causes such a differential binding behavior of 
dieldrin, as we had to maintain these strains for over 30 years, during which period we had 
to genetically purify and select them by using dieldrin residues. Other scientists have also 
shown in housefly strains and different radioligands that the resistant nervous system 
binds less with these GABA receptor interactors as compared to the susceptible 
counterparts (6,11). However, it must be pointed out that the actual site of attachment of 
these insecticides within this region of the GABA receptor has not been determined. 
Therefore, the precise mechanism of cyclodiene interactions at the molecular level still 
remains to be elucidated. 

Another beneficial outcome of this line of research is the establishment of the basic 
framework of the characteristics of one of the major insecticide target sites in the insect 
nerve. Certainly the basic structures of insect G A B A receptors are similar to those found 
in mammalian species. However, thanks to several groups of insect toxicologists (e.g., 13, 
14, 16, 46) we now know some significant structural differences between these two 
groups. While the origins of Rdl-type G A B A receptors are not known, the ones found in 
B. germanica are very similar to those found in Drosophila and Musca domestica. Thus, 
now that it is possible to use very specific ligands or antibodies directed at particular sites 
of the receptor, it is possible to study the basis of selective toxicity (i.e., insect vs. 
mammalian systems) of toxicants at this target site. 

The fact that the GABA receptor is one of the major insecticidal targets is now firmly 
established. A number of new insecticides are being developed to exploit this weakness 
of insects. Future research along this line should also include studies on the basic 
differences between insect and mammalian GABA receptors, to allow the rational design 
of selective insecticides based on these differences. A brief account of this paper, along 
with a similar alanine to serine mutation in dieldrin resistant red flour beetle (Jribolium 
castenium) Rdl gene, has been reported previously (48). 
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Chapter 15 

Insecticide Binding Sites in the House Fly 
Head y-Aminobutyric Acid Gated 

Chloride-Channel Complex 

Yanli Deng 

F M C Corporation, 855 Parr Boulevard, Richmond, CA 94801 

The insect y-aminobutyric acid (GABA)-gated chloride channel 
complex is one of the most sensitive targets for insecticide action. The 
complex has been evaluated in house fly head membranes by 
radioligand binding studies with 1-(4-ethynylphenyl)-4-n-[2,3
-3H2]propyl-2,6,7-trioxabicyclo[2.2.2]octane ([ 3H]EBOB), [35S]t
-butylbicyclophosphorothionate ([35S]TBPS) and [3H]avermectin B1a 

([3H]AVM). The ([3H]EBOB binding site is identical to or overlaps 
that of five classes of structurally-diverse insecticides, i.e. 
polychlorocycloalkanes, bicycloorthobenzoates, dithianes, silatranes, 
and picrotoxins. One mechanism of cyclodiene resistance in house 
flies is associated with a low-affinity binding site for ([ 3H]EBOB. The 
[3 5S]TBPS binding site in brain is relevant in its toxic action in 
mammals but not house flies. The ([3H]AVM binding in house fly 
heads measures a site coupled to the EBOB site. Avermectin analogs 
(AVMs) are potent competitive inhibitors of ([3H]AVM binding and 
non-competitive inhibitors of ([3H]EBOB binding with the same 
structure-activity relationship for the binding sites and LD50 assays. 
Findings on these binding sites lay the background for further studies 
on the G A B A channel structure and function. 

Gainma-aminobutyric acid (GABA)-gated chloride channel regulates nerve and 
neuromuscular functions in insects. The GABA-gated chloride channel complex has 
recently become the subject of intensive study for three reasons. First, the structure 
has been recognized as one of the major sites for insecticide action and insecticide 
resistance modification. The polychlorocycloalkane (PCCA) insecticides including 
lindane, toxaphenes and chlorinated cyclodienes (Figure 1), were once used 
worldwide with about three billions of pounds being applied over the past 50 years. 

0097-6156/95/0591-0230$12.25/0 
© 1995 American Chemical Society 
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CI 

CI-^V^CI 

ci ci 0 1 

toxaphene A-1 

or-endosulfan 

CI 

CI / S=o 
NH2 | 

CF, 
fipronil 

0 H 

muscimol 

,CH3NH, 

CM , 0 > 

avermectin B 1 a moxidectin 

Figure 1. Structures of representative insecticides acting at the house fly head 
GABA-gated chloride channel complex. 
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The PCCAs were introduced decades ago and most of them have been banned due 
to their adverse environmental effects, yet their mode of action remained unclear until 
the 1980's when Matsumura and Giasuddin (1) proposed that these insecticides might 
act at the insect GABA-gated chloride channel. Later studies with improved 
techniques have confirmed their mode of action as directly blocking GABA-gated 
chloride channel (2,3). After prolonged use the efficacy of the PCCAs has 
diminished as evidenced by the 290 species of insects that have developed strong 
resistance to these insecticides (4). One mechanism for the resistance is reduction in 
receptor site sensitivity from modification on the G A B A receptor (3,5,6,7-9). The 
second reason for intensive study is that an expanding number of new insecticides 
were discovered to affect the GABA-gated chloride channel, i.e. 
bicycloorthobenzoates (10,11), phenylpyrizoles (12) and avermectins (13-15) (Figure 
1). Bicycloorthobenzoates and phenylpyrazoles induce similar hyperexcitation 
poisoning signs and share cross resistance with the PCCAs in insects, implicating 
some component(s) of the G A B A receptor complex as their site of action. 
Avermectins cause strong sedation and share no resistance with PCCAs in insects, 
thus implying a different mechanism (e.g. opening of chloride channel) is involved 
(16). These new insecticides are more environmentally acceptable than PCCAs since 
they are used at very low rates and readily degrade in the environment (14,15,17) 
and, therefore, do not accumulate in biological systems. They may soon take over 
the role once played by the PCCAs as pest control agents and be more compatible 
with Integrated Pest Management programs. Once neglected in the past, the insect 
G A B A receptor complex is being re-evaluated as a target for selecting potential 
insecticides and manipulating resistance problems. Third, in the last decade, a 
combination of biological, physiological, and molecular approaches has pushed our 
understanding of the mammalian G A B A A receptor up to a level that has never been 
previously achieved (18,19). Logically, similar research tools are being used to 
explore the insect G A B A receptor to elucidate the difference between the mammalian 
and insect G A B A receptors to better design selective insect control agents. 

Vertebrate GABA-gated Chloride Channel. Two types of G A B A receptors are 
identified in vertebrates: the bicuculline-sensitive G A B A A receptor regulating transient 
chloride ion conductance (20) and the baclofen-sensitive G A B A B receptor mediating 
a variety of slow responses through receptor-G-protein-effector complexes, including 
regulation of the C a + + channel (21). The GABA-gated chloride channel (or G A B A A 

receptor) is estimated to make up to one third of all synapses in the nervous system 
of vertebrates (22). The mammalian G A B A A receptor has been defined 
pharmacologically with a variety of specific agonists and antagonists. It possesses 
binding sites for G A B A and agonist muscimol (23,24), benzodiazepines (25), 
convulsants such as picrotoxins (PTX) and r-butylbicyclophosphorothionate (TBPS) 
(26,27), modulatory sites for barbiturates (28,29) and barbiturate-behaving steroid 
hormones (30,31). Two distinct subunit types have been purified from bovine brain 
using photoaffinity labelling with specific radioligands: the S3 kDa a subunit and the 
57 kDa 0 subunit (32-34). The a subunit is labeled by [3H]flunitrazepam and the 0 
subunit by fHJmuscimol, suggesting that the a subunit possesses the benzobiazepine 
binding site and the 0 subunit carries the agonist binding site. Molecular cloning 
techniques have identified several subunits, ct^, 0!_3, 7^2, 5i and px (35,36). They 
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all belong to a gene superfamily of ligand-gated ion channels. There is a high degree 
of amino acid sequence homology between same subunit types (60-80%), a low level 
of sequence homology between different subunit types (20-40%) and even less amino 
acid homology with the nicotinic acetylcholine receptors and strychnine-sensitive 
glycine receptors (10-20%) (19). The distribution of mRNAs for different subunits 
varies considerably between brain regions, indicating receptor heterogeneity in 
mammals (19). Individual or co-expression of the subunit mRNAs in different 
combinations in Xenopus oocyte and mammalian cell lines has generated functional 
G A B A receptors with unique pharmacological and electrophysiological profiles 
(20,37,38). The G A B A A receptor is believed to be a hetero-oligomeric complex 
containing five glycoprotein subunits (38). 

Insect GABA-gated chloride channel. Much less is known about the biology, 
physiology and molecular biology of the GABA-gated chloride channel in insects. 
G A B A was first recognized as an inhibitory neurotransmitter in Crustacea and later 
found to occur widely in invertebrates including insects (39-42). Ligands for 
mammalian G A B A receptors have been less than satisfactory in characterizing G A B A 
receptor in insects (43). Nevertheless, three different binding sites have been defined 
with these ligands in several insect preparations with similar characteristics to the 
vertebrate G A B A A receptor. The G A B A/agonist binding site was investigated with 
pHJGABA binding assays in cockroach (44,45) and locust (46); and pH]muscimol 
binding assays in house fly and locust (47) and honey bee heads (48). As in 
mammals, pHJGABA and pH]muscimol bindings are sodium-independent and 
inhibited by muscimol and G A B A . Other mammalian G A B A A receptor agonists such 
as isoguvacine, thiomuscimol, and 3-aminopropane sulfonic acid are much less 
effective in displacing the radioligands. The biggest difference between mammals and 
insects, however, may be the effect of bicuculline. This potent antagonist of the 
vertebrate G A B A A receptor is not active in insect G A B A receptor binding assays 
(49). The pharmacological profile of the insect binding sites suggests a G A B A 
receptor rather than an uptake/transport site. One binding site is commonly detected 
for these ligands in insects with a few exceptions. In honey bee heads, for example, 
two sites with different affinities are distinguished for pH]muscimol with the high-
affinity site resembling the G A B A binding site defined in other insect species (48). 
Interestingly, avermectin B l a is the most potent inhibitor to the site (2X as potent than 
muscimol itself) (48). Multiple binding sites for pH]GABA are also reported in 
locust and Drosophila (50,51). The benzodiazepine site in insects has similar 
pharmacological characteristics to both central and peripheral benzodiazepine 
receptors in mammals (44,52). Two polypeptides (45 kDa and 59 kDa) are 
photoaffinity-labeled by fHJflunitrazepam in locust ganglia (52). The convulsant site 
was first investigated with the radioligand fH]dihydropicrotoxin (fHTIDHPTX) in 
cockroach nerve preparation to study cyclodiene resistance based on the observation 
that picrotoxinin shares cross resistance with chlorinated cyclodienes (J). 
Characterization of [ 3H]DHPTX binding sites of susceptible and resistant strains of 
cockroach provided early evidence on the association of the convulsant site with 
insect G A B A receptor and its involvement with cyclodiene resistance (5,6,53). Due 
to its almost unacceptable level of non-specific binding (up to 90% of the total 
binding), however, [ 3 H]DHFTX was quickly replaced by another radioligand f^S]-*-
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butylbicyclophosphorothionate ([35S]TBPS) (27). f 5S]TBPS undergoes much higher 
specific binding to a number of insect preparations (40-75 % of the total binding) and 
its binding is inhibited by P C C A insecticides and trioxabicyclooctanes (TBOs) 
(45,54,55). Unlike its success in mammals, however, this binding assay seems 
toxicologically irrelevant in insects (16,56). No difference in p5S]TBPS binding is 
observed between cyclodiene-resistant and -susceptible strains of house fly (57), 
further indicating that the radioligand is not suitable for insects. The effect of G A B A 
on p5S]TBPS binding is controversial, ranging from inhibitory (44), ineffective (55), 
to enhancing its binding (58). Hcrotoxinin inhibits [^SJTBPS binding 
noncompetitively in house fly (54) but is not active in locust (58). Hexobarbital 
inhibits f ^ l T B P S binding competitively in house fly (54) while pentobarbital 
enhances its binding in locust (58). These studies indicate that TBPS may not bind 
to the convulsant site of insect G A B A receptor. 

Radioligands. Introduction of the novel radioligand 4'-ethynyl-4-/t-
[3H]propylbicycloorthobenzoate ([3H]EBOB) has contributed significantly to our 
understanding of the insect GABA-gated chloride channel complex. This new 
bicycloorthobenzoate radioligand binds specifically to vertebrate and insect 
preparations with high affinity (specific binding 51-93% of the total binding) (3,59). 
The binding assay has been optimized and studied in detail with house fly head 
membranes. Characterization of the binding site has shed light on the mode of action 
for a variety of structurally-diverse insecticides, i.e. PCCAs, dithianes, 
phenylsilatranes, trioxabicyclooctanes (TBOs), picrotoxinin, phenylpyrazoles, as well 
as the mechanism for cyclodiene resistance in house flies (3,60). p5S]TBPS binds to 
the same site as [ 3H]EBOB in mammals, but not in insects (3,16,59). The insect 
[3 5S]TBPS site is toxicologically irrelevant for the insecticides examined (16). 
Binding assays of £*H]EBOB in combination with pH]avermectin B l a ([*K\AVM) have 
provided sound evidence that avermectin binding site is associated with the house fly 
head GABA-gated chloride channel (61). The [ 3H]EBOB binding assay has also 
identified the action site of phenylpyrazole insecticides in house fly (60). The 
purpose of this paper is to summarize these findings on the binding sites in the house 
fly head GABA-gated chloride channel. 

[ 3 H]EBOB Binding Site 

4'-Ethynyl-4-/z-propylbicycloorthobenzoate (EBOB) (Figure 1) was selected as a 
potential radioligand based on the structure-activity work with bicycloorthobenzoates 
suggesting that the 4'-ethynyl and 4-n-propyl substituents confer potent insecticidal 
activity (11) and ease of radiolabeling the 4-n-propyl substituent (62). The pHJEBOB 
binding studies with house fly head membranes indicate that the radioligand binds 
specifically with high affinity, exceeding the previous radioligands such as 
[ 3 H]DHPTX, [3 5S]TBPS and r-pH]butylbicycloorthobenzoate ([3H]TBOB) (63) in 
measuring insecticide toxicological relevance (3,64). The chloride-dependent 
[ 3H]EBOB binding is moderately inhibited by G A B A and muscimol and is strongly 
inhibited competitively by various cage convulsants such as PCCAs, 
bicycloorthobenzoates, dithianes (65-67), phenylsilatranes (68) and picrotoxinin. The 
pharmacological profile of f*H]EBOB binding partly resembles that of flH]DHPTX 
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binding to cockroach central nervous system (5). As established earlier (49), 
bicuculline does not affect ligand binding to the insect G A B A receptor, including 
[ 3H]EBOB binding to house fly head membranes (3). [ 3H]EBOB binding is not 
sensitive to baclofen or strychnine, a specific inhibitor to mammalian G A B A B and 
glycine receptors, respectively (21,69). These characteristics strongly suggest that 
EBOB binds to the convulsant site of the G A B A receptor complex. [ 3H]EBOB binding 
is also strongly modulated by avermectins and phenylpyrazoles (60,61). In 
comparison to the mammalian TBPS site, the EBOB site in house fly is more 
sensitive to avermectins, equally sensitive to cage convulsants, less sensitive to 
G A B A and its mimetics, insensitive to benzodiazepines, barbiturates and steroid 
hormones. 

Scatchard analysis of pH]EBOB binding reveals a single-affinity binding 
component for pHJEBOB hi house fly head membranes (K D = 1.4 nM and B ^ = 
346 fmol/mg protein, Figure 2) (J). One binding site is commonly detected for 
ligands for insect G A B A receptor complex (44,46,47,52,54,55,58). The structural 
heterogeneity of the insect G A B A receptor still requires confirmation although a few 
groups have reported more than one binding site for [3H]muscimol or [ 3 H]GABA in 
certain insect species (48,50,51). The sites with different binding affinity may reflect 
different conformational stages of the same receptor . 

The affinity of the EBOB site is reduced four-fold in a cyclodiene-resistant 
strain of house fly (K D = 5.6 n M and = 398 fmol/mg protein, Figure 2), 
suggesting reduction in receptor sensitivity as one mechanism for cyclodiene 
resistance. This observation supports the early proposal that picrotoxinin resistance 
in insects is related to modified G A B A receptors (6). Recent progress in molecular 
cloning in Drosophila and yellow-fever mosquito suggests that a single amino acid 
substitution may be the key modification in G A B A receptor sensitivity toward 
cyclodiene resistance (8,9). Interestingly, alteration of the TBPS binding site is 
established as a mechanism of vertebrate resistance to cyclodiene insecticides (71). 

pH]EBOB binding measures a toxicologically relevant site in house fly heads 
for five classes of insecticides that other radioligands fail to do (3,43,72). The 
potency of P C C A insecticides, bicyclooithobenzoates, dithianes, phenylsilatranes, and 
picrotoxins in inhibiting [ 3H]EBOB binding correlates with their insecticidal activity 
(Figure 3). The correlation further indicates that these classes of insecticides act at 
the EBOB site and block the GABA-gated chloride channel as their mode of action. 
Not surprisingly, these insecticides inhibit [ 3H]EBOB binding competitively and share 
resistance in the cyclodiene-resistance house fly strain (3,73). Similar in vitro and 
in vivo relationships were also established for these insecticides in inhibiting 
mammalian G A B A A receptor (74,75). The pharmacological profile of pHJEBOB 
binding is similar to [3 5S]TBPS binding in all the vertebrates exiunined (59,76). The 
profile of the pHJEBOB binding site varies considerably between vertebrates and 
insects, paralleling with the species sensitivity to EBOB as a toxicant (59). Thus, the 
receptor site specificity may contribute to the species selectivity. 

[ 3 5S]TBPS Binding Site 

The [35S]TBPS binding assay has helped to characterize the mammalian G A B A A 

receptor to a greater extent (27). Based on the correlation between the potency of 
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Figure 2. Scatchard plots showing fHJEBOB binding to house fly head 
membranes of a sensitive and a cyclodiene-resistant strain and effect of lindane 
at 10 n M and avermectin B l a at 5 n M on fHJEBOB binding. (Reproduced with 
permission from ref. 3. Copyright 1991 Academic Press, Inc.) 
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Figure 3. Correlation between potency of five classes of insecticides in 
inhibiting pHJEBOB binding to house fly head membranes of a sensitive strain 
and their toxicity to the house fly (pretreated with piperonyl butixide). Inactive 
compounds (ICSQ > 2000 nM and topical LE>50 > 500 figlg) are shown in the 
upper right box. (Reproduced with permission from ref. 3. Copyright 1991 
Academic Press, Inc.)  J
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inhibitors of [35S]TBPS binding and chloride uptake and their toxicity to mice, two 
types of action have been classified: type A for PCCAs, picrotoxinin and 
trioxabicyclooctanes (TBOs) with large 1-substituents; type B for TBOs with smaller 
1-substituents and bicyclophosphorus esters (75). Type A compounds are generally 
300 to 500-fold more potent inhibitors than the type B compounds and tend to be 
more insecticidal. Enough evidence has been gathered to believe that type A and B 
actions also exist in insects. The type A and B compounds in insects are 
differentiated based on the correlation between the potency of the compounds in 
inhibiting [ 3H]EBOB and [35S]TBPS binding assays and their toxicity to flies, 
differences in poisoning signs, temperature coefficient of poisoning, and cross-
resistance in a cyclodiene-resistant house fly strain (16). As in mammals, type A 
action in house fly involves the EBOB site with inhibitors like PCCAs, 
bicycloorthobenzoates, 2-aryl-dithianes, phenylsilatranes and picrotoxinin. Their 
action is characterized with hyperexcitatory poisoning signs, a positive temperature 
coefficient, and cross-resistance with cyclodienes. Type B action is believed to 
involve the p5S]TBPS site for some of the bicyclophosphorus esters, 
trithiabicyclooctanes (16) and dithianes with smaller 1-substituent, even though the 
insecticidal relevance of [35S]TBPS binding assay has never been established (Figure 
4) (16,57). The type B action is characterized with slightly different hyperexcitatory 
poisoning signs, a negative temperature coefficient, and no cross-resistance to 
cyclodienes. 

[3 5S]TBPS and pHJEBOB appear to bind to the same site in the mammalian 
brain G A B A A receptor (59), yet their interaction with insect G A B A receptor varies 
considerably (3,54,55,59). pH]EBOB acts at the convulsant site of house fly head 
G A B A receptor complex. [3 5S]TBPS binds to a single saturable site in the same 
preparation with a much different and pharmacological profile with respect to the 
effect of benzodiazepines and insecticides examined (16). The density of the binding 
site ( B ^ = 2.4 pmol/mg protein) is 7-times higher than that of [ 3H]EBOB ( B ^ = 
0.35 pmol/mg protein) (3,16). It is likely that the EBOB site or the G A B A receptor 
is a subtype of TBPS sites in house fly. The rest of TBPS sites may not be 
associated with the GABA-gated chloride channel in the insect. Abalis et al. (77) has 
shown that not all f 5S]TBPS binding sites in vertebrates are associated with G A B A A 

receptor from their research on the electric ray Torpedo nobiliana electric organ, a 
tissue lacking G A B A receptors. Voltage-dependent chloride ion channels have been 
proposed as possible TBPS binding sites in the organ (77). Alternatively, ligands like 
[ 3H]EBOB may preferentially measure the G A B A receptor at one particular 
conformational stage, thus giving a lower estimate of true receptor density. 
pSJTBPS may bind to G A B A receptor at all stages, as do the P C C A insecticides. 
A P C C A radioligand should therefore measure a receptor density similar to TBPS 
site. Other ligands like the bicyclophosphates may selectively bind to other 
conformational stages of the G A B A receptor inactive to EBOB, and are thus not 
measurable by fHJEBOB binding, or vise versa. Both theories should explain the 
dilemma that TBPS appears to be a competitive inhibitor of [ 3H]EBOB binding while 
EBOB has no effect on f^SlTBPS binding (16). 
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Figure 4. Lack of correlation between potency of insecticides in inhibiting 
[3 5S]TBPS binding to house fly head membranes (the sensitive strain) and their 
toxicity to the house fly pretreated with piperonyl butoxide. Arrows designate 
IC 5 0s > 10,000 nM or LD 5 0 s > 500 fig/g. Inactive compounds (IQo > 
10,000 nM and L D 5 0 > 500 ^g/g) are shown in the upper right box. 
(Reproduced with permission from ref. 16. Copyright 1993 Academic Press, 
Inc.) 
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f H l A V M Binding Site 

Avermectins are a mixture of antibiotics isolated from the soil bacterium Streptomyces 
avermitiUs (78,79), with potent anthelmintic (80) and insecticidal activities (13,15). 
Structurally avermectins are a family of macrocyclic lactones possessing a 16-
membered lactone ring with a spiroacetal system (C-17 to C-25) consisting of two 
six-membered rings and an a-L-oleandrosyl-a-L-oleandrosyloxy disaccharide 
substituent at the C-14 position (Figure 1). They consist of four closely-related major 
( A l a , A ^ , B l a , B j J components and four homologous minor (A l b , Ajb, B l b , B^) 
components, of which the B series are generally more biologically active (15). The 
mode of action of avermectins is partially understood from electrophysiological 
studies and radioligand binding assays with [ 3 H]AVM and its dihydro analog 
pH]ivermectin (pHJTVM). Electrophysiological experiments indicate that avermectin 
B l a acts on the GABAergic synapses of Crustacea, a nematode and a mammal. Fritz 
et al., (81) and Mellin et al. (82) have demonstrated that perfusion of lobster 
stretcher muscle with avermectin B l a irreversibly eliminated inhibitory postsynaptic 
potentials as a result of increased chloride ion conductance. This stimulating effect 
on membrane conductance was inhibited by PTX, suggesting a close-coupling 
between the action of A V M and the GABA-gated chloride channel. Kass et al. (83) 
reported that avermectins acted as G A B A agonists or stimulated G A B A release from 
presynaptic inhibitory membranes to stimulate the inhibitory neuronal input in Ascaris 
lumbricoides. Similar observations were made with mammalian dorsal root ganglion 
neurons that avermectin B l a at 10 fiM activated GABA-sensitive chloride channel and 
was antagonized by bicuculline or PTX (84). Contrarily, avermectins were also 
found to block non-competitively GABA-stimulated chloride uptake in mammalian 
brains (85,86), to block GABA-induced chloride conductance in locust (87) and in 
Ascaris (88), and to block GABA-gated chloride channel conductance by acting as 
GABA-antagonists in Ascaris (89). Schaeffer and Haines (90) defined a specific 
binding site for pH]IVM in a crude membrane preparation from the nematode 
Caenorhabditis elegans. Avermectin analogs inhibited pHJIVM binding 
proportionally to their in vivo effect on C. elegens mobility, indicating a 
toxicologically relevant I V M site. The binding site is insensitive to G A B A , 
muscimol, bicuculline, PTX, diazepam and several putative neurotransmitters (90). 
Cochlioquinone A , a yellow pigment isolated from a parasitic mold of rice, is the 
only known non-avermectin inhibitor to avermectin binding (91). Several other 
binding reports suggest a close coupling of the A V M site with the G A B A -
benzodiazepine receptor complex. Avermectins have been found to modulate the 
specific binding of G A B A (92,93), a benzodiazepine (93,94), and TBPS (77) in 
mammalian systems. In insects, avermectin B l a affects binding of muscimol (48) and 
TBPS (95). The affinity of avermectins for retinol binding proteins has also been 
proposed as a possible mechanism of action for avermectins in filarial parasites (96). 

The development of the fHJEBOB and [3H] A V M binding assays has provided 
three pieces of evidence supporting that the A V M site is associated with the G A B A -
gated chloride channel in house fly. First, avermectin B l a and moxidectin [a 
milbamycin analog with an O-methyloxime substituent at the 23-position (97, Figure 
1)], are extremely potent noncompetitive inhibitors to pH]EBOB binding (Figure 2) 
and competitive inhibitors to p H ] A V M binding, suggesting that the A V M and EBOB 
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sites are different yet closely-coupled (3,61). Second, eleven avermectin analogs 
inhibited both [ 3H]EBOB and [ 3 H]AVM binding proportionally to their insecticidal 
activities (Figure 5). The potency for one assay parallels with that for the other (61). 
Thus, both [*H]EBOB and [ 3 H]AVM assays measure toxicologically relevant sites for 
A V M analogs in house fly. Third, the inhibition curves of avermectin analogs for 
pHJEBOB binding is sigmoidal, reaching a compound-dependent maximum (varying 
from 45-50% inhibition for the least potent compounds to 72-80% for the most active 
ones) (Figure 6), further indicating an allosteric relationship between the A V M and 
EBOB sites (61). [ 3 H]AVM binds specifically to the house fly head membranes with 
high affinity (K D = 1.9 nM) (61), about ten-fold higher than f H] IVM binding to rat 
brain (90). This may account for the relatively high insecticidal activity of 
avermectins. As in pHJIVM binding with nematode membranes, p H ] A V M binding 
in house fly is also not affected by compounds other than avermectin analogs 
themselves (61). p H J A V M binds specifically to the thorax membrane of house fly 
and a decrease in is observed for an AVM-resistant strain (98). The avermectin 
binding density tends to be high, ranging from 0.11 pmol/mg protein in house fly 
thorax (98) to 9.6 pmol/mg protein in house fly head (61). The B ^ of 9.6 pmol/mg 
protein for p H J A V M is 27-fold higher than that of pH]EBOB site ( B ^ = 0.35 
pmol/mg protein) in the same house fly head preparation. The reasons for the 
difference are not yet known. One possibility is that [*H]AVM may bind to sites in 
addition to GABA-gated chloride channel. The sites for I V M binding in locust 
muscle, for example, are concentration-dependent, acting at the GABA-gated chloride 
channel at low levels and at sites including the glutamate H-receptor in high 
concentrations (87,99). p H ] A V M may act similarly in house fly, but the sites for 
A V M at high concentrations may be less relevant to their insecticidal activity. 

The avermectin binding sites have been solubilized from C. elegans 
membranes with a nonionic detergent (100). A slightly different f H J I V M binding 
was observed with the detergent-solubilized extract (KQ = 0.20 n M and B ^ = 0.66 
pmol/mg protein) from the non-treated membranes (K& = 0.11 nM and B ^ = 0.54 
pmol/mg protein) (100). Three polypeptide subunits (53, 47, and 8 kDa) were 
photoaifinity-labeled with an azido-[ 3H]AVM analog in C. elegans membranes (101). 
The same azido ligand labels a single polypeptide (47 kDa) from Drosophila 
melanogester head membranes, implying that a single binding protein for I V M may 
be present in the insect (101). Cloning and structure determination of avermectin 
site(s) may provide further understanding of the mode of action of these novel 
insecticides. 

Phenylpyrazole Binding Site 

Phenylpyrazoles are a recent class of compounds with herbicidal and insecticidal 
activities (12). The herbicidal action involves induction of porphyrin accumulation 
by interfering with poiphyrin biosynthesis, causing rapid wilting of treated plants 
(12). Thp insecticidal phenylpyrazoles induce salivation, rigor, and convulsion in 
mammals as well as hyperexcitation and knockdown in house flies, with poisoning 
signs similar to that of pyrethroids (102) and trioxabicyclooctanes (60,103). 
Phenylpyrazole insecticides induce membrane depolarization not associated with 
voltage-dependent N a + channel or GABA-gated chloride channel in frog nerve and 
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E C 5 0 (nM) 

Figure 5. Correlation between potency of eleven A V M analogs as inhibitors 
of f H ] A V M or [ 3H]EBOB binding to house fly head membranes (the sensitive 
strain) and their toxicity to the house fly pretreated with piperonyl butoxide. 
(Reproduced with permission from ref. 61. Copyright 1992 Academic Press, 
Inc.) 
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Figure 6. Displacement of p H ] A V M or fHJEBOB binding to house fly head 
membranes by representative A V M analogs: A V M , avermectin B l a ; 1, 22,23-
dihydro-AVM B l a 4"-0-phosphate N a + salt; 2, 22,23-dihydro-AVM B l a 

monosaccharide. (Reproduced with permission from ref. 61. Copyright 1992 
Academic Press, Inc.) 
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sense organ, and acetylcholine release in frog neuromuscular junction, explaining in 
part the in vivo excitatory effect of these compounds on animals (102,104). In 
isolated locust nerve cell, one phenylpyrazole has been demonstrated to potently 
antagonize the GABA-activated CI" currents, suggesting that this compound may act 
at the insect G A B A receptor (103). Cole et al. (60) reported that phenylpyrazole 
analogs inhibited pHJEBOB binding to house fly head membranes with the 
insecticides exhibiting higher potency than the herbicides. The insecticides inhibit 
pH]EBOB binding by reducing the B ^ but not the K D (Figure 7), indicating that 
they bind irreversibly at the EBOB site or at a site closely-coupled in the house fly 
head G A B A receptor complex. A cyclodiene-resistant strain of house fly is also 
tolerant to these compounds (60). Phenylpyrazoles do not inhibit f H J A V M binding 
to house fly head membranes. Also, selected phenylpyrazoles block G A B A -
stimulated chloride uptake in mouse brain microvesicles (60). These studies suggest 
that phenylpyrazole insecticides may act as a unique type at insect GABA-gated 
chloride channel complex. 

Other Insecticide Binding Sites 

Muscimol, a natural product isolated from Amanita muscaria as well as Amanita 
pantherina, possesses moderate insecticidal activity (105,106). Muscimol and its 
synthetic analogs are well-established G A B A receptor agonists in mammals (24,107-
109) and in insects (44-48,50,51). Muscimol and dihydromuscimol inhibit pH]EBOB 
binding moderately in house fly head membranes (3), indicating that the muscimol 
binding site may reside closely to the EBOB site in the G A B A receptor complex. 
The muscimol site may be coupled to the A V M site in insects as well. Avermectin 
B l a blocks [3H]muscimol binding in honey bee heads at extremely low level (3 nM) 
(48) and modulates the [ 3 H]GABA binding in cockroach CNS by enhancing its 
binding at 1 uM and inhibiting its binding at 10 uM (110). 

A new experimental insecticide, spirosultam LY219048 or 3-(4-chlorophenyl)-
4-methyl-2-thia-l-azaspiro[4,5]dec-3-ene 2,2-dioxide, may act at the mammalian 
G A B A A receptor as it suppresses the GABA-stimulated chloride ion uptake and 
inhibits [ 3H]TBOB binding competitively in bovine brain preparations (111,112). The 
benzodiazepine site and G A B A agonist site show little affinity for this compound. 
A dieldrin-resistant Drosophila strain is tolerant to LY219048 (111,112). It will be 
very interesting to see how the compound affects [ 3H]EBOB binding in house flies. 

Conclusions and Prospects 

Only recently has the insect GABAergic system been recognized as one of the most 
sensitive targets for a variety of structurally-diverse insecticides. pHJEBOB binding 
assays have effectively differentiated four types of insecticide binding sites in the 
house fly head G A B A receptor complex. The [ 3H]EBOB site is identical to or 
overlaps with the convulsant site characterized earlier with [ 3H]DHPTX and is the site 
of action for five classes of insecticides, i.e. polychlorocycloalkanes, 
bicycloorthobenzoates, selected dithianes, phenylsilatranes, and picrotoxins. Cross-
resistance in a cyclodiene-tolerant house fly strain extends to these insecticides. Their 
action is characteristic with hyperexcitation signs and a positive temperature 
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Figure 7. Effect of phenylpyrazoles at 2-4 n M on fHJEBOB binding to house 
fly head membranes (the sensitive strain). 1, fipronil; 2, S L A 4454. 
Reproduced with permission from ref. 60. Copyright 1993 Academic Press, 
Inc. 

coefficient, and may be classified as type A . f 5S]TBPS binds with low affinity to 
sites that may include flH]EBOB site. [*H]EBOB and f^SJTBPS assays share PCCAs 
and some TBOs as common inhibitors while [ 3H]EBOB assay generally predicts their 
in vivo potency for house fly and [^SJTBPS does not. TBOs with smaller terminal 
substituents presumably act at the TBPS sites with different poisoning signs from type 
A , a negative temperature coefficient, and no cross-resistance with type A 
compounds, and the action is classified as type B. The action of phenylpyrazole 
insecticides is coupled with type A insecticides with similar poisoning signs and 
cross-resistance, yet these insecticides inhibit pH]EBOB binding non-competitively 
or irreversibly, implying a different site for them, and therefore, their action is 
designated as type C. Types A - C compounds presumably act as non-competitive 
blockers to the G A B A receptor by disrupting GABA-activated chloride conductance. 
The A V M site is coupled to the EBOB site since the A V M analogs are potent non
competitive inhibitors to pH]EBOB binding. A V M sites can be assayed with either 
[ 3H]EBOB or [ 3 H]AVM assays since both assays predict their in vivo activity. Their 
action is entirely different from the types A-C with respect to their poisoning signs 
and cross-resistance with cyclodienes (no resistance to A V M s for the house fly strain) 
and is classified as type D. Like p 5S]TBPS, p H J A V M may also bind to sites not 
associated with the insect GABAergic system. Muscimol and its analogs are G A B A 
receptor agonists and insecticides. Their action at the G A B A binding site may be 
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classified as type E . Types D-E are similar in that both types are chloride channel 
openers. 

Subunit heterogeneity has been demonstrated for G A B A A receptor in 
vertebrates. Little information, however, is available for the subunit organization of 
the G A B A receptor in insects. Further examination of insecticide action with 
[*H]EBOB and new probes may improve our knowledge of the biochemistry and 
molecular toxicology of the insect GABAergic system. Molecular cloning of G A B A 
receptor genes from different species and strains of insects will help us understand 
at molecular level the insecticide binding sites at the insect GABA-gated chloride 
channel and the mechanism underlying insecticide resistance. G A B A receptor genes 
have already been cloned from susceptible and cyclodiene-resistant strains of 
Drosophila and yellow-fever mosquito, and a single point mutation (from Ala to Ser) 
within the second transmembrane domain in the resistant strain may confer the 
cyclodiene resistance (7-9). 

With the demise of most PCCAs, the GABAergic system is for now an 
underutilized target for insect control. This situation soon may change if the 
increased understanding of the insect and mammalian G A B A receptor complex leads 
to discovery of new insecticides with improved selective toxicity and better utilization 
of the current insecticides. 
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Chapter 16 

Effects of Ivermectin on y-Aminobutyric Acid 
and Glutamate-Gated Chloride Conductance 

in Arthropod Skeletal Muscle 

Ian R. Duce, Narotam S. Bhandal, Roderick H. Scott1, 
and Timothy M. Norris2 

Department of Life Science, University of Nottingham, University Park, 
Nottingham NG7 2RD, United Kingdom 

Ivermectin at low concentrations produced reversible and irreversible 
increases in Cl- conductance in locust skeletal muscle, but had little 
effect on tick muscle. Two electrode current clamp was used to 
monitor input conductance in both GABA-sensitive and GABA-insen
sitive muscle fibres in locust extensor tibiae muscle. In G A B A 
-sensitive muscle fibres J V M (100pM-1nM) reversibly increased Cl-
conductance and antagonised G A B A responses, however higher I V M 
concentrations (10nM-1μM) induced irreversible increases in Cl-
conductance which continued to increase during washing. G A B A 
insensitive muscle fibres produced only irreversible responses to 
I V M . I V M also inhibited Cl- conductance gated by ibotenate-sensitive 
glutamate receptors in locust muscle fibres. Tick muscle fibres 
showed little sensitivity to I V M and were insensitive to ibotenate. We 
conclude that a major component of the I V M response in arthropod 
muscle is mediated via ibotenate-sensitive Cl- channels. 

Arthropod pests have an enormous impact on mankind. As vectors of viral, 
bacterial, protozoal and nematode pathogens, blood sucking insects and arachnids 
are a major threat to human and animal health. Damage by insects and mites to 
crops and stored products has massive effects on economic welfare and food 
avilability for humans and domestic stock. These pressures have inevitably lead to 
strenuous attempts to control arthropod pests. 

Effective control of both free-living and ectoparasitic arthropods is heavily 
dependent on chemical control, the scale of which can be seen from sales figures 
which are projected to reach 7 billion $US by 1995 (1). Although the existing 
chemical agents in use are valuable both in terms of their ability to boost 

1Current address: Department of Physiology, St. George's Hospital Medical School, 
Cranmer Terrace, London SW17 ORE, United Kingdom 

2Current address: Department of Entomology, University of California, 
Riverside, CA 92521 

0097-6156/95/0591-0251$12.00/0 
© 1995 American Chemical Society 
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agricultural output and to improve public and animal health, a heavy reliance is 
placed on two major chemical groups: the pyrethroids and the organophosphates. 
These compounds are neurotoxins affecting respectively: neuronal voltage-sensitive 
sodium channels, and acetylcholinesterase. However the heavy reliance on actions 
at these two target sites and the intensive application of these molecules has 
resulted in a significant problem of resistance in many parts of the world. 
Historically older commercial pesticides such as DDT and the chlorcycloalkanes, 
although effective in terms of arthropod control, achieved notoriety as a result of 
the persistence and toxicity of residues in the natural environment. Thus the search 
for safer, effective pesticides preferably working at different target sites is driven 
on by these combined needs. 

Avermectins. It was in this context that the announcement of a new class of 
pesticides, the Avermectins derived from a microorganism Streptomyces 
avermitilis(2), generated considerable interest. These compounds were reported to 
be very active nematicides(3) insecticides(4,5) and acaricides (S) and it was 
apparent from early work that the avermectins did not share the same mode of 
action as existing pesticides(6). The site of action was generally ascribed to 4-
aminobutyric acid (GABA) receptors, however Turner and Schaeffer(6) in 
reviewing this topic point to the difficulties in interpreting the many studies carried 
out in widely different systems using a baffling array of experimental methods. In 
this chapter we shall review our attempts, using electrophysiological techniques, to 
determine the mechanism(s) of action of 22,23 dihydroavermectin B l a (Ivermectin 
IVM) on the skeletal muscle of two arthropod species: an insect, the locust 
Schistocerca gregaria; and an acarine ectoparasite, the cattle tick Ambfyomma 
hebraeum. 

Insect Skeletal Muscle 

The Locust Extensor Tibiae (ET) Muscle The ET muscle in the metathoracic 
(jumping) leg of grasshoppers and locusts consists of many bundles of muscle 
fibres. 

The complex postural movements and powerful jumping response mediated 
by this muscle are under the control of "fast excitatory", "slow excitatory" and 
"inhibitory" motoneurons situated in the CNS of the insect. The pattern of 
innervation and nomenclature of these muscle bundles was described by Hoyle(7), 
who showed that the smaller proximal and distal muscle bundles received both slow 
excitatory and inhibitory innervation whereas the large medial bundles were only 
supplied by fast excitatory axons (Figure 1). The excitatory and inhibitory transmit
ters are respectively L-glutamate and GABA(8). 

Pharmacology of (ET) Muscle Bundles The actions of drugs and neurotransmitters 
on the mechanical and electrophysiological responses of locust ET have been 
extensively studied over the last 25 years (8,9). It is now generally agreed that the 
principal excitatory and inhibitory neurotransmitters are L-glutamate and G A B A 
respectively. Ionophoresis of L-glutamate demonstrated that receptors occurred not 
only at neuromuscular junctions but were distributed across the extrajunctional 
sarcolemma (10); furthermore the extrajunctional receptors were of two types: 
Depolarising glutamate receptors which were sensitive to the glutamate analogue 
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quisqualate and gated cationic channels (qGluR) and hyperpolarising glutamate 
receptors which were sensitive to ibotenate and gated chloride channels (iGluR) 
(11). As one would predict the excitatory junctional receptors responded to L -
glutamate by gating cationic channels resulting in depolarisation. 

Inhibitory post-synaptic potentials and ionophoretic G A B A responses in ET 
muscle bundles were both found to activate chloride (CI) channels with the same 
reversal potential (12) and responses were antagonised by picrotoxin providing 
strong evidence that G A B A was the inhibitory neuromuscular transmitter. 

ET muscles have also been shown to be innnervated by neurons releasing 
octopamine (13) and proctolin (14,15) which modulate the contractility of ET 
muscle fibres, probably via second messenger systems. 

Two-Electrode Current Clamp When we embarked on our studies of the actions 
of I V M on insect muscle we were aware of the problematic properties of this 
pesticide for electrophysiology, it is highly lipophilic, relatively insoluble in water, 
active at low concentrations and its actions were reported to involve irreversible 
changes in CI" permeability. The method we employed was to measure the input 
conductance of muscle cells using a two-electrode current clamp whilst delivering 
I V M and other drugs via bath perfusion or local microperfusion from a 
micropipette. Constant current pulses were injected into the muscle through a 
microelectrode whilst monitoring the membrane potential via a second 
microelectrode. Alterations in input conductance resulting frrom the opening or 
closing of ion-channels in the cell membrane result in changes in the size of the 
electrotonic potential resulting from the injected current pulses (Figure 2). The 
recording system is very stable permitting experiments to be carried out over 
several hours without change in the resting input conductance. The bathing 
physiological saline contained 2% dimethyl sulfoxide (DMSO) to keep I V M in 
solution. This vehicle is frequently used in studies on I V M and other lipophilic 
pesticides and its effects on cell physiology are often discounted, however in our 
studies we found that DMSO altered potassium permeability (16) and in all 
experiments muscles were equilibrated with saline containing 2 % DMSO which was 
present in all subsequent bathing solutions and drug applications. 

GABA-Sensitive Distal Muscle Bundles The distal muscle bundles 32-34 (Figure 
1) are innervated by the inhibitory motor nerve(7). Application of G A B A to these 
muscle fibres resulted in dose-dependent increases in input condcutance (17, 18) 
(Figure 2) which were abolished in Cl'-free saline. The pharmacology of the G A B A 
response was characterised using a range of agonists and antagonists as well as 
modulators of GABA-gated CI" conductance such as pentobarbitone (19). The 
pharmacology of these locust ET muscle G A B A receptors resembled that of the 
vertebrate G A B A A receptor in several respects, however locust ET muscle G A B A 
receptors were insensitive to bicuculline. 

The actions of I V M on these muscle fibres were complex (20). At low 
concentrations (lOOpM - lOnM) microperusion of I V M induced dose dependent 
increases in CI" conductance which were fully reversible on washing (Figure 3). 
Application of I V M (lOOpM - lOnM) during a G A B A activated increase in 
conductance resulted in a decrease in the G A B A response (Table I). The G A B A 
antagonism was reversible and non-competitive (Table I). 
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32 33 34 

Figure 1. Diagram of the femur of a locust Schistocerca gregaria 
metathoracic ("jumping") leg showing the position of the GABA-
sensitive distal muscle bundles 31-33 and the GABA-insensitive "Fast" 
muscle bundles of the extensor tibiae muscle. 

ImMGABA 

-60mV 

lOnA 

60s 

Figure 2. Current-clamp recording showing the change in input 
conductance in muscle bundle 33 due to perfusion of ImM GABA. 
Downward deflections represent hyperpolarising electrotonic potentials 
resulting from the injection oflOnA pulses of current. GABA produces 
a hyperpolarisation of the membrane potential and an increase in input 
conductance. 
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Table I. Microperfusion of I V M Induces Reversible Conductance Increase and 
Inhibition of GABA-induced Conductance In Muscle Bundle 33 of Locust ET 
Muscle 

Dose I V M Conductance Increase 
(nS) ± S .E .M. of (n) 
observations 

% Inhibition of Conduct
ance produced by ImM 
GABA ± S.E.M.(n) 

75pM 16 ± 6 (5) 17.3 ± 5.1 (3) 

lOOpM 50 ± 7 (6) 63.5 ± 3.3 (7) 

InM 105 ± 9 (5) 68.3 ± 1.5 (5) 

7.5nM 258 ± 35 (6) 82.0 ± 3.7 (5) 

When higher concentrations of I V M (lOnM - lj iM) were perfused over muscle 
bundles 31-34 an increase in input conductance was produced which was both 
irreversible on washing with saline containing DMSO and continued to increase for 
60 mins after I V M was washed from the bath(Figure 4; Table II). During these 
irreversible IVM-induced conductances, application of G A B A produced a 
potentiated response (Table II). 

Table n. Microperfusion of I V M Induces Irreversible Conductance Increases Which 
Continue for 60 Mins After Washing, and Potentiates GABA-induced Conductance 
in Locust ET Muscle Bundle 33 

Dose I V M 
G*M) 

Irreversible Increase in Conduct
ance (jiS) ± S .E .M. (n) 

% Increase in 
G A B A Response 
Compared with 
ImM G A B A ± 
S .E .M (n) 

3-5 Minutes 
After I V M 

60 Minutes After 
I V M 

10 n M 0.63 ± 0.14 1.79 ± 0.45 (6) 60.8 + 8.1 (25) 

lOOnM 3.33 ± 0.69 5.62 ± 0.97 (7) 170.4 ± 24 (13) 

500nM 4.2 ± 0.58 8.25 ± 0.65 (3) Not Tested 

1/xM 9.11 ± 0.78 36.0 ± 5.9 (8) 334.1 ± 79.7 (16) 

However the picture was further complicated by the following experiment: I V M 
(lOOnM) was applied and induced an irreversible conductance increase; it was then 
washed from the bath and G A B A (ImM) was perfused over the muscle and as 
expected the G A B A response was potentiated. If I V M (lOOnM) was now reapplied 
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InM IVM 

-64mV 

lOmV 

60s 

Figure 3. Reversible increase in input conductance in muscle bundle 
33 produced by microperfusion of InM IVM. 

-47mVi 
120s 

lOmV 

lOnMIVM 

Figure 4. Irreversible increase in input conductance in muscle bundle 
33 produced by microperfusion of lOnM IVM . The conductance 
continues to increase after IVM application ends. 
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during the G A B A perfusion, the potentiated G A B A response was antagonised. We 
interpret these complex responses to I V M on G A B A sensitive muscle fibres in 
locust ET as being due to effects on both GABA-gated C I channels and other CI" 
channels which are not associated with GABA receptors. This hypothesis could be 
readily tested using the ET muscle where the majority of the fast muscle bundles 
(Figure 1) do not respond to G A B A . 

GABA-Insensitive Fast Muscle Bundles Microperfusion of I V M (InM-l/xM) onto 
fibres which were insensitive to G A B A evoked an irreversible increase in CI" 
permeability which continued to develop for up to 60 mins following washing of 
the pesticide from the bath (20) (Table m). 

Table HI. Microperfusion of I V M onto GABA-insensitive Muscle Bundles of 
Locust ET Muscle Induces Irreversible Conductance Increases Which Continue for 
60 Minutes Following Washing 

Dose I V M Irreversible Increase in Conductance QtS) ± 1 
S . E . M . (n) | 

3-5 Minutes After I V M 60 Minutes After I V M | 

InM 0.18 ± 0.05 0.65 ± 0.15 (5) 

7.5nM 0.47 ± 0.13 1.31 ± 0.04 (3) 

lOnM 1.36 ± 0.33 4.74 ± 0.99 (5) 

lOOnM 2.81 ± 0.34 7.66 ± 0.25 (3) 

1/tM 11.1 ± 1.49 47.4 ± 8.44 (3) 

If these responses are not due to the action of I V M on G A B A receptor CI' channels 
the obvious question is what type of CI" might they be? In Ascaris muscle patch-
clamp studies (21) showed that I V M depressed GABA-activated channel currents, 
but also opened non-GABA-activated CI" channels with long average open times. 
In locust ET muscle ionophoresis (11) and patch-clamping (22) revealed that iGluR 
are widely distributed across the sarcolemma (Figure 5). They gate CI" currents and 
can be selectively activated by the glutamate analogue [2-(3-hydroxyisoxazol-
5yl)glycine] (ibotenic acid) (23,11). Using two-electrode current-clamp we found 
that perfusion of ibotenic acid on to ET muscle bundles (Figure 6) produced a dose-
dependent increase in CI" conductance over the range 1/xM - ImM (24). Responses 
to ibotenic acid (lOOjiM) were reduced by I V M (500pM-100nM) (Table IV). 

These results demonstrate that I V M does interact at low concentrations with 
iGluR, however to gain a more precise understanding of the interaction of I V M 
with iGluR it will be necessary to use a method with a higher resolution. Recent 
developments in methodology have now enabled recordings of membrane currents 
resulting from the activation of small populations of iGluR using a liquid filament 
switch to apply brief pulses of ibotenate to an outside-out patch of membrane 
excised from ET muscles in a patch-clamp micropipette (Figure 7). This method 
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Distal Muscle Bundles 32-34 

N a + K * 

iGluR ( Glu ) 1 G , u R 

Cl N a + K + 

Fast Muscle Bundles 

Figure 5. Cartoon of the putative receptors for neurotransmitter amino 
acids on ET muscle fibres. The presence of extrajunctional qGluR and 
GABA receptors on distal muscle fibres is likely but has not been 
shown experimentally. 

lOnA lOmV 

100/xM Ibotenate 10s 

Figure 6. Perfusion of lOOuM ibotenic acid induces an increase in 
input conductance in a GABA-insensitive fast muscle bundle. The 
response desensitises during ibotenate application. 
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should allow us to gain a fuller understanding of the actions of I V M on locust 
muscle. 

Table IV. I V M Inhibits Increases in Input Conductance Produced by Perfusion of 
Ibotenic Acid (100/xM) in Non-GABA Sensitive Muscle Bundles of Locust ET 
Muscle 

Dose I V M 
GxM) 

Mean % Reduction in Response to Ibotenic Acid 
(IOOJXM) Caused by Microperfusion of I V M ± S E M (n) 

500pM 51 ± 7.8 (4) 

InM 59 ± 4.1 (13) 

lOnM 100(3) 

Tick Skeletal Muscles 

Treatment of domestic stock using I V M has been shown to control a range of 
ectoparsites including cattle ticks of the genus Boophilus (24). Injection of I V M 
into the cattle tick Ambfyomma hebraeum caused paralysis which affected movement 
and feeding (25). Harrow et al (26) found that I V M at concentrations in excess of 
IfiM produced an increase in muscle membrane CI" conductance and inhibited 
spontaneous activity recorded from the synganglion (CNS) of Ambtyomma 
hebraeum. Our findings on the actions of I V M on insect muscle CI" channels 
encouraged us to extend our studies to examine the skeletal muscles of the cattle 
tick Ambtyomma hebraeum. 

The size and anatomy of cattle ticks restricts the range of skeletal muscles 
which are accessible to electrophysiological studies. For the work described here 
an incision was made around the dorsal/lateral edge of the cuticle (shield). The 
shield was folded anteriorly and the viscera were dissected away to reveal four sets 
of coxal muscles. The preparation was continuously perfused with tick saline (mM: 
NaCl 203, KC16, CaCl 2 10, HEPES 10, M g C l 2 1 ; pH 6.9) and drugs were applied 
via the bath perfusion or microperfiised onto the target muscle. Coxal muscle fibres 
were impaled with two microelectrodes and two electrode current-clamp was used 
to investigate changes in input conductance produced by drug perfusion. 

Pharmacology of tick coxal muscle Coxal muscle fibres responded to G A B A (luM 
- ImM) with dose-dependent increases in CI" permeability (Figure 8). Muscimol 
was a more potent agonist with an E C 5 0 approximately 10 fold lower than that for 
G A B A . G A B A responses were antagonised by picrotoxin but not by bicuculline and 
were potentiated in the presence of pentobarbitone and the benzodiazepine 
flurazepam (27). This pharmacological profile closely resembles that described 
above for locust skeletal muscle G A B A receptors. 

Application of L-glutamate resulted in depolarisation accompanied by a dose 
dependent increase in input conductance (Figure 9) which is consistent with 
glutamate induced increases in cation permeability described in other arthropod 
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10s 100/xM Ibotenate 100/iM 

Figure 7. Pulses of ibotenate applied using the liquid filament 
technique activate transmembrane Ct currents in outside-out patches 
of membrane excised from locust fast muscle fibres. 

O Muscimol 

Concentration M 

Figure 8. Dose-response curves for GABA and Muscimol application 
to tick coxal muscle fibres. Each point is the mean change in conduct
ance ± S.E.M (n=3). 
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10pM Glu SO/iM Glu lOOpMGlu 500/xMGlu ImMGlu 

lOmV 

60s 

Figure 9. L-glutamate induces dose-dependent depolarisation and 
increased input conductance in tick coxal muscle fibres. 

skeletal muscles (28). Glutamate has also been shown to produce muscle 
contractions in ticks (29). 
The actions of G A B A and Glutamate were closely parallel to those found in locust 
muscle, however in 85% of tick muscles tested perfusion of I V M (InM - 50JAM) 
had no effect on either the input conductance or membrane potential. Very high 
doses of I V M (> lOO^M) produced irreversible increases in conductance. 15% of 
fibres tested produced small reversible increases in input conductance at concentra
tions above 50 n M . These results were surprising considering the high sensitivity 
of insect muscle and the knowledge that I V M is a potent paralytic acaricide. 

In view of the evidence presented above that I V M may interact with 
ibotenate-sensitive glutamate-gated CI" channels in insect muscle and the recent 
findings of Arena et al and Rohrer et al (this volume) that the high affinity binding 
site for I V M in nematodes and insect CNS is also an ibotenate sensitive glutamate-
gated Cl~ channel, we decided to test whether tick muscle was sensitive to ibotenate. 
Figure 10 shows that perfusion of G A B A 100/xM over tick muscle produced a clear 
increase in input conductance, whereas the same muscle fibre is insensitive to both 
ibotenate and I V M . This strongly suggests that the sensitivity of arthropod skeletal 
muscles is associated significantly with iGluR channels. 

The acaricidal actions of I V M are probably mediated through sites in the 
CNS. We obtained electrophysiological data confirming the findings of Harrow 
et al (26) that I V M potently inhibits spontaneous electrical activity in the CNS of 
Amblyomma hebraeum. 

Conclusion 

Our results show that I V M has several sites of action and more than one 
pharmacological effect in arthropod muscles. The actions on insect muscle appear 
to involve CI' channels gated by both G A B A and iGluR. It is likely that the 
widespread distribution of iGluR, estimated from patch-clamp studies to be 100 per 
fim2 (22), is responsibility for the high sensitivity of locust muscle to I V M . The low 
sensitivity of tick muscle to both ibotenate and I V M presumably implies a paucity 
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lOO/zM GABA lOOpM Ibotenate lOOnM IVM 

60s 

Figure 10. Perfusion oflOOuM GABA produces hyperpolarisation and 
a large increase in input conductance in a tick coxal muscle fibre. 
However the same muscle fibre is insensitive to lOOuM ibotenate and 
lOOnMTVM. 

of glutamate-gated CI" channels in tick muscles, however without single channel 
studies this will remain speculative. 

I V M was found to produce conductance increases in tick muscle at very 
high concentrations, however this result may a non-specific effect of I V M as at uM 
concentrations it has been shown to produce unitary currents in planar lipid bilayers 
which are cation specific (30). Although a picture is emerging from studies on 
nematodes and insects of I V M opening CI" channels associated with amino acid 
receptors, the precise action of I V M on these molecules is unknown and awaits 
detailed molecular and electrophysiological studies. 
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Chapter 17 

Ivermectin Interactions with Invertebrate Ion 
Channels 

Susan P. Rohrer and Joseph P. Arena 

Merck Research Laboratories, Department of Cell Biochemistry and 
Physiology, P.O. Box 2000, Rahway, NJ 07065 

Ivermectin is a semi-synthetic analog of avermectin B1a. It is 
a potent anthelmintic/insecticide effective against a broad 
range of parasites. Ivermectin binding sites from nematodes 
and insects have been characterized by employing a 3H-
ivermectin binding assay and subsequently identified with an 
125I-azido-avermectin analog. Avermectin binding proteins 
from the free l iv ing nematode, Caenorhabditis elegans, and 
from the dipteran, Drosophila melanogaster, have been 
pur i f ied by immuno-affini ty chromatography us ing a 
monoclonal antibody against the l igand , avermectin. 
Electrophysiological and pharmacological characterization of 
the chloride ion channel target of ivermectin action in C. 
elegans has been accomplished by injecting C. elegans m R N A 
into Xenopus oocytes and studying the expressed chloride ion 
channel. The endogenous l igand for the avermectin 
sensitive chloride channel expressed in oocytes is glutamate. 
A t low concentrations, ivermectin potentiates the effect of 
glutamate on the channel, while at high concentrations, 
ivermectin causes irreversible opening of the channel. 

The avermectins are a family of macrocyclic lactones synthesized as 
natural fermentation products by the bacterium, Streptomyces avermitilis. 
The producing organism was isolated from a soil sample collected in Japan 
as part of a collaborative agreement between Merck Research Laboratories 
and Kitasato Institute i n Tokyo (2). Potent anthelmintic activity of the 
avermectins was discovered when a fermentation broth generated from 
the soil sample was introduced into the diet of mice infected wi th the 
intestinal nematode parasite, Nematospiroides dubius (2,3). Subsequent 
investigations revealed that this class of compounds also possessed potent 
insecticidal activity but lacked antibacterial or antifungal properties (4,5). 

0097-6156/95/0591-0264$12.00/0 
© 1995 American Chemical Society 
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17. ROHRER& ARENA Ivermectin and Invertebrate Ion Channels 265 

Ivermectin (22, 23 dihydroavermectin B i a / Figure 1), a semi
synthetic avermectin analog (6), was introduced commercially in 1981 and 
rapidly became the drug of choice for treating a broad spectrum of 
conditions caused by nematode and arthropod parasites (7,8). Ivermectin 
has been marketed for use against Dirofilaria immitis, the causative agent 
of heartworm disease in dogs (9). In humans, ivermectin (Mectizan®) was 
shown to be effective in the treatment and prevention of onchocerciasis 
(or river blindness) in West Africa, and Central and South America (10,11). 
Abamectin (avermectin B i a ) , developed for use as an insecticide in crop 
protection programs, was introduced in 1985 and has been shown to be 
effective against mites, leafminers, and lepidopterans (12). 

Wi th respect to the general mechanism of action, the avermectins 
are not unlike the anthelmintic compounds that preceded them. The 
organophosphates (13), pyrantel and morantel (14,15), levamisole and 
tetramisole (16) and the avermectins (17,18) a l l act by interrupting 
neuromuscular transmission at some level. However, the avermectins 
are noteworthy for their extraordinary potency against a broad spectrum of 
endoparasites and ectoparasites combined wi th a lack of toxicity to 
mammals, features which have contributed to the superior therapeutic 
index d isplayed by the avermectins over previous ly discovered 
anthelmintics. 

Ivermectin mode of action 

Early studies showed that ivermectin induced paralysis in invertebrates 
was associated with increased cell permeability to chloride (for review see 
(19,20)). This suggested that the target of drug action was a chloride 
channel. The additional f inding that picrotoxin blocked avermectin-
sensitive increases in chloride conductance led to the suggestion that 
ivermectin interacted wi th GABA-ga t ed chloride channels (17,21,22). 
However, Duce and Scott (23) showed that avermectin increased the 
chloride conductance of locust leg muscle bundles which d id not contain 
GABA-sensitive chloride channels. It was subsequently demonstrated that 
avermectins activated a glutamate-sensitive chloride conductance i n 
locust leg muscles (24). Its noteworthy that glutamate-gated chloride 
channels (or H-receptors) are also sensitive to picrotoxin (24,25,26). 
Moreover , Zufa l l et al . (27) showed that avermectins activated a 
p ic ro tox in -sens i t ive mul t i t ransmi t te r -ga ted (glutamate, G A B A , 
acetylcholine) chloride channel on crayfish muscle. These studies 
supported the hypothesis that avermectins modulate ligand-gated chloride 
channels. 

Identification of the target in nematodes and insects 

Isolation and characterization of the nematode specific ivermectin channel 
from the free l i v ing nematode, Caenorhabditis elegans has been the 
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primary focus of our research efforts. We selected this animal as our 
model system because C. elegans is highly sensitive to avermectin (28). 
The ease wi th which the organism can be maintained in the laboratory 
and the feasibility of culturing massive quantities of worms for large scale 
experiments were additional reasons for choosing C. elegans over parasitic 
nematodes. M u c h of the biochemistry and molecular biology to be 
described (29,30£1 £2) was facilitated by our development of a protocol for 
cultivating C. elegans worms in 500 gm quantities (33). In addition, the 
neuromuscular system of C . elegans has been w e l l characterized 
developmentally, biochemically, and physiologically (34) and the neuronal 
"wiring diagram" is similar to that of parasitic nematodes, such as Ascaris 
suum (35,36). 

Specific, high affinity ivermectin binding sites have been identified 
and thoroughly characterized in membrane preparations isolated from C. 
elegans (37). The affinities of a series of avermectin analogs for this 
binding site were determined and compared to the biological activity of 
each compound in a C. elegans motility assay (Figure 2). The motility 
assay is performed in l iquid media and involves overnight incubation of 
C. elegans worms in the absence or presence of drug (38). The strong 
correlation between the binding affinity and biological activity suggest that 
binding of ivermectin to this site mediates neuromuscular paralysis. 

H i g h affinity ivermectin binding sites also have been identified in 
membranes prepared from several different arthropods inc lud ing 
Drosophila melanogaster, Schistocerca americana (Figure 3), Spodoptera 
frugiperda, Heliothis zea and Liriomyza sativae (data not shown). A l l 
tissues tested were similar with respect to affinity for ^H-ivermectin but 
receptor density was variable. The density of binding sites in Drosophila 
head membrane preparations was ten fold greater when compared to 
membranes from whole w o r m homogenates of C. elegans and the 
metathoracic ganglia neuronal membranes from Schistocerca americana 
were enriched 100-fold over C. elegans. (39): 

Although resistance to ivermectin has not presented itself as a 
problem i n the field thus far, the question of target site involvement in 
the development of resistance could be addressed by comparing w i l d type 
and resistant organisms in the ^H-ivermectin binding assay if, and when, 
it arises in any of the arthropods listed above. Such a study was performed 
by comparing ivermectin sensitive and ivermectin resistant strains of the 
parasitic nematode, Haemonchus contortus (40). Membranes were 
prepared from L3 larvae of the w i l d type susceptible worms and 
ivermectin resistant worms. Both tissue preparations exhibited high 
affinity avermectin binding sites and the number of sites per mg of protein 
was the same indicating that resistance in this particular strain was not 
due to a change in the affinity of the receptor for the l igand or in the 
number of receptors present on the membranes. This experiment also 
demonstrated that the membrane receptor from a parasitic target 
organism, was nearly identical to the C. elegans membrane receptor with 
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250 

0.1 0.25 0.5 1.0 2.5 

K, (nM) 

Figure 2. Correlation between binding affinities for a series of 
avermectin analogs and their efficacy in the C. elegans motility assay. [1] 
ivermectin [2] avermectin B2a [3] avermectin B i a 4"-0-phosphate [4] 
ivermectin-aglycone [5] ivermectin-monosaccharide [6] avermectin B i -
monosaccharide [7] 2-dehydro-4-hydro-a-2^-avermectin B i [8] avermec
tin Bia-5-ketone. (Reproduced with permission from ref. 37. Copyright 
1989 Elsevier Science Ltd.) 
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[3H-IVM] nM 

Figure 3. Characterization of avermectin binding sites on membranes 
from C. elegans, Drosophila melanogaster, and Schistocerca americana. [A] 
Membranes were prepared by homogenizing whole C. elegans worms 
and isolating a 28,000 x g membrane preparation. Specific binding of 
1 2 5 i - a z i d o - A V M was measured i n the dark to avoid non-specific 
crosslinking of the ligand to other proteins. [B] Binding of ^ H -
ivermectin to D . melanogaster. Membranes were prepared by 
homogenizing heads of adult flies and isolating a 28,000 x g membrane 
preparation. [C] ^H-ivermect in b inding to adult S. americana. 
Metathoracic ganglia were dissected from adult Schistocerca americana. 
Neuronal membranes were homogenized and a 28,000 x g pellet 
prepared. (Reproduced with permission from ref. 32. Copyright 1992 
S.P. Rohrer and from ref. 39. Copyright 1994 Insect Biochemistry and 
Molecular Biology). 
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respect to affinity for ivermectin (Kd) and receptor density or number of 
binding sites per mg of membrane protein (Bmax). 

Crude C. elegans and Drosophila membrane preparations have been 
useful for characterizing many aspects of the interaction of ivermectin 
wi th the nematode and insect b inding sites respectively. However , 
purification and cloning of the nematode or insect receptors could lead to a 
more precise understanding of the mechanism of action and facilitate the 
establishment of new mechanism based screens for identification of novel 
compounds which interact with the same ion channel proteins. Because 
of the inherent difficulties associated wi th isolation and cloning of ion 
channel proteins, independent biochemical and molecular biological 
approaches toward obtaining the C. elegans and Drosophila ivermectin-
sensitive chloride channel have been taken. 

Biochemical isolation of ivermectin receptors from insect and nematode 
tissues 

The purification of the invertebrate ivermectin receptor was facilitated by 
the use of an a z i d o - A V M analog as a photoaffinity probe (32). The 
compound shown in Figure 1 was synthesized (42) and found to be 
biologically active in the C. elegans motility assay as wel l as the C. elegans 
ivermectin binding assay (Figure 3A) in spite of the addition of the large 
substituent at the 4M-position. The ivermectin receptor was solubilized 
from C. elegans membranes with Triton X-100 and then incubated i n the 
presence of the photoaffinity probe at room temperature in the dark. After 
a one hour incubation, dextran coated, activated charcoal was added in 
order to adsorb any unbound I Z S j - a ^ d o - A V M . The affinity l igand was 
crosslinked to the receptor by exposure to U V light and the result analyzed 
by autoradiography of an SDS-PAGE gel (Figure 4A). Three C. elegans 
proteins with molecular weights of 53, 47, and 8 kDa were radiolabeled. 
Increasing concentrations of unlabeled ivermectin (lanes 2-5) resulted in 
elimination of the affinity labeling pattern. The low concentrations (10"8 

M) of ivermectin required to block the labeling pattern suggested that all 
three proteins were associated with the high affinity drug binding site. It is 
unknown whether the three labeled proteins represent non-identical 
subunits of a multi-subunit receptor, metabolic breakdown products of a 
larger precursor, or tissue specific forms of the receptor. 

The Drosophila proteins were affinity labeled while still bound to 
the membrane (Figure 4B). Photoaffinity labeling of the Drosophila head 
membranes resulted in identification of an apparent doublet in the 45 kDa 
size range. Labeling was blocked by ivermectin at low concentrations, 
indicating that these two proteins are part of the high affinity drug binding 
site. A biological ly inactive avermectin analog (3,4,8,9,10,11,22,23-
octahydroavermectin B i a ) , d id not block the labeling pattern, consistent 
wi th the interpretation that the two proteins at 45 k D a were specific 
labeling products. 
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Figure 4. [Panel A] Photoaffinity labeling of the C. elegans avermectin 
binding site. Autoradiography of a 5-20% polyacrylamide gel. Each lane 
contained 200 mg of Triton X-100 soluble membrane protein. C. elegans 
proteins were labeled with 1251-azido-AVM in the presence of 0.0, 0.2, 
0.8,2, or 20 n M ivermectin (lanes 1-5). 
[Panel B] Photoaffinity labeling of the Drosophila avermectin binding 
proteins. Autoradiography of a 5-20% gradient gel. In the presence of 
increasing concentrations of unlabeled ivermectin (0.1 n M , 1 n M , and 10 
n M in lanes 2-4 respectively) the labeling pattern was progressively 
blocked, indicating that the 45 kDa labeling product was associated with 
the high affinity site. The inactive analog, octahydroavermectin added at 
a concentration of 1 n M did not block labeling (Lane 5) indicating 
specificity of the labeling result shown in Lane 1. (Reproduced with 
permission from ref. 32. Copyright 1992 S.P. Rohrer and from ref. 39. 
Copyright 1994 Insect Biochemistry and Molecular Biology). 
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Purification of the photoaffinity labeled C. elegans and Drosophila 
melanogaster proteins was accomplished using a monoclonal antibody 
against avermectin B i a to capture the 1 2 5 i - a z i d o - A V M labeled proteins 
(42). Preparative scale labeling and purification of the Drosophila proteins 
led to the recovery of picomole amounts of pure protein (Figure 5 and 
Table I) which may prove to be adequate for obtaining internal amino acid 
sequence information. 

T A B L E I. Purification of the photoaffinity labeled Drosophila 
melanogaster protein 

Purification 
Step 

Total 
Protein 

(mg) 

125i. 
A z i d o 

A V M 
Receptor 
(pmol) 

Specific 
Act. 

(pmol/mg) 
Purification 

(fold) 
Recovery 

(%) 

Head 
Membranes 927 324a 0.35 1 100 
X-Link and 
Resuspend 
in Tr i s /SDS-
D T T 

N D 324^ N D N D N D 

S-300 Gel 
Fil trat ion 125 293 2.34 7 90 
Protein 
A-3A61 
Antibody 
Affinity 

.023 b 78 3391 9688 24 

a p m o l of receptor covalently crosslinked to 1 2 5 i - A z i d o - A V M . 
Approximately 10% of total ligand bound became covalently crosslinked 
upon photolysis. 
b Based on Coomassie Blue staining of radiolabeled protein i n 10% SDS-
P A G E gels. (Reprinted with permission from ref. 42. Copyright 1994 The 
Biochemical Society and Portland Press.). 

Electrophysiology, pharmacology and expression cloning of the ivermectin 
receptor 

Electrophysiological evaluation of C. elegans was not feasible because the 
tough cuticle prevents penetration with microelectrodes and procedures 
for patch clamping of isolated neurons or muscle cells have not been 
established. Therefore, the Xenopus oocyte system was explored as a 
surrogate for expression of the C. elegans ivermectin gated channel. C . 
elegans poly ( A ) + R N A (mRNA) was isolated and injected into Xenopus 
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Figure 5. Purification of the photoaffinity labeled avermectin binding 
proteins from Drosophila melanogaster. Two major proteins (Lanes 2 and 
3) wi th approximate molecular weights of 47 kDa and 49 kDa were 
obtained. A third protein with a molecular weight of 45 kDa is less 
heavily radiolabeled. The protein shown i n lane 4 is mouse 
immunoglobulin heavy chain which co-elutes from the antibody affinity 
column along wi th the avermectin binding proteins as a result of 
leaching from the column. (Reproduced with permission from ref. 42. 
Copyright 1994 The Biochemical Society and Portland Press.). 
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oocytes (20,29,30). Wi th in 48-72 hours the protein translational and 
processing machinery of the oocyte expressed a functional ion channel 
from the nematode m R N A . Channel activity was measured using a 
standard two microelectrode voltage damp procedure (29^0). Application 
of ivermectin, or a water soluble derivative, 22,23-dihydroavermectin B i a -
4"-0-phosphate ( I V M P O 4 ) , induces a s lowly activating, essentially 
irreversible increase in membrane current (Figure 6). The irreversible 
nature of the response is consistent with the slow rate of dissociation for 
ivermectin observed in binding studies (31,37). The ivermectin-sensitive 
membrane current displays a reversal potential, sensitivity to extracellular 
chloride, and current/voltage relationship consistent wi th the flow of 
chloride through chloride channels. In addition, the current is blocked by 
high concentrations of picrotoxin (29). The ability of a series of avermectin 
analogs to activate current in oocytes has been shown to be directly 
correlated wi th nematocidal efficacy and membrane b inding affinity 
(manuscript submitted). Ivermectin has no effect on non-injected or 
water injected oocytes (Figure 6), and octahydroavermectin, the 
biological ly inactive analog, does not activate the chloride channel 
expressed i n oocytes. These data strongly suggest that the channel 
expressed in oocytes represents the target of neuromuscular paralysis in 
the worm. 

Oocytes injected wi th C. elegans m R N A also respond to the 
neurotransmitter glutamate (Figure 7). In contrast to the response to 
ivermectin, the glutamate-sensitive current activates rapidly, desensitizes 
in the continued presence of glutamate, and is rapidly and completely 
reversible. The glutamate-sensitive current is also carried by chloride and 
is blocked wi th low affinity by picrotoxin (30). Ibotenate, a structural 
analog of glutamate activates current i n oocytes expressing C. elegans 
m R N A (Figure 7). Ibotenate cross-desensitizes wi th glutamate, and is 
approximately four-fold more potent (EC50 70 p M compared to 300 p M for 
glutamate). Specific agonists for glutamate-gated cation channels such as 
kainate, N-methyl-D-aspartate ( N M D A ) , a-amino-3-hydroxyl-5-methyl-4-
isoxazole propionic acid ( A M P A ) , and quisqualate have no effect on the 
chloride channel expressed from C. elegans m R N A (30). 

Severa l l ines of exper imenta l data demonstrate that 
glutamate /ibotenate and ivermectin are acting on the same chloride 
channel. When the concentrations of glutamate and I V M P O 4 that evoke 
maximal responses are coapplied, the response is only slightly larger than 
when either is applied alone (Figure 7). In addition, low concentrations of 
I V M P O 4 (< 10 nM) that have no direct effect on membrane current, 
potentiate the response to sub-maximal concentrations of glutamate 
(Figure 7). This potentiation is due to a reduction in the EC50 and the H i l l 
coefficient of the glutamate dose-response curve (Figure 8). I V M P O 4 has 
the addit ional action of reducing the populat ion of channels that 
desensitize in the presence of glutamate (Figure 8). Finally, both glutamate 
and I V M P O 4 responses are blocked w i th s imilar concentration of 
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C. elegans poly (A)+ RNA Water 

IVM IVM 

IVMPO4 IVMPO4 

100 nAI 

10 sec 

Figure 6. Ivermectin activates a membrane current in Xenopus oocytes 
expressing C. elegans m R N A . Membrane currents were recorded from 
oocytes injected with C. elegans m R N A (left) and with water (right). 
Solid lines above current traces indicate the time of drug application. 
Concentrations of ivermectin and IVMPO4 applied were 1 \iM. 
Ivermectin or I V M P O 4 activated current in >95 % of the oocytes injected 
wi th C. elegans m R N A , but not in oocytes injected wi th water. 
(Reproduced with permission from ref. 29. Copyright 1991 Waverly).  J
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A. Glutamate 1 mM IVMP04 1piM Glutamate 1 mM 

70 nA|^ 
10 sec 

B. Ibotenate 200/iM IVMPO4 1»iM Ibotenate 200 uM 

100 nA|^ 
6 sec 

Glutamate 100uM 

C. Glutamate 100 uM IVMPO4 10nM 

30 nA|__ 
6 sec 

Figure 7. I V M P 0 4 , glutamate, and ibotenate activate the same chloride 
current i n oocytes injected with C. elegans m R N A . A . Response of an 
oocyte to maximal concentrations of glutamate, I V M P 0 4 , and re-
application of glutamate (last trace). B. Response of an oocyte to 
maximal concentrations of ibotenate, IVMPO4, and re-application of 
ibotenate (last trace). C . After the control response to a submaximal 
concentration of glutamate (left), the oocyte was pretreated wi th a 
concentration of IVMPO4 that failed to activate current (middle trace) for 
3 min. Re-application of glutamate in the presence of IVMPO4 resulted 
i n potentiation of the glutamate-sensitive current (last trace). 
(Reproduced with permission from ref. 30. Copyright 1992 Elsevier 
Science.). 
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Glutamate 50pM Glutamate 1mM 

• i i i 
0.001 0.01 0.1 1 10 

Glutamate (mM) 

Figure 8. IVMPO4 shifts the concentration-response curve for 
g lutamate . The plot shows the normalized glutamate-sensitive 
concentration response curve in the absence (filled circles) and presence 
(open triangles) of 2 n M IVMPO4. The smooth curves represent fits to a 
modified Michaelis-Menten equation (30). IVMPO4 decreased the EC50 
for glutamate from 300 to 85 p M , and changed the H i l l coefficient from 
1.8 to 1.0 (smooth curves). The inset shows superimposed current traces 
in the absence (filled circles) and presence of IVMPO4 (open triangles). 
(Reproduced wi th permission from ref. 30. Copyright 1992 Elsevier 
Science.). 
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picrotoxin, and the same size range of the m R N A encodes for glutamate 
and ivermectin responses (29^0,43). 

The activity of ibotenate on the glutamate-gated chloride channels 
expressed from C . elegans m R N A suggests that the channel is similar to 
glutamate-gated chloride channels reported in arthropods. Ibotenate gates 
glutamate-sensitive chloride channels present i n locust muscle ( H -
receptors), locust neurons, cockroach neurons, and lobster muscle 
(25,26,44,45,46,47). Half-maximal activation of these channels by 
glutamate /ibotenate is i n the range of 10-500 | i M , similar to that for 
activation i n C . elegans-injected oocytes. Final ly, it appears that the 
glutamate-gated chloride channels found on locust muscle are gated by 
avermectins (24). These comparative studies support the hypothesis that 
avermectins target glutamate-gated chloride channels. 

Obtaining electrophysiological responses in Xenopus oocytes has 
enabled us to take an expression cloning approach toward isolating c D N A s 
for the C . elegans avermectin receptor (43,48,49). C. elegans m R N A was 
size-fractionated and then injected into Xenopus oocytes. Glutamate- and 
ivermectin-sensitive currents were expressed from m R N A in the 1.8-2.0 
kb size range. A c D N A library was synthesized from the active fraction. 
R N A has been synthesized in vitro from the pools of recombinant c D N A s 
and are being screened i n Xenopus oocytes for expression of an 
ivermectin-sensitive glutamate-gated chloride channel. 

Interactions of avermectins with other ligand-gated chloride channels 

Avermectins are highly selective for invertebrate receptors (37). However 
they have been shown to act on G A B A - g a t e d chloride channels i n 
vertebrate brain (37,50,51,52,53). We have investigated the response to 
ivermectin using oocytes injected with rat brain m R N A ((54), Figure 9). 
There was no direct activation of GABA-sensi t ive chloride current wi th 
ivermectin. However , ivermectin potentiated the response to l o w 
concentrations of G A B A , and reduced the fraction of current that 
desensitized during application of maximal G A B A concentrations. Except 
for the lack of direct activation, the interaction of ivermectin wi th 
mammalian G A B A A receptors resembles the response observed in oocytes 
injected with C . elegans m R N A . In oocytes expressing C . elegans m R N A , 
ivermectin potentiated the effect of glutamate whereas i n oocytes 
expressing rat brain, chick brain, or cloned G A B A A receptor m R N A , 
ivermectin potentiates the effect of G A B A (52,54). In both systems 
ivermectin causes a reduction in the EC50 and the H i l l coefficient of the 
l igand dose-response curve and reduces the fraction of channels that 
become desensitized. 

Avermectins do not readily cross the blood brain barrier, so only 
very l o w concentrations ever come i n contact w i th the vertebrate 
receptors. The combination of lower affinity for the vertebrate receptor 
(37) and compartmentalization of ivermectin may account for the l ow 
incidence of host toxicity with this class of compounds. It has recently 
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0.01 0.1 1 10 100 1000 

GABA (uM) 

Figure 9. IVMPO4 shifts the concentration-response curve for G A B A . 
Oocytes were injected with m R N A isolated from rat cerebral cortex, and 
recordings were made 2 days after injection. The inset shows 
superimposed current traces in the absence and presence of IVMPO4 
(open triangles). The plot shows the G A B A dose response curve in the 
absence (filled circles) and presence (open triangles) of 1 p M IVMPO4. 
The smooth curves represent fits to a modified Michaelis-Menten 
equation (30). IVMPO4 decreased the EC50 for G A B A from 42 to 3 p M , 
and changed the H i l l coefficient from 1.8 to 1.0 (smooth curves). 
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been shown that transgenic mice with a disrupted m d r l a gene are 100 
times more sensitive to ivermectin than are w i l d type mice (55). The 
m r d l a gene encodes for the major drug transporting P-glycoprotein in the 
blood brain barrier (55). This result suggests that normal individuals 
expressing a functional m d r l a gene, are not subject to toxic side effects of 
ivermectin because they possess the ability to prevent drug accumulation 
in brain tissue by virtue of the P-glycoprotein efflux pump. 

Avermectins also have been shown to interact wi th other members 
of the l igand gated chloride channel family. They inhibit strychnine 
b ind ing to the mammalian glycine-gated chloride channels i n a 
noncompetitive fashion (56). In crayfish stomach muscle, avermectins 
activate a multi-transmitter-(glutamate, acetylcholine, G A B A ) gated 
chloride channel (27). Moreover, there is evidence for both potentiation 
and blockade of GABA-gated chloride channels in arthropods (23,57), and 
blockade of the Ascaris body wal l muscle GABA-gated chloride channels 
(58,59). Based on these accounts, avermectins appear to be a promiscuous 
class of compounds interacting with many of the known ligand-gated 
chloride channels. It remains to be determined whether the effects of 
direct channel activation, blockade, and/or potentiation of ligand-gated 
responses can be correlated with the biological activity of the avermectins. 

Future studies 

The biochemical isolation and expression cloning approaches outlined 
earlier are being applied in parallel in order to obtain the C. elegans and 
Drosophila avermectin receptor genes. Cloning of the genes that encode 
chloride channels gated by glutamate from both nematodes and insects 
w i l l broaden our understanding of the physiological importance of these 
channels and the similari ty of these channels to other ligand-gated 
chloride channels. It w i l l also al low us to determine the native 
configuration and conformation of the receptor as we l l as its exact 
anatomical location in nematodes and insects. Cloning of homologous 
ion channel protein genes from parasitic nematodes and arthropods w i l l 
be facilitated as w i l l studies of the developmental regulation of the 
expression of these genes. Ultimately, we intend to use the genes in order 
to establish new mechanism based screens for novel anthelmintic and 
insecticidal compounds. If the avermectin gated chloride channels are 
similar to other ligand-gated chloride channel family members, then it is 
l ikely that additional drug binding sites distinct from the ivermectin 
binding site, w i l l be present on the receptor molecule. It is our goal to 
discover and exploit these additional drug binding sites in our search for 
the next generation of anthelmintic/insecticidal chemical entities. 

Dur ing preparation of this manuscript the expression cloning approach 
was successful and two c D N A s that encode for subunits of a C. elegans 
avermectin-sensitive glutamate-gated chloride channel were isolated (60). 
The subunits, termed G l u C l a and GluClp , form homomeric chloride 
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channels with unique pharmacological and electrophysiological 
properties. When coexpressed the subunits assemble heteromeric chloride 
channels with properties that are distinct from the homomeric channels. 
The characteristics of heteromeric channel responses to glutamate and 
ivermectin resemble those observed in oocytes injected with C. elegans 
mRNA. 

Acknowledgments 

Ed Hayes, Ethel Jacobson and Elizabeth Birzin collaborated with Susan 
Rohrer on the affinity labeling and purification experiments. Doris Cully, 
Philip Paress and Ken Liu carried out the characterization of the C. elegans 
receptor expressed in Xenopus oocytes in collaboration with Joe Arena. 
Helmut Mrozik, Peter Meinke and Tom Shih provided chemistry support 
for the projects described here and synthesized numerous other 
avermectin analogs. Kodzo Gbewonyo, Leonard Lister, and Bruce Burgess 
provided C. elegans tissue from large scale preparations. Scott Costa 
contributed large quantities of Drosophila flies needed for receptor 
purification. We would also like to acknowledge the support of Jim 
Schaeffer, Merv Turner, Roy Smith and Mike Fisher. 

Literature Cited 

1. Burg, R. W.; Stapley, E. O. In Ivermectin and Abamectin. W. C. 
Campbell, Eds.; Springer-Verlag: New York, 1989; pp 24-32. 

2. Burg, R. W.; Miller, B. M.; Baker, E. E.; Birnbaum, J.; Currie, J. A.; 
Harman, R.; Kong, V. L.; Monaghan, R. L.; Olson, G.; Putter, I.; Tunac, 
J. P.; Wallick, H.; Stapley, E. O.; Oiwa, R.; Omura, S. Antimicrob. 
Agents Chemother. 1979, 15, 361-367. 

3. Egerton, J. R.; Ostlind, D. A.; Blair, L. S.; Eary, D. H.; Suhayda, D.; Cifelli, 
S.; Riek, R. F.; Campbell, W. C. Antimicrob. Agents Chemother. 1979, 
15, 372-378. 

4. Ostlind, D. A.; Cifelli, S.; Lang, R. Vet. Rec. 1979, 105, 168. 
5. Putter, I.; MacConnell, J. G.; Preiser, F. A.; Haidri, A. A.; Ristich, S. S.; 

Dybas, R. A. Experentia. 1981, 37, 963-964. 
6. Chabala, J.; Mrozik, H.; Tolman, R.; Eskola, P.; Lusi, A.; Peterson, L.; 

Woods, M.; Fisher, M. J. Med. Chem. 1980, 23, 1134-1136. 
7. Campbell, W. Parasitology Today. 1985, 1, 10-16. 
8. Campbell, W. C. Medicinal Research Reviews. 1993, 13, 61-79. 
9. Campbell, W. Sem. Vet. Med. & Surg. 1987, 2, 48-55. 
10. Ivermectin and Abamectin.; W. C. Campbell, Eds.; Springer-Verlag: 

New York, 1989. 
11. Aziz, M. A.; Diallo, S.; Diop, I. M.; Lariviere, M.; Porta, M. Lancet. 1982, 

2, 171-173. 
12. Lasota, J. A.; Dybas, R. A. Annu. Rev. Entomol. 1991, 36, 91-117. 
13. Knowles, C. O.; Casida, J. E. J. Agric. Food Chem. 1966, 14, 566-572. 
14. Eyre, P. J. Pharm> Pharmacol. 1970, 22, 26-36. 

 J
ul

y 
22

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ay

 9
, 1

99
5 

| d
oi

: 1
0.

10
21

/b
k-

19
95

-0
59

1.
ch

01
7

In Molecular Action of Insecticides on Ion Channels; Clark, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 



282 MOLECULAR ACTION OF INSECTICIDES ON ION CHANNELS 

15. Forbes, L. Southeast Asian J. Trap. Med. Publ. Health. 1972, 3, 235-241. 
16. Lewis, J.; Wu, J.; Levine, J.; Berg, H. Neuroscience. 1980, 5, 967-989. 
17. Kass, I. S.; Wang, C. C.; Walrond, J. P.; Stretton, A. O. W. Proc. Natl. 

Acad. Sci. USA. 1980, 77, 6211-6215. 
18. Kass, I. S.; Larsen, D. A.; Wang, C. C.; Stretton, A. O. W. Exp. Parasitol. 

1982, 54, 166-174. 
19. Turner, M. J.; Schaeffer, J. M . In Ivermectin and Abamectin. W. C. 

Campbell, Eds.; Springer-Verlag: New York, 1989; pp 73-88. 
20. Arena, J. P. Parasitology Today. 1994, 10, 35-37. 
21. Fritz, L. C.; Wang, C. C.; Gorio, A. Proc. Natl. Acad. Sci. USA. 1979, 76, 

2062-2066. 
22. Mellin, T. N.; Busch, R. D.; Wang, C. C. Neuropharm. 1983, 22, 89-96. 
23. Duce, I. R.; Scott, R. H. Brit. J. Pharmacol. 1985, 85, 395-401. 
24. Scott, R. H.; Duce, I. R. Pestic. Sci. 1985, 16, 599-604. 
25. Lea, T. J.; Usherwood, P. N. R. Comp. Gen. Pharmacol. 1973, 4, 351-363. 
26. Lea, T. J.; Usherwood, P. N . R. Comp. Gen. Pharmacol. 1973, 4, 333-350. 
27. Zufall, F.; Franke, C.; Hatt, H. J. Exp. Biol. 1989, 142, 191-205. 
28. Simpkin, K. D.; Coles, G. C. J. Chem. Technol. Biotechnol. 1981, 31, 66-

69. 
29. Arena, J. P.; Liu, K. K.; Paress, P. S.; Cully, D. F. Mol. Pharmacol. 1991, 

40, 368-374. 
30. Arena, J. P.; Liu, K. K.; Paress, P. S.; Schaeffer, J. M.; Cully, D. F. Mol. 

Brain Res. 1992, 15, 339-348. 
31. Cully, D. F.; Paress, P. S. Mol. Pharmacol. 1991, 40, 326-332. 
32. Rohrer, S. P.; Meinke, P. T.; Hayes, E. C.; Mrozik, H.; Schaeffer, J. M. 

Proc. Natl. Acad. Sci. 1992, 89, 4168-4172. 
33. Gbewonyo, K.; Rohrer, S. P.; Lister, L.; Burgess, B.; Cully, D.; Buckland, 

B. Biotechnology. 1994, 12, 51-54. 
34. Chalfie, M.; White, J. In The Nematode Caenorhabdtitis elegans. W. B. 

Wood, Eds.; Cold Spring Harbor Laboratory: Cold Spring Harbor, 1988; 
pp 337-391. 

35. White, J. G.; Southgate, J. N.; Thomson, J. N.; Brenner, S. Philos. 
Trans. R. Soc. Lond. B. Biol. Sci. 1986, 314, 1-340. 

36. Stretton, A. O. W.; Davis, R. E.; Angstadt, J. D.; Donmoyer, J. E.; 
Johnson, C. D. Trends in Neurosci. 1985, 8, 294-300. 

37. Schaeffer, J. M.; Haines, H. W. Biochem. Pharm. 1989, 38, 2329-2338. 
38. Schaeffer, J. M.; Fraizer, E. G.; Bergstrom, A. R.; Williamson, J. M.; 

Liesch, J. M.; Goetz, M. A. J. Antibiotics. 1990, 9, 1179-1182. 
39. Rohrer, S. P.; Birzin, E. T.; Costa, S. D.; Arena, J. P.; Hayes, E. C.; 

Schaeffer, J. M. Insect Biochem. and Mol. Biol. 1994, in press, 
40. Rohrer, S. P.; Birzin, E.; Eary, C.; Schaeffer, J. M.; Shoop, W. J. 

Parasitology. 1994, 80, 493-497. 
41. Meinke, P. T.; Rohrer, S. P.; Hayes, E. C.; Schaeffer, J. M.; Fisher, M . H.; 

Mrozik, H. J. Medicinal Chemistry. 1992, 35, 3879-3884. 
42. Rohrer, S. P.; Jacobson, E. B.; Hayes, E. C.; Birzin, E.; Schaeffer, J. M. 

Biochem. J. 1994, in press, 
43. Cully, D. F.; Paress, P. S.; Liu, K. K.; Arena, J. P. J. Cell Biochem. 1993, 

17C, 115. 

 J
ul

y 
22

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ay

 9
, 1

99
5 

| d
oi

: 1
0.

10
21

/b
k-

19
95

-0
59

1.
ch

01
7

In Molecular Action of Insecticides on Ion Channels; Clark, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 



17. R O H R E R & A R E N A Ivermectin and Invertebrate Ion Channels 283 

44. Cull-Candy, S. G. J. Physiol. 1976, 255, 449-464. 
45. Horseman, B. G.; Seymour, C.; Bermudez, I.; Beadle, D. J. Neurosci. 

Lett. 1988, 85, 65-70. 
46. Lingle, C.; Marder, E. Brain Res. 1981, 212, 481-488. 
47. Wafford, K. A.; Sattelle, D. B. J. Exp. Biol. 1989, 144, 449-462. 
48. Sigel, E. J. Membrane Biol. 1990, 227, 201-221. 
49. Lester, H. A. Science. 1988, 241, 1057-1063. 
50. Wang, C.; Pong, S. Prog. Clin. Biol. Res. 1982, 97, 373-395. 
51. Sigel, E.; Baur, R. Mol. Pharmacol. 1987, 32, 749-752. 
52. Drexler, G.; Sieghart, W. Neurosci. Letters. 1984, 50, 273-277. 
53. Drexler, G.; Sieghart, W. Eur. J. Pharmacol. 1984, 101, 201-207. 
54. Arena, J. P.; Whiting, P. J.; Liu, K. K.; McGurk, J. F.; Paress, P. S.; Cully, 

D. F. Biophys. J. 1993, 64, a325. 
55. Schinkel, A. H.; Smit, J. J. M.; van Tellingen, O.; Beijnen, J. H.; 

Wagenaar, E.; van Deemter, L.; Mol, C. A. A. M.; van der Valk, M . A.; 
Robanus-Maandag, E. C.; te Riele, H . P. J.; Berns, A. J. M.; Borst, P. Cell. 
1994, 77, 491-502. 

56. Graham, D.; Pfeiffer, F.; Betz, H. Neurosci. Letters. 1982, 29, 173-176. 
57. Bermudez, I.; Hawkins, C. A.; Taylor, A. M.; Beadle, D. J. J. Recept. Res. 

1991, 11, 221-232. 
58. Holden-Dye, L.; Walker, R. J. Parasitology. 1990, 101, 265-271. 
59. Martin, R. J.; Pennington, A. J. Br. J. Pharmacol. 1989, 98, 747-756. 
60. Cully, D. F.; Vassilatis, D. K.; Liu, K. K.; Paress, P. S.; Van der Ploeg, L. 

H. T.; Schaeffer, J. M.; Arena, J. P. Nature. 1994, 371, 707-711. 

RECEIVED November 1, 1994 

 J
ul

y 
22

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ay

 9
, 1

99
5 

| d
oi

: 1
0.

10
21

/b
k-

19
95

-0
59

1.
ch

01
7

In Molecular Action of Insecticides on Ion Channels; Clark, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 



Chapter 18 

Resistance to Avermectins in the House Fly, 
Musca domestica 

Jeffrey G. Scott 

Department of Entomology, Cornell University, Comstock Hall, 
Ithaca, NY 14853 

Resistance to abamectin (avermectin B1a) has been studied in the 
house fly, Musca domestica. Cross-resistance was first detected in 
1986 and appeared due to decreased penetration and a piperonyl 
butoxide suppressible factor (i.e. monooxygenase-mediated 
metabolism). Selection with abamectin resulted in a strain, called 
A V E R , with >60,000-fold resistance by topical application. 
However, the level of resistance varied between technical and 
formulated material as well as by the method of bioassay. 
Resistance in the A V E R strain is recessive, autosomal and appears 
to be due to decreased cuticular penetration and target site 
insensitivity. Insensitivity of the nervous system was associated 
with a small decrease in the number of binding sites per mg protein 
in non-neural tissue in the house fly thorax. The impact of 
resistance on the future use of abamectin is discussed. 

Insecticide resistance continues to be a problem that plagues pest control efforts. 
As new insecticides are developed it is imperative that we move to understand 
how resistance develops in order to determine the optimum strategies for delaying 
the evolution of resistance. 

Avermectins are a mixture of natural products produced by the soil 
actinomycete Streptomyces avermitilis that have insecticidal, acaricidal and 
nematocidal activity. The eight individual components produced by S. avermitilis 
vary in toxicity to different pest species. For insect species, avermectin B u 

generally had the greatest toxicity and has been developed as an insecticide with 
the common name of abamectin (7). 

In this chapter I shall review what is known about abamectin resistance in 
the house fly. From this information, strategies for delaying the development of 
resistance in the field is discussed. 

0097-6156y95A)591-0284$12.00A) 
© 1995 American Chemical Society 

 J
ul

y 
22

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ay

 9
, 1

99
5 

| d
oi

: 1
0.

10
21

/b
k-

19
95

-0
59

1.
ch

01
8

In Molecular Action of Insecticides on Ion Channels; Clark, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 



18. SCOTT Resistance to Avermectins in the House Fly 285 

Detection of Cross-resistance 

The first case of cross-resistance to abamectin was noted in 1986 in the Learn 
Pyrethroid-Resistant (LPR) strain of house fly (2). This strain was selected with 
permethrin (J) and is highly resistant to pyrethroid insecticides due to increased 
metabolic detoxication mediated by the microsomal cytochrome P450 
monooxygenases (2,4), decreased sensitivity of the nervous system (i.e. kdr) and 
decreased cuticular penetration (2). Abamectin cross-resistance in LPR could be 
partially suppressed by the monooxygenase inhibitor piperonyl butoxide (PBO) 
and was associated with genes on chromosomes 2 and 3 (5). Due to the fact that 
kdr resistant house flies were not cross-resistant to abamectin (6), it was proposed 
that cross-resistance to abamectin in the LPR strain was due to increased 
oxidative metabolism and decreased cuticular penetration (5). Cross-resistance 
has subsequently been shown in field collected strains from New York dairies 
using a variety of bioassay methods (5,7,8). These results suggest that resistance 
might develop rapidly if abamectin was introduced for house fly control. 

Selection and Levels of Resistance 

To determine how rapidly resistance to abamectin could occur, house flies were 
collected from several New York dairies and selected in the laboratory by a 
residual exposure using AVID (i.e. formulated abamectin) (9). Resistance 
developed rapidly (9) and to a high level (see below). This highly resistant strain 
was named A V E R . This strain is somewhat unusual in that the resistance appears 
to be unstable and cannot be maintained without frequent selection (unpublished 
observation). 

A comparison of abamectin toxicity using different bioassay methods is 
shown in Table I. Resistance ranged from 5.9-fold for a field collected strain 
(Dairy), to 25-fold for LPR, to > 60,000-fold for A V E R by topical application 
of technical abamectin (Table I). Topical application of formulated material could 
not be carried out because the formulation blank was toxic to susceptible flies 
(Table I). Technical abamectin was slightly more toxic than formulated material 
to the susceptible strain by residual exposure, although the level of resistance in 
the A V E R strain was greater to technical material by this route of exposure 
(Table I). 

Inheritance of Abamectin Resistance 

Reciprocal crosses between A V E R and the susceptible aabys strain produced ¥ l 

flies with nearly identical abamectin dose-response lines, indicating that resistance 
was not sex linked or due to cytoplasmic factors (Table U, 10). A similar result 
was obtained for the LPR strain (5). Abamectin resistance was highly recessive 
in the A V E R strain, having only 3.5- to 5.4-fold resistance in the Fj compared 
to > 60,000-fold for the A V E R strain (Table II). While other recessive resistance 
mechanisms (such as kdr) are known, the tremendous change in abamectin 
resistance between the F, and parental A V E R strain is quite remarkable. 
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Table I. Toxicity of Technical and Formulated Abamectin 
to House Flies 

Material Method' Strain LD5o« RR* 

Technical* T N A I D M 5.0 — 
Technical* T LPR 38 7.6 
Technical* T aabys 1.3 — 
Technical' T Dairy 7.6 5.9 
Technical' T LPR 33 25 
Technical* T FJCLPR x aabys) 5.9 16 
Technical* T S+ 1.7 — 
Technical* T A V E R > 100,000 > 60,000 
Technical' T aabys 0.79 — 
Technical* T aabys (male) 0.50 — 
Technical' T A V E R > 100,000 > 100,00 
Technical* T A V E R (male) -100,000 ~ 200,00 
Technical* T S+ 3.1 — 
Technical* I s+ 1.2 — 
Technical* I A V E R 43 35 

Technical* R S+ 0.033* — 
Technical* R A V E R >6.3* >190 

Formulated* T S+ N i y — 

Formulated* R s+ 0.05* — 
Formulated* R A V E R 1.8* 36 

a In units of ng/fly. Females tested unless stated otherwise. 
* LD*) resistant strain/LD^ susceptible strain. 
* From Scott and Georghiou 1986. 
d From Scott 1989. 
*From Scott etal. 1991. 

f Not determined. Formulation blank toxic to S+. 
* From Konno and Scott 1991. 
* LC50 in units of jig/cm2. 
1 Bioassay method: T = topical, I = injection, R = residual. 

Inheritance of abamectin resistance (recessive) is different than inheritance of 
permethrin resistance (co-dominant, 16) in this strain. Males generally had lower 
L D 5 0 values than females (Table I), probably due to the slighdy smaller size of 
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Table IL Toxicity of Technical Abamectin With and Without 
Synergists, to Susceptible and Resistant House Flies 

Strain Synergist LDso- SR* RR C 

aabys* — 1.3 — — 
aabys* PBO 0.36 3.6 — 
Dairy* — 7.6 — 5.9 

Dairy* PBO 0.89 8.5 2.5 

LPR* — 33 — 25 

LPR* PBO 5.9 5.6 16 

Fj (aabys x LPR)* ™ 4.6 — 3.5 

S + ' — 1.7 — — 
S + ' PBO 1.5 1.1 — 
S + ' DEF 1.5 1.1 — 
s+' D E M 1.7 1.0 — 

A V E R ' — > 100,000 — > 60,000 

A V E R ' PBO > 100,000 N i y > 60,000 

A V E R ' DEF > 100,000 N D > 60,000 

A V E R ' D E M > 100,000 N D > 60,000 

a In units of ng/fly. 
* Synergistic Ratio = L D ^ with synergist. 
c Resistance Ratio = L D ^ resistant strain/LD 5 0 susceptible strain. 
* From Scott 1989. 
' From Scott et al. 1991. 

f Could not be determined. 

the males. The S+ (susceptible) strain was slightly less sensitive to abamectin 
compared to the aabys strain. This difference is commonly noted between these 
strains and is most likely due to the slightly larger size of the S 4- flies. 

Bioassays with Synergists. The effect of the oxidative synergist piperonyl 
butoxide (PBO) on abamectin toxicity in the aabys, LPR and Dairy strains is 
shown in Table II. PBO synergized the toxicity of abamectin 3.6-fold in the 
aabys strain, suggesting that abamectin is oxidatively metabolized, to at least a 
small degree, in this strain. PBO was also effective in suppressing, but not 
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completely abolishing, resistance to abamectin in LPR and Dairy. This suggests 
the involvement of the monooxygenase system, as well as another mechanism that 
is insensitive to PBO. 

The synergists PBO, D E F , and D E M were ineffective in substantially 
altering the toxicity of abamectin in either the S + or A V E R fly strains (Table II), 
suggesting abamectin is not rapidly metabolized by monooxygenases, hydrolases, 
or glutathione S-transferases in these strains. The lack in measurable reduction 
of the resistance ratio in the presence of the synergists suggests that metabolism 
is not the major mechanism of resistance in the A V E R strain. 

Pharmacokinetic Studies. The rate of penetration of radiolabeled abamectin was 
evaluated in susceptible and A V E R strains of house flies (10). Penetration of 
radiolabeled abamectin was relatively slow, reaching only 53% after 8 hours in 
the S + strain. The rate constant for penetration of radiolabel was 2.4-fold slower 
in A V E R than in S+ with values of 1.37 x 10"2 hr 1 and 3.28 x 10*2 hr 1 , 
respectively. This suggests that decreased cuticular penetration is one of the 
mechanisms of resistance in the A V E R strain (10). A comparison of the 
penetration rate constants with those obtained using [14C]permethrin in a previous 
study (2) on pyrethroid resistance in the LPR strain indicates that abamectin 
penetrates about 2-fold more slowly than permethrin in both susceptible and 
resistant strains. Additionally, the difference between the resistant and susceptible 
strains was greater in the case of abamectin (2.4-fold) compared to permethrin 
(1.4-fold). These results suggest that decreased penetration might confer greater 
resistance to abamectin than this mechanism is normally thought to confer to other 
types of insecticides. 

Injection of technical abamectin did not significantly enhance the toxicity 
to susceptible house flies, but it did change the L D 5 0 from > 100,000 to 43 ng/fly 
in the A V E R strain (Table I) suggesting that decreased cuticular penetration was 
a mechanism of resistance in this strain and agreeing with the penetration studies 
mentioned above. Penetration is known to have a multiplicative interaction with 
other resistance mechanisms (14,15), however, the nearly 3000-fold difference 
between injected and topical application resistance ratios is quite remarkable. 

Metabolism Studies. No difference in the in vivo metabolism of pH]abamectin 
was noted between susceptible and A V E R strains of house fly (10). Almost 90% 
of the radiolabel was recovered from the body homogenates while less than 11% 
was recovered from the holding vials even 8 hr after treatment (both strains). In 
body homogenates, the amount of [3H]abamectin, radiolabel from the 
water-soluble fraction and the unknown metabolites in the ethyl acetate-soluble 
fraction were either not different or were higher in the S+ strain than in the 
A V E R strain. The radiolabel from the unextractable materials was also higher 
in the S + strain compared to the A V E R strain. These data suggest that increased 
metabolism is not a mechanism of abamectin resistance in the A V E R strain (10). 

Receptor Binding. To investigate if changes in the abamectin receptor were 
associated with resistance in the A V E R strain, receptor binding studies were 
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carried out (70). Specific [3H]-abamectin binding to the membrane preparations 
was saturable with increasing concentrations of [*H]abamectin in both strains. 
The equilibrium dissociation constant (mean ± SD) was not significantly different 
between the A V E R (K D = 0.74 nM) and S+ (K D = 0.72 nM) strains (10). 
However, the maximum number of binding sites ( B ^ J was significantly different 
between the two strains, with for the S+ strain (0.113 ± 0.008 pmol/mg 
protein) being 1.5 times higher than that of the A V E R strain (0.077 ± 0.006 
pmol/mg protein). Nonspecific binding increased linearly, and was less than 7% 
of total binding at 3.0 nM [3H]abamectin in both strains (Konno and Scott 1991). 

To examine i f the receptor binding differences correlated with the 
inheritance of resistance (i.e. recessive), Konno and Scott (10) investigated the 
specific binding of pHlabamectin in susceptible (aabys), resistant (AVER) and F x 

(aabys x AVER) house flies. The K D values were 0.75, 0.74 and 0.76 n M for 
aabys, A V E R and the F ^ respectively. The values were 0.125, 0.077, and 
0.113 pmol/mg protein for aabys, A V E R and the F 1 ? respectively. Thus, both 
the decrease in and the resistance are recessive traits. These results support 
the idea that part of the abamectin resistance in the A V E R strain is associated 
with a decreased number of binding sites per mg protein (i.e., B ^ . 

Binding of [3H]abamectin varies between tissues in house flies. In 1992, 
Deng and Casida (77) reported higher K D and B ^ values associated with head 
compared to thoraces plus abdomens. Recently, Hatano and Scott (72) reported 
a significant difference in the binding of fHJabamectin between thoraces without 
ganglia and the thoracic ganglia. The receptors in ganglia had a lower affinity 
(higher K D ) and higher number of binding sites per mg protein ( B ^ J compared 
to the receptors in thoraces without ganglia in both strains. The K D and B ^ of 
heads and thoracic ganglia were similar. These results suggest that there may be 
abamectin receptors with a lower affinity and increased abundance in preparations 
from neural tissue (i.e. head and ganglia) compared with a preparation of mainly 
muscle (i.e. thoraces without ganglia). In all cases the Hi l l coefficient was not 
significantly different from 1 suggesting no cooperativity between binding sites 
(12). 

The only tissue specific difference in [3H]abamectin binding between the 
resistant strain compared to the susceptible strain was a small, but significant, 
decrease in the B m found in thoraces without ganglia. As there was no 
difference in [3H]abamectin binding from preparations made mainly from neural 
tissue, this suggests that the lower B ^ associated with resistance is due to a 
receptor not found in the brain or ganglia. 

Although the small change in abamectin binding sites is clearly associated 
with resistance, this does not easily explain the putative 40-fold difference in 
target site sensitivity that might be expected from bioassay data (injection). A 
similar situation has been noted for fa/r-type resistant German cockroaches where 
the para-homologous sodium channel gene has been linked to the resistance (17). 
In this case, pyrethroids and batrachotoxin are thought to act at similar sites on 
the sodium channel and these insects are resistant to pyrethroids and batrachotoxin 
(IS). However, [3H]batrachotoxinin A-20-a-benzoate binding studies showed no 
difference in the binding between resistant and susceptible strains (19). It was 
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suggested that the receptor may not be different between the strains, but that it 
could be the coupling of the binding to the toxic action that differed between 
resistant and susceptible strains (19). Therefore, although a decrease in is 
associated with resistance, its actual role in abamectin resistance remains 
uncertain. Clearly, identification of the target site and use of functional assays 
will be needed to more fully understand abamectin resistance in the house fly. 

[3H]abamectin binding is not displaced by neurotoxins known to act at the 
G A B A receptor/ionophore complex. Dieldrin, muscimol, RoS-4864 (72), 
picrotoxinin, bicycloorthobenzoates (11,12), G A B A , and lindane (11) did not 
produce dose dependent displacement of [3H]abamectin in preparations of 
membranes from house flies. This suggests that the binding site of abamectin is 
not the same as the binding site of these other well characterized ligands in the 
house fly. These studies agree with the lack of cross-resistance observed in the 
A V E R strain of house fly (see above). 

Collectively these results indicate that decreased cuticular penetration and 
an altered target site are likely the mechanisms of abamectin resistance in the 
A V E R strain. It appears that the decreased penetration mechanism provides an 
unusually large enhancement of resistance, as the topical and injected resistance 
ratios are > 60,000 and 35-fold, respectively. The protection conferred by one 
or both of these mechanisms is decreased by the use of formulated abamectin. 

Cross-Resistance. The A V E R strain was found to be > 4,000-fold cross-resistant 
to abamectin oxide with L D 5 0 values of 0.02 and >100 ugl'fly for the S+ 
(susceptible) and resistant A V E R strains, respectively (10). MK-243 was 
reasonably toxic to S+ house flies with an LDso of 0.03 fig/fly. However, the 
A V E R strain was very heterogeneous in its response to this compound having a 
dose-response line that was very flat, with an approximate L D 5 0 of 0.4 fig/fly 
(10). Although the resistance ratio for this compound ( » 1 3 ) is much less than 
found toward abamectin oxide (> 4,000), the heterogeneity of response in the 
A V E R strain suggests that high levels of MK-243 resistance could be selected for. 

Following selection for abamectin resistance, the A V E R strain was 
bioassayed to determine i f the selection had brought about cross-resistance to 
other insecticides. The high level of abamectin resistance was not associated with 
cross-resis tance to b icyc loor thobenzoate ( 4 - f e r / - b u t y l - l - ( 4 -
ethynylphenyl)trioxabicyclo[2.2.2]octane, 72), organophosphate (crotoxyphos, 
dimethoate, tetrachlorvinphos or dichlorvos), pyrethroid (permethrin) or 
cyclodiene (lindane and dieldrin) insecticides (9). The lack of cross-resistance 
between abamectin and bicycloorthobenzoate or cyclodiene insecticides suggests 
that the change(s) in the target site causing insensitivity to abamectin does not 
alter the effectiveness of these other insecticides. 

Conclusions 

House flies are a serious pest capable of transmitting many animal and human 
pathogens including viruses and bacteria (13). Abamectin is potent and could 
become a highly useful insecticide for use against house flies. A major question 
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remains: will resistance develop rapidly under field conditions? It is impossible 
to extrapolate laboratory results, such as those reviewed in this chapter, directly 
to field conditions. However, a few points are worthy of consideration. First, 
field populations of house flies are clearly not as sensitive to abamectin as 
laboratory susceptible strains (5,7,8) suggesting that efficacy could be less than 
expected by laboratory assays. Second, we were able to select for high levels of 
resistance quite rapidly (9) suggesting that genes for expression of high level 
resistance are present. On the other hand, resistance was recessive (10), 
apparendy unstable (unpublished observation), did not confer resistance to other 
common insecticides (9) and resistance to formulated material was much less than 
to technical material (Table I). These factors suggest that resistance might not 
develop quickly under field conditions. Overall, it is clear that abamectin has 
potential for use against house flies, but that it must be used judiciously if the 
development of resistance is to be delayed. 
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Chapter 19 

Permeability of Bacillus thuringiensis CryI 
Toxin Channels 

Michael G. Wolfersberger 

Department of Biology, Temple University, Philadelphia, PA 19122 

During sporulation Bacillus thuringiensis produces parasporal 
inclusions with insecticidal activity. These parasporal inclusions consist 
of one or more Cry proteins. Type-I Cry proteins are active only 
against the larvae of lepidopteran insects. Their mode of action 
includes binding to specific components of the brush border membrane 
of larval midgut columnar cells and culminates with formation of a pore 
in the cell membrane. The resulting increase in cell membrane 
permeability leads eventually to cell lysis, disruption of gut integrity, 
and finally death of the insect. Recently we have been able to 
reconstitute both CryIA(c) toxin proteins and toxin binding proteins 
from the brush border membrane of insect midgut cells into planar lipid 
bilayers and determine the conductance of the resulting pores. The 
results of these determinations are compared with previous estimates 
of pore size obtained by less direct methods. 

The species Bacillus thuringiensis consists of numerous strains of gram-positive rod-
shaped bacteria which during sporulation produce crystalline proteinaceous 
parasporal bodies. The parasporal body proteins produced by many strains of B. 
thuringiensis are toxic to certain insect larvae. Therefore, they are frequently called 
either delta-endotoxins (older literature) or insecticidal crystal proteins (more recent 
literature). For many years B. thuringiensis strains have been classified primarily on 
the basis of flagellar antigens (7). This classification system brought some order to 
the huge collection of strains but proved to be of very limited utility in predicting the 
spectrum of larvicidal activity of the various strains. The application of modern 
molecular genetic methods to B. thuringiensis revealed that genetic information for 
most insecticidal parasporal body proteins was encoded on transmissible plasmids 
rather than on the bacterial chromosomes. Furthermore, it was determined that a 
single plasmid could carry the information for more than one insecticidal parasporal 
body protein and that a single bacterium could contain more than one plasmid (2). 

0097-6156/95A)591-O294$12.00y0 
© 199S American Chemical Society 
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These findings explained why seemingly closely related strains could have rather 
different spectra of larvicidal activity. When a critical mass of information, including 
primary structure, about the genes encoding B. thuringiensis insecticidal parasporal 
body proteins had accumulated a classification system was proposed (2). This system 
grouped the proteins on the basis of their similarities in both primary structure and 
insecticidal spectra. The rapid adoption of this classification system by the B. 
thuringiensis research community has made it possible to compare and combine the 
more recent results from various laboratories and in some cases even make sense of 
the older literature. 

Relatedness of R thuringiensis Crystal Proteins 

Briefly, the B. thuringiensis insecticidal crystal protein (ICP) classification system 
divided all parasporal body proteins into five groups. Four of these groups contain 
Cry proteins that are encoded by cry genes. The fifth group contains Cyt proteins 
that are encoded by cyt genes. Unlike Cry proteins, Cyt proteins are cytolytic to a 
variety of non-insect cells. Cyt proteins seem to be genetically unrelated to Cry 
proteins. Al l Cry proteins seem to be genetically related. Cry proteins in the first and 
by far the largest group (Cryl) have greater than 50% amino acid sequence identity 
and are active against lepidopteran larvae. CryEI proteins show activity against 
lepidopteran and/or dipteran larvae. Although they are often found together in the 
same bacterium, Cryll proteins are rather distant relatives of Cryl proteins. Cryin 
proteins are more closely related genetically to Cryl proteins than are Cryll proteins. 
However, CrylH proteins are toxic only to certain coleopteran larvae. A major 
breakthrough in B. thuringiensis research occurred when the crystal structure of a 
Crym toxin was determined at 2.5 A resolution (3). Members of the fourth class of 
Cry proteins (CrylV) often occur together with one another as well as Cyt proteins in 
the parasporal bodies of B. thuringiensis strains that show larvicidal activity against 
certain dipteran insects. The CrylV class of ICPs is a comparatively diverse group. 
CrylVA and CrylVB are about as closely related to one another as are the proteins in 
the Cryl class. CrylVA and CrylVB proteins are also related, about equally, to Cryl 
and CrylH ICPs. However, on the basis of amino acid sequence, CrylVC proteins 
are only slightly more closely related to CrylVA and CrylVB proteins than to Cryl or 
Cryl l l proteins. Finally, CrylVD proteins are related most closely to Cryll ICPs. 

A somewhat controversial update of the original classification system introduced 
two new classes of Cry proteins (4). ICPs in one of these new proposed classes were 
said to be completely unrelated to any other Cry proteins. These authors also 
proposed that CrylVC proteins are much more closely related to CrylVA and 
CrylVB proteins than to any other ICPs. Hopefully, a concensus update of the 1989 
classification will be fourthcomming following the Second International Conference 
on Bacillus thuringiensis during the summer of 1994. 

Processing of Cry Proteins 

Most Cry ICPs are regarded to be protoxins because full larvicidal activity is 
contained within a portion of the ICP. Ingested IPCs are partially digested in the 
midguts of susceptible insect larvae. In the case of CrylVA and CrylVB as well as all 
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Cryl ICPs the "toxin" portion of the ICP resides in the N-terminal half of each 
molecule, the entire C-terminal half being dispensible for toxicity if not stability of 
the molecules (5). Cryll, Cryffl and CrylVC ICPs occur naturally C-terminally 
truncated. Removal of only a few amino acids from the C-termini of these ICPs 
results in loss of larvicidal activity. However, at least the Cryin ICPs, like Cryl ICPs, 
undergo limited N-terminal digestion in the midguts of susceptible insect larvae (6). 

Crystal Structure of CrymA Toxin 

The sequence of about a dozen amino acids near the C-termini of Cryl, CrylQ, 
CrylVA, CrylVB, and CrylVC toxins is extremely similar. This is one of five 
"blocks" of amino acid sequences shared by all of these toxins (2). As mentioned 
previously, the crystal structure of CrylHA toxin has been determined. It was found 
to consist of three domains. Domain I consists of a bundle of seven a-helixes 
connected by short loops. Amino acids in the conserved sequence block closest to 
the N-terminus of all Cry toxins, including Cryll and CrylVD, are involved in forming 
hydrophobic helix 5 in the center of the seven helix bundle. Amino acids in conserved 
sequence block 2 participate in forming the sixth and seventh helixes of the bundle. 
Domain II consists of three antiparallel 6 sheets stacked roughly parallel to the helix 
bundle of domain I. The only conserved sequence block found in domain II consists 
of several amino acids at the C-terminal end of block 2 which connect the end of helix 
7 of domain I with the first sheet of domain II. Amino acids of conserved sequence 
block 2 that are involved in forming helix 7 of domain I are also in contact with one 
of the sheets in domain II. Domain III again consists of a group of antiparallel 6 
sheets laying atop domain n at its junction with domain I. Three of the five 
conserved amino acid sequence blocks are located in domain III. As mentioned 
above, block 5 amino acids are found at the C-terminus of the toxin. Amino acids of 
block 3 are found in loops connecting domain II with domain HI. Amino acids of 
block 4 constitute a 13 strand adjacent to the strand containing block 5 amino acids. 
Both of these strands are buried within the molecule at the junction of all three of its 
structural domains. Since nearly all conserved amino acid sequences are found at sites 
within the Cryl l lA toxin molecule involved in stabilizing its three dimensional 
structure, it is thought likely that other molecules containing these sequence blocks 
would adopt a similar structure (5). 

Mode of Action of Cryl Toxins 

Studies of the mode of action of B. thuringiensis delta-endotoxins have been in 
progress since the 1950s. Nearly all of the early studies were conducted on whole 
larvae and by far the most widely used experimental method was microscopic 
examination of tissues removed from the larvae and fixed at various times after they 
had ingested a delta-endotoxin preparation. These studies were invariably conducted 
with lepidopteran larvae and Cryl delta-endotoxin preparations. The first CrylV and 
Cyt ICP producing strain of B. thuringiensis was discovered in 1977 (7) and the first 
Cryin ICP producing strain of B. thuringiensis was discovered in 1983 (8). We now 
know that the delta-endotoxin preparations used in these early studies often contained 
more than one Cryl ICP and were sometimes contaminated with Cryll proteins. 
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Nonetheless, as seen in the summary by Luethy and Ebersold (9), a surprisingly 
complete picture of critical steps in the mode of action of Cryl ICPs emerged from 
these studies. The primary site of toxin action was clearly the larval midgut. The 
importance of high lumen pH for solubilization of parasporal bodies as well as the 
role of lumen proteinases in cleaving ICPs to toxins were recognized. The potential 
consequences of disrupting the large pH gradient between midgut lumen and midgut 
cell cytoplasm were discussed. The primary effect of the toxins seemed to be on cell 
membrane permeability and evidence favored the primary site of toxin action being 
the brush border membrane of midgut columnar cells. A requirement for specific 
toxin binding proteins (receptors) in the brush border membrane was not mentioned 
explicitly but was implied strongly in the Luethy and Ebersold (9) review. 

The authors of a recent article on the mode of action of B. thuringiensis Cry 
proteins (10) endorse the idea, based on the presence of conserved blocks of amino 
acid sequences in most Cry toxins and strengthened by the locations of these blocks 
in the structure of the CrylUA toxin, that the mode of action of all Cry toxins is 
basically similar. They summarize the mode of action of Cry toxins in four steps: 1) 
Ingestion, 2) Solubilisation and proteolytic activation, 3) Receptor binding, 4) 
Formation of toxic lesion. 

Studies with Insect Cell Lines. It may seem that advances in understanding the 
mode of action of Cryl toxins between 1981 and 1993 were limited. If this is the 
case, it might be due in part to the introduction of insect cell lines into B. 
thuringiensis research (77). The prospects of eliminating or at least reducing insect 
rearing plus convenient access to cells in vitro lured many investigators into working 
with insect cell lines. These cell lines were neither derived from nor resembled larval 
midgut columnar cells. Furthermore, they were 50 to 100 times less sensitive to Cry 
toxins. Nonetheless, working with these cell lines was not without some rewards. 
Some of the first evidence for the existence and concerning the nature of Cryl toxin 
binding cell membrane components (12) as well as the concept of colloid-osmotic 
lysis as a general mechanism for the larvicidal action of B. thuringiensis delta-
endotoxins (73) came from studies using insect cell lines. However, quantitative 
characterization of binding between Cry toxins and membranes of cultured insect cells 
has never been achieved and the prospects for isolation of toxin binding proteins from 
insect cell lines continue to appear slim. The use of cultured insect cell lines in B. 
thuringiensis research seemed to decrease considerably after publication of a study 
showing a lack of correlation between the toxicity of several Cryl toxins to spruce 
budworm larvae and a cell line derived from spruce budworm larvae (14). Following 
the introduction of larval midgut brush border membrane vesicles (BBMV) to Cryl 
mode of action studies (75) and especially after the quantitative demonstration of 
specific high affinity binding between B B M V and Cryl toxins (16; 17), the amount of 
effort expended by all but a few laboratories on studies of the effects of B. 
thuringiensis toxins on established insect cell lines seems to have decreased even 
further. 

Molecular Mode of Action. Although the overall course of a successful intoxication 
of a lepidopteran larva by a Cryl B. thuringiensis toxin seems to be well established 
at the level of the major steps involved, many questions remain unanswered at a 
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molecular level. The concentration and affinity of toxin binding sites on its midgut 
brush border membranes often but not always correlates positively with the 
susceptibility of a larva to a toxin (75). The irreversible step that follows binding of 
toxin to the brush border membrane is thought to be associated with insertion of all 
or part of the toxin into the membrane. This insertion of toxin molecules into the 
membrane is believed to be necessary for formation of a pore which mediates the 
potentially lethal increase in membrane permeability (10). However, the size and 
composition of this membrane pore is unknown. 

Membrane pores formed by Cryl toxin proteins in the presence of insect receptor 
proteins could consist of toxin molecules alone or they could consist of some 
combination of toxin and receptor molecules (10). Pores consisting of toxin 
molecules alone might be expected to exhibit the same permeability properties 
whether or not receptor molecules are also present. However, pores composed of 
both receptor molecules and toxin molecules seem likely to differ significantly in their 
permeability properties from pores formed by toxin alone. The permeability 
properties of pores formed by CryIA(c) and CrylC toxins in planar phospholipid 
bilayers have been determined quantitatively (79; 20). Several studies of the effects 
of Cryl toxins on the permeability of lepidopteran insect tissue culture cells (75; 27) 
and brush border membrane vesicles prepared from midguts of lepidopteran larvae 
(75; 22-25) have been published. For reasons discussed above the results of studies 
with tissue culture cells must be interpreted with caution. Midgut B B M V have the 
advantage of being the true target of the toxins and contain authentic toxin binding 
proteins. Although Hendrickx and associates (22) attempted to measure the effect of 
toxin on alanine permeability, all but the most recent of the studies with B B M V cited 
above used indirect methods which limited them to detecting changes in membrane 
permeability only for certain inorganic ions. With their light-scattering assay, Carroll 
and Ellar (25) were able to study the effects of CryIA(c) toxin on the permeability of 
larval Manduca sexta midgut B B M V to a variety of solutes. However, they were 
able to draw only qualitative conclusions about relative changes in permeability for 
the different solutes. By incorporating larval M. sexta midgut B B M V into planar 
phospholipid bilayers we have been able to measure directly and quantitatively the 
current flow through pores formed by CryIA(c) toxin in the presence of insect midgut 
proteins that interact specifically with this bacterial protein (Martin, F. G.; 
Wolfersberger, M . G. J Esq). Biol., in press). 

Toxin Pores in Hybrid Bilayers. Fusions of B B M V with planar bilayer lipid 
membranes (BLMs) were detected as small step increases in membrane current. 
After evidence of one or more B L M - B B M V fusions had been observed, addition of a 
small amount (final [toxin] < 2 nM) of CryIA(c) toxin to the chamber supporting the 
B L M bathed by pH 9.6 KC1 solution resulted in one or more large step increases in 
membrane current. The smallest step increase recorded corresponded to an increase 
in membrane conductance of 13 nS. However, current increases corresponding to 
changes in membrane conductance of approximately 26 nS or 39 nS were most 
common. Membrane current never decreased following one of these step increases; 
any subsequent increases simply added to the total membrane current. Similar 
increases in membrane current were never recorded from BLMs exposed to only 
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B B M V . CryIA(c) toxin at the concentrations used in these experiments had no 
affect on BLMs that had not been exposed to B B M V . 

The quantal nature of changes in membrane conductance following addition of 
toxin to the solutions bathing BLMs that showed evidence of having fused with 
B B M V (all changes in membrane conductance were within experimental error some 
multiple of 13 nS) lead us to propose that 13 nS was most likely to be the 
conductance of a single pore. A cylindrical pore spaning the insulating portion of the 
bilayer filled with the buffer used in these studies with a conductance of 13 nS would 
have a diameter of 22 A. This is approximately twice the diameter of the pore 
required to allow passage of the largest solutes shown by light scattering 
measurements to enter CrylA(c) toxin treated B B M V prepared from larval M sexta 
midguts (25). However, it is within the range of diameters of the larger of the two 
most likely six toxin molecule model pores constructed by Hodgman and Ellar (2d). 

p H Sensitivity of Pores. All light scattering studies of the effects of Cryl toxins on 
the permeability of B B M V have been conducted at pH 7.5. We have not attempted 
to measure the effects of CryIA(c) toxin on B B M V containing BLMs at this pH. 
However, a few experiments conducted at pH 8.8 gave results that were qualitatively 
similar to but quantitatively different from those obtained at pH 9.6. At pH 8.8 the 
seemingly irreversible stepwise increases in membrane current that occured after 
addition of toxin were never more than 25% as large as the smallest increases 
observed at pH 9.6. Pores with conductances in this range would be expected to 
have diameters of about 9 A and solute permeabilies very similar to those seen in the 
light scattering studies at pH 7.5. The pore diameter of the smaller of the two most 
likely six toxin molecule pore models constructed by Hodgman and Ellar (26) 
brackets this caluclated pore diameter. 

The model pores constructed by Hodgman & Ellar (26) consisted only of 
conserved amino acid sequences found in Cry toxins that fulfilled certain criteria for 
potentially forming membrane spanning helixes. pH was not considered explicitly in 
model construction. Slatin and associates (79) were the first to demonstrate that Cry 
toxins alone actually could form pores in phospholipid bilayers. Neither CryIA(c) nor 
CryllLA toxin pores were observed at pH 7 but both toxins formed pores at pH > 9.5. 
The pores formed by CryIA(c) toxin at pH 9.7 were highly cation-selective and 
showed two major conductance states. The higher and more frequently observed 
"single channel" conductance was 600 pS. The other major state had a conductance 
of 200 pS. Both states showed the same 25:1 P K : P C I * o n selectivity. Both high and 
low conductance channels alternated, in what appeared to be a completely 
independent manner, between open and closed on a time scale of seconds. 

Pore Composition. We have independently confirmed the conductance and gating 
characteristics reported by Slatin and associates (79) for pores formed by CryIA(c) 
toxin in planar phospholipid bilayers (Martin F. G.; Wolfersberger, M . G., 
unpublished data). However, as mentioned above, when B B M V prepared from the 
midguts of M sexta larvae were introduced into an otherwise identical system, very 
different results were obtained. The toxin concentration required for pore formation 
was at least two orders of magnitude lower, the pores formed were much larger, and 
after forming or opening they have never been observed to close. The great 
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differences between the properties of CryIA(c) toxin pores formed in phospholipid 
bilayers in the presence and absence of specific toxin-binding components of target 
insect cell membranes favors insect cell membrane components playing an active role 
in pore formation. 

Knowles and Dow (70) discuss two ways in which insect membrane receptors 
might interact with Cry toxins to form pores different from those formed in their 
absence. In one case the receptor molecules, which are presumed to be integral 
membrane proteins, combine with the toxin to form the walls of the pore. The 
resulting hybrid pores would differ in structure and almost certainly also in functional 
properties from pores composed of toxin molecules alone. In their second model, the 
pore is lined only with toxin molecules. However, binding between toxin and 
receptor triggers a change in the conformation of the toxin so that the portions of the 
toxin that insert into the membrane and line the pore are ones that are buried within 
the structure of the toxin molecules in aqueous solution. In this case, although the 
pore is lined only by portions of toxin molecules, the portions of toxin molecules 
lining the pore could be different from those lining pores formed in the absence of 
receptors. Knowles and Dow (JO) seem to favor their second model. It is certainly 
not without appeal and fits well with the results of molecular modeling (26). 
However, they suggest that high pH and/or proximity to a hydrophobic membrane 
might have similar effects on toxin conformation as receptor binding. Proximity to a 
hydrophobic membrane is necessarily part of all studies of the effects of toxins on 
natural or artificial membranes. pH clearly affects toxin pore formation as well as the 
properties of the resulting pores (20) but not nearly as much as the presence or 
absence of toxin binding proteins in the membrane under study. 
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Chapter 20 

Modulation of δ-Endotoxin Ion Channels 

L. English1, F. Walters1,3, M. A. Von Tersch1, and S. Slatin2 

1Ecogen, Inc., 2005 Cabot Boulevard West, Langhorne, PA 19047 
2Albert Einstein College of Medicine, Department of Physiology and 

Biophysics, 1300 Morris Park Avenue, Bronx, NY 10437 

The importance of Delta-endotoxin-formed ion channels to 
the mode of action of these toxins is not fully understood, 
but there are no examples of toxicity without this function. 
Not all toxins have equivalent channel activity in planar lipid 
bilayers and the impact of receptor proteins in modulating 
channel function is just beginning to be evaluated. The 
activity of a single ion channel-producing toxin has not been 
rigorously evaluated. Channel conductance, frequency of 
gating, the frequency distribution of numerous possible 
conductant states, as well, and the duration of the on-state 
are important variables that require more careful analysis 
before the toxicity of this specific step in the mode of action 
is understood. It is important to emphasize that the mode 
of action of the delta endotoxins consists of several 
sequential events; so the relative strength of any one step 
can be modulated by the prior or subsequent events. 

We have evaluated the ion channels formed by several delta endotoxins 
in planar lipid bilayers and phospholipid vesicles. All of these evaluations 
examined, only superficially, the channel forming ability of each toxin. A 
thorough analysis of a delta endotoxin might include a description of the 
different conductance states, the frequency of their occurrence, and an 
examination of the factors that modulate the appearance of one 
conductance state over another. In addition, the frequency of gating and 
the probability of observing the ion channels in the open state need to be 
determined for each conductance state of the toxin. 

In our initial analysis of CrylA(c) we observed highly cation-
selective channels with conductance states from 150-600 pS (/). These 
channels were observed infrequently, but had open states between 0.5-1 

3Current address: Department of Biology, Geneva College, Beaver Falls, PA 15010 

0097-6156/95/0591-0302$12.00/0 
© 1995 American Chemical Society 
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second. In subsequent observations of CrylA(c) and CrylllA we also 
observed very low conductances between 5-10 pS as well as 
conductances of 1000-2000 pS that do not resolve into "well-behaved" 
ion channels; that is, they do not have well-resolved open states, but 
flutter on and off. There is no reason to exclude these phenomena as 
events that are less characteristic of the behavior of CrylA(c) and 
CrylllA. Unfortunately, it is not clear what regulates the behavior of 
these different events. 

Modulating Factors 

Some insight into the variable behavior of CrylA(c) was gained in our 
analysis of Domain 1, the putative a helical N-terminal half of the active 
toxin molecule. This region of the toxin was sufficient to form well-
resolved channels (2); but also produced "noisy" conductances. Unlike 
the full-length toxin, however, Domain 1 was significantly less cation 
selective and the net 8 6 R b + leak through phospholipid vesicles was 
significantly greater than CrylA(c). These data suggest that Domain 1 
contains the necessary structural information to form the well-resolved 
ion channels and the noisy conductance states, but perhaps the ion 
selectivity is modulated by residues in other domains of either the same 
toxin or other toxin molecules that form a higher order quarternary 
structure. 

We also cloned and expressed the a helical Domain 1 from 
CrylllB2 (3), one of two delta endotoxins with a well-resolved (2.4 A) 
tertiary structure (Cody et al, in preparation) containing three domains 
similar to CrylllA (4). As with the putative a helical domain from 
CrylA(c), this Domain 1 did not have the identical ion channel activity 
shown by the full length CrylllB2 toxin. In this instance the channels 
formed by Domain 1 were smaller than the parent toxin, and the 
concentration-dependent leak from phospholipid vesicles was also 
reduced. Unlike Domain 1 from CrylA(c) Domain 1 from CrylllB2 had 
similar cation-selectivity when compared with the native toxin. Once 
again, these data suggest that Domain 1 contains sufficient information 
to form ion channels, but Domains 2-3 can modulate this activity. 

We also observed a qualitative improvement in the frequency of 
CrylA(c) and CrylllA-induced conductance by using the neutral lipid 
phosphatidyl choline in the bilayer instead of the mixture of lipids found 
in asolectin (a mixture of soybean phospholipids). Even though CrylA(c) 
binds to several different phospholipids, and certainly not all lipid 
combinations have been evaluated, this qualitative discovery has 
permitted more rapid evaluation of other Bt toxins in the bilayer system. 
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EDTA increased the frequency of events observed in several 
experiments with CrylA(c). C a 2 + (5 mM) is generally present in all of 
the buffers in the bilayer experiments, along with 1 mM EDTA to chelate 
any heavy metals that might contaminate the toxin. Addition of 
sufficient EDTA to the bilayer to chelate most C a 2 + increased CrylA(c) 
conductance. Once again, more detailed analyses of this phenomena are 
required. Crawford and Harvey (5) observed that B a 2 + and C a 2 + can 
reduce the toxin-induced inhibition of the transepithelial short circuit 
across the midgut epithelium, but these ions did not affect the ability of a 
delta endotoxin to inhibit Na + or K + -dependent amino acid transport 
{6). These data simply do not prove or disprove the possibility of a 
direct interaction of metals with the toxin in a bilayer. 

Our analysis of CryllA provided evidence for another modulatory 
force that can alter the behavior of delta endotoxins in the bilayer and in 
the biological membrane. Unlike CrylA(c), CrylllA and CrylllB2, CryllA 
conductance demonstrated voltage-dependence in squalene films (7). 
The sign of the voltage was such that it would turn channels on under 
physiological conditions, that is, the negative membrane potential would 
open CryllA channels. The voltage-dependence of CryllA was not 
observed in thicker black lipid membranes prepared according to the 
method of Mueller et al (8). The squalene films are thinner and perhaps 
more physiologically representative than the black lipid membranes. 
Whatever the case, the data suggested that CryllA can take advantage 
of the membrane potential across the midgut epithelium. If this is true 
then the membrane potential might govern insect sensitivity to CryllA to 
some degree. The voltage-dependence of CryllA in Montal films also 
suggests that other delta endotoxins might also display voltage-
dependence under some conditions. Our experience, however, suggests 
that CrylA(c) and CrylllA are not voltage-sensitive channels. 

Schwartz et al. (9) reported that pH can modulate the behavior of 
CrylC and actually change the ion selectivity of the CrylC channels. A 
pH-dependent change in ion selectivity is certainly possible as charged 
groups that line the ion pore formed by the delta endotoxin can change 
depending on the pH. At low pH one can imagine that carboxyl groups 
lining the channel might be titrated to create a more positively charged 
electrostatic surface and thereby change the selectivity from cations to 
anions. In addition, because delta endotoxins have multiple conductance 
states, a change in pH might selectively favor one or more channel 
conformations. Of course, in designing experiments to evaluate ion 
selectivity, the specificity of the channel for cations or anions of specific 
dimensions should be considered. The effect of ion size on the reversal 
potential has not been evaluated. All of our measurements were made 
under alkaline conditions primarily to insure that the toxins remained in 
solution. Therefore, we have not determined selectivity except under 
alkaline conditions and where KCI was the current-carrying salt. 
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The single greatest modulation of ion channel activity is likely to 
be the receptor for these toxins. In experiments where brush border 
membrane was reconstituted into phospholipid vesicles, the effective 
concentration of toxin was reduced 1000-fold (10). Similarly, when the 
binding proteins from Manduca sexta were reconstituted into 
phospholipid vesicles, the effective toxin concentration was reduced 
1000-fold (//). It is reasonable to propose that the binding proteins 
serve to increase the local concentration of toxin at the membrane, but it 
is also possible that the binding proteins change the channels formed by 
the toxin. Most likely a combination of these events occurs. By 
increasing the local concentration of toxin on the membrane, the 
membrane-bound toxin can form higher order structures resulting in 
increased conductance. We conjecture that selectivity also might 
diminish based on the results of experiments to characterize the toxin 
pore size (12). In these experiments where osmotic pressure is used to 
move solutes, delta endotoxins induce membrane changes where sugars 
can leak out of vesicles. 

A central question in the analysis of delta endotoxin-formed 
channels is: How many toxin molecules are required to form a channel? 
While we have determined that the quarternary structure of CrylllA and 
CrylllB2 is a dimer in solution (13), it is not at all obvious that this dimer 
corresponds to a form of the toxin capable of spontaneously penetrating 
a bilayer and forming a channel. All that can be said is that the dimer, in 
these instances, is the most likely form of the toxin in solution and 
therefore, the minimal unit to initially associate with the bilayer. Our 
observation of numerous conductance states for CrylA(c), CryllA, CrylllA 
and CrylllB2 suggests that several arrangements of the toxin in the 
bilayer are possible. Naively, one might consider the smallest association 
of toxin molecules to be responsible for the small conductance channels. 
Increasing conductance might then be the result of larger arrays of toxins 
that gate together. The high cation selectivity of the CrylA(c) and 
CrylllA-induced channels is consistent with this hypothesis. In these 
instances, the 4000 pS channels of CrylllA and the 600 pS channels of 
CrylA(c) were still cation selective suggesting that the large conductance 
was the result of numerous smaller channels gating synchronously. We 
have since observed very small cation-selective CrylllA channels on the 
order of 8-10 pS. These may be the smallest channels formed by this 
toxin, but even so, we have not determined how many toxin molecules 
form this channel. 

Our data suggest that at least two types of toxin-toxin interactions 
occur to modulate the ion channel function. There are toxin-toxin 
interactions that occur to stabilize the formation of the dimer in solution, 
and then, there are toxin-toxin associations in the membrane that favor 
the formation of larger arrays of toxins that gate together and yet retain 
ion selectivity. 
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Ion Channel Activity and Toxin Strategies 

The formation of ion channels and less specific leaks in the insect midgut 
are believed to be the end-point toxic events in the mode of action of Bt 
delta endotoxins. The modulation of these channels by the physiology of 
the midgut membrane may play an important role in producing specific 
and lethal activities for these toxins. But, it cannot be overstated that 
the diverse channels formed by delta endotoxins are only one of several 
events used by delta endotoxins in the overall toxicological strategy. In 
fact, the most severe modulation of toxin activity is the loss of toxin 
molecules along the way to the membrane. From the initial ingestion 
step and following, these insecticidal agents have taken advantage of 
specific chemical interactions to produce a toxic response. No one has 
yet demonstrated that insects taste proteins [14). Specifically, no 
protein-dependent electrical discharges have been recorded from insect 
taste cells or whole sensilla, so taste-dependent avoidance of the Bt 
toxin is unlikely. Solubility of Bt toxins is quite variable which makes 
early or premature sensing of the toxin less likely for CryllA than for 
CrylA(c) (14). The poor solubility of CrylllA, however, may be so 
severely restricted that most of the toxin molecules never form channels 
(16). 

All delta endotoxins have remarkable structural stability permitting 
residence as soluble proteins in the insect digestive track, though some 
proteins appear to be more stable than others. For example, CrylA(c) 
(55 kDa) and CryllA have half lives in digestive fluids that are greater 
than 20 minutes, but CrylllA has a 14-minute half life in the Colorado 
potato beetle (17). 

We also know that binding to brush border epithelium can range 
from highly specific with few saturable binding proteins to non-specific, 
nonsaturable binding seen with CryllA (15). Collectively, the biochemical 
and biophysical properties of individual toxins in the host insect are 
strategically associated to successfully pass toxin equivalents to the 
membrane. Weaknesses in one step may be compensated in another. 
For example, the poor solubility of CrylllA may be compensated by the 
high conductance channels produced by this toxin. 

The reduced solubility of CryllA, when compared with CrylA(c) 
might be compensated by the voltage-dependence of CryllA. The very 
few but highly specific binding for Cryl toxins in larval Lepidoptera may 
be just as effective as the less specific but more abundant binding sites 
for Crylll toxins in larval Coleoptera. In other words, Bt toxins might 
achieve potency by several different compensatory mechanisms. 

Conclusions 

The channel forming ability of delta endotoxins is a versatile multi-
component step in the overall mode of action of these toxins. The type 
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of channels, their frequency and conductance properties are not well-
characterized but each toxin that has been examined is different. 
Factors modulating the channel function include the brush border 
membrane and associated biophysical properties of that membrane (Dj, 
Vff pHf binding proteins, lipids, digestive detergents). In addition, steps 
in the mode of action prior to channel formation will dramatically modify 
the behavior of the toxins (solubility, stability, binding). All together, 
these parameters offer the biophysical chemist an enormous variety of 
opportunities to redesign Bt toxins to improve the performance of this 
natural resource. 
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Chapter 21 

Mechanism of Action of Bacillus thuringiensis 
CytA and CryIVD Mosquitocidal Toxins 

Sarjeet S. Gill1,2, Cheng Chang1-3, and Edward Chow1,4 

1Department of Entomology and 2Environmental Toxicology Graduate 
Program, University of California, Riverside, CA 92521 

Both the CytA and CryIVD mosquitocidal toxins have structural domains 
that have different functionality. The CytA toxin has distinct domains 
involved in cell binding and pore formation. Monoclonal antibodies 
developed against the native CytA toxin identify a putative cell binding 
region of the CytA toxin. These antibodies can inhibit the cytolytic 
activity of the CytA toxin. Similarly the N- and C-terminal fragments of 
the CryIVD toxin appear to have distinct functions, with the N-terminal 
region retaining the pore forming ability. Both of these toxins act 
synergistically to exert their mosquitocidal activity. This synergistic 
action is probably critical in delaying the onset of mosquito resistant to 
wild-type B. thuringiensis subsp. israelensis parasporal inclusions which 
are known to contain multiple toxins. 

Bacillus thuringiensis subsp. israelensis, an isolate highly insecticidal to mosquitoes 
and blackflies (1), produces parasporal inclusions containing proteins of 27-, 72-, 
125- and 135 kDa, the CytA, CrylVD, CrylVB, and CrylVA proteins, respectively 
(2). The amino acid sequences of these proteins have been deduced from their gene 
nucleotide sequences. Three of these proteins, the CrylVD, CrylVB, and CrylVA, 
are structurally related and are primarily mosquitocidal, while the fourth, a 
structurally unrelated protein, CytA, has cytolytic activity in addition to mosquitocidal 
activity (2,3). 

Although the primary structures of these proteins has been elucidated there is 
significantly less information on the mechanisms by which these toxins exert their 
mosquitocidal and/or cytolytic effects. The CytA is generally regarded as non-

3Current address: Department of Biochemical Genetics, City of Hope Medical Center, 
Duarte, CA 91010 

4Current address: Ciba-Geigy Company, 400 Farmington Avenue, Farmington, CT 06032 

0097-6156/95A)591-0308$12.00A) 
© 1995 American Chemical Society 
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specific, although recent evidence suggests that in vivo it demonstrates selective 
action (4). The focus of this chapter is to highlight some of the recent findings 
regarding these mosquitocidal toxins. The primary emphasis of this chapter is on the 
cytolytic CytA and the mosquitocidal CrylVD toxin. 

Mechanism of CytA toxin action 

CytA phospholipid interaction. Early studies demonstrated that the CytA protein 
interacts with cell membrane phospholipids, with better toxin binding to zwitterionic 
phospholipids (3). Incubation of the activated CytA toxin with dioleolyl 
phosphatidylcholine decreases its cytolytic activity (3). This neutralizing ability is 
characteristic of phosphatidylcholine having unsaturated acyl residues. In fact, 
unsaturation only at the syn-2 position of the phosphatidylcholine is sufficient to 
inhibit the hemolytic activity of the toxin (5). Identical lipids with saturated acyl 
residues did not neutralize the toxin The phospholipid and not the triglyceride moiety 
are key in this inactivation because monooleolyl glycerol, dioleolyl glycerol or triolein 
did not inactivate the CytA toxins (3,6). 

More recendy elegant studies performed by Gazit and Shai (7) demonstrated 
that selected parts of the CytA toxin could also interact with phospholipids. They 
synthesized the peptides, helix-1 and helix-2 (Table I) encompassing putative a-helix 
1 and a-helix 2 of the CytA toxin (8) and showed that these peptides could form 
amphipathic helices in phospholipid vesicles (7). Both peptides could bind 
zwitterionic phospholipids with high affinity; the affinity of these peptides being 
similar to that of other membrane-permeating peptides such as Staphylococcus 5-
toxin (9). Moreover, the N-termini of both peptides is located within the vesicle lipid 
environment. However, while helix-2 can form large aggregates within the lipid 
membrane at low peptide:lipid molar ratios, helix-1 is unable to. It is likely hence that 
CytA a-helix 2 plays a role in the pore formed by CytA aggregates. 

Table I. Membrane interaction and assembly of synthetic hydrophobic 
segments of the CytA toxin 

Activity observed 

Binds zwitterionic phospholipid 

N-termini located in lipid environment 

Does not form large aggregates 

Binds zwitterionic phospholipid 

N-termini located in lipid environment 

Forms large aggregates 

Peptide Sequence 

Helix-1 N Y I L Q A I M L A N A F 
QNALVPTST 

Helix-2 N Q V S V M I N K L V E 
V L K T V L G V A L 

Data from Gazit and Shai (7) 
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Cell membrane binding. In most cases when an insect ingests a B. thuringiensis 
toxin, the toxin is solubilized by midgut proteases and an activated toxin is obtained. 
This activated toxin then binds in a competitive manner a receptor on the insect 
midgut epithelium. Elegant work initially performed by a number of investigators 
(10-12) shows a receptor specific to a particular toxin can be identified in the midgut 
of most insects. With a number of Cry toxins this binding has been well 
characterized, and other chapters in this book address the characterization and 
isolation of a putative B. thuringiensis toxin receptor. Although no kinetic data has 
been obtained, the CytA toxin also binds to selective regions of the mosquito midgut 
(4). there is, however, greater difficulty in determining the kinetics of CytA toxin 
binding. High toxin concentrations are needed to effectively saturate the available 
CytA toxin sites (13), and with living cells it is not possible to achieve these levels 
because the inherent cytolytic activity of these toxins causes cell lysis. At toxin 
concentrations tolerable by living cells the concentration of bound toxin increases 
proportionally with toxin concentration in solution, with no saturation observed. 
Similarly, increased incubation times increase the bound toxin (13). 

Analysis of the cell membrane bound toxin has been performed (13). To 
determine the nature of this bound toxin, radiolabeled CytA toxin treated Aedes 
albopictus cells were extracted with Triton X-100, and the detergent soluble fractions 
were separated by ultracentrifugation on a 5-20% sucrose density gradient. These 
experiments were performed with varying CytA toxin concentrations. At low toxin 
concentrations used (< 0.25ng/ml) and for an incubation time of 30 min, the CytA 
toxin was present in its monomelic form. At toxin concentrations of 0.3 - 0.4ug/ml, a 
second peak of about 300-400 kDa molecular weight was observed. At even higher 
toxin concentrations, 0.7 - 4.0|ig/ml, this second peak became pronounced (Fig. 1). 
Although the aggregate peak size increased with toxin concentration, there is no 
apparent change in the size or the shape of the monomelic peak. No aggregates of 
intermediate size were observed. Further, the size of the aggregate peak remained 
constant for each cell type used. For example, for Aedes (C6/36) and Choristoneura 
(CF1) cells the aggregate corresponded to about 400 kDa in molecular weight, while 
for human erythrocytes the aggregate was about 170 kDa (13). 

Toxin aggregation is dependent on the concentration of cell membrane bound 
toxins. At low toxin concentrations in solution and at short incubation times, the cell 
membrane toxin concentrations are low and no toxin aggregates are observed. 
However, when higher toxin concentrations are used membrane toxin concentration 
increases and toxin aggregates are formed. Hence aggregate formation occurs when 
a threshold membrane toxin concentration is attained. At high membrane toxin 
concentration the CytA toxin exists predominantly as an aggregate. Similar results 
have been observed in erythrocytes with Staphylococcus ct-toxin, which exists mostly 
in an aggregate form (14). This Staphylococcus a-toxin spontaneously assembles 
into a dodecameric form under appropriate conditions. 

Aggregate formation dependence on membrane toxin concentration 
demonstrates probable interactions between toxin molecules and implies the presence 
of more than one CytA toxin in each aggregate. An aggregate of 400 kDa, as 
observed with Aedes or CF1 cells, suggests that if it is composed solely of the CytA 
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5 10 15 20 25 

Fraction number 
Fig. 1. Isolation of CytA toxin aggregates from Aedes albopictus cell 
membranes using 2.0 |ig/ml toxin at 27°C for 30 min. Following 
incubation the cells were washed, solubilized with Triton X-100 and 
fractionated on a sucrose density gradient. Individual fractions were 
analyzed for bound toxin. The peak in bound toxin is about 400 kDa. 
Marker enzymes (not shown) were used as standards. 
(Reproduced with permission from reference 13. Copyright 1989 American 
Society for Microbiology.) 

the aggregate consists of sixteen CytA molecules. It is more likely, however, that the 
aggregate contains a small number of CytA molecules because the cell membrane 
aggregate isolated probably also contains other membrane components. Therefore 
difference in aggregate size between different cell types probably reflects the presence 
of these membrane components. 

CytA inhibition by monoclonal antibodies. To evaluate whether specific toxin 
domains played a role in either binding or aggregation, anti-CytA mouse monoclonal 
antibodies were developed against both denatured and native toxin. Mice injected 
with the native CytA became tolerant after continued injection of this toxin suggesting 
the production of inhibitory antibodies. 

A number of monoclonal antibodies were isolated and analyzed for their 
ability to inhibit toxin binding to insect cells. All antibodies capable of blocking toxin 
binding to cells were also observed to abolished its cytolytic effect. Only antibodies 
obtained from mice injected with native toxins were able to block the binding of 
radiolabeled CytA toxin to cells. Some of these antibodies recognized the native but 
not the denatured CytA, however, others recognized both the native and denatured 
toxin. None of the monoclonal antibodies obtained from mice treated with heat 
denatured toxin showed any significant inhibition of binding or aggregation of the 
CytA toxin on cell membranes. 
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i i i i i 1111 i i i i i 
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0.1 1 10 

MAb, pg/ml 
Fig. 2. Inhibition of CytA toxin binding to CF1 insect cells by 
monoclonal antibody 10B9. Trypsin-activated CytA, 1.0 |xg/ml, was 
incubated with increasing antibody concentrations, and the mixture then 
incubated with CF1 cells. CF1 bound toxin concentrations were then 
measured. (Reproduced with permission from reference 13. Copyright 1989 
American Society for Microbiology.) 

Anti-native CytA monoclonal antibodies could inhibit 80-97% of labeled toxin 
binding to cells and protect them from lysis by the toxin (Fig. 2). The inhibition of 
toxin binding to cells was dependent on antibody concentrations. Approximately 
10|ig/ml antibody could abolish most of the CytA toxin binding (13). 

To determine the toxin fragments recognized by these antibodies the CytA 
protein was cleaved with various proteases, and/or cyanogen bromide. The protein 
fragments were then separated by SDS-PAGE and transferred to nitrocellulose or 
Immobilon paper and then probed with these monoclonal antibodies. Bands 
recognized were subjected to N-terminal sequencing. Three fragments, of 6-, 15- and 
17 kDa, were sequenced. Sequence information showed that the 15 kDa band was 
from the N-terminal of the trypsin activated CytA protein, with an N-terminus 
identical to that previously reported (5,15). The 6- and 17 kDa fragments were 
internal sequences of the CytA protein (Fig. 3). Preliminary findings from these 
mapping studies using one of these antibodies showed that the C-terminal fragments 
(Fig. 3, B and C) contained the antibody epitopes). The inability of antibodies, that 
inhibit binding, to recognize the N-terminal half CytA toxin suggests that this part of 
the toxin is probably not involved in cell binding. 

Summary of CytA action. Three defined steps appear necessary for CytA action 
(Fig 4). The first involves cell binding, followed by toxin insertion, and finally 
oligomerization resulting in pore formation. Toxin insertion and formation of 
aggregates accounts for the irreversibility of the CytA toxin binding and its detergent
like action (3,13). 
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CytA 

N [ 

A 

B 

C 

Fig. 3. Proteolytic fragments of the activated CytA toxin. Fragments A, 
B and C were isolated and sequenced. The epitope for the monoclonal 
antibody 10B4 is in fragments B and C but not A. The location of the C-
termini of these fragments is estimated. The hydrophobic domain which 
overlaps with the C fragment also contains a helices 3 and 4 based on a 
predicted secondary structure. (Adapted from reference 8.) 

Key for CytA toxicity is the initial binding to the cell membrane. The CytA 
binds irreversibly to cell membranes in a concentration dependent manner It appears 
that a specific toxin domain is required for this binding to occur. CytA toxicity 
inhibition by monoclonal antibodies directed towards the C-terminus region suggests 
that this region potentially plays an important role in this initial cell membrane 
recognition. This domain also contains a cysteine residue which when modified 
affects CytA toxicity (5). This cysteine at position 190 is in a major hydrophobic 
region from amino acid 170 to 210; the cysteine is adjacent to a-helices 3 and 4 (8). 
The cysteine itself is probably not involved in toxin binding, however, its modification 
does disrupt the predicted coil/turn at this site and/or affecting the cell recognition 
motif nearby. This C-terminal domain also contains the epitope for an cell binding 
inhibitory monoclonal antibody. Therefore this domain probably is important for 
CytA binding and critical for toxicity. 

The binding of the CytA toxin to cell membranes facilitates its insertion into 
membranes. It is likely that a-helix 2, amino acids 110-131 of the CytA toxin, forms 
part of the toxin molecule that is inserted into the membrane. Synthetic peptides 
encompassing this region are not only able to insert into the membrane but are also 
able to form aggregates (7). In contrast the putative a-helix 1 (8) while able to 
interact with the lipid vesicles is apparently unable to form aggregates (7). 

The third step in toxin interaction with insect cell membranes is the formation 
of toxin aggregates. There is evidence that the CytA toxin monomers insert into the 
membrane (7,13,16). Formation of CytA aggregates probably occurs in the cell 
membrane rather than in solution, and limited studies performed with the CytA toxin 
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Insertion — • Oligomerization 
• 
• 9 

t / 
Cdl lysis 

Fig. 4. Putative steps in the cytolytic activity of the CytA toxin. 

support toxin oligomerization in the cell membrane (13,16). Two potential models of 
oligomerization are possible. In the first toxin molecules bind randomly to the 
membrane, then insert and diffuse laterally in the membrane where they form toxin 
oligomers. Alternatively, cell membrane inserted toxin molecules facilitate additional 
toxin insertions thereby leading to the formation of an aggregate. Potentially if this 
were to occur toxin aggregates of varying size will probably be obtained from cell 
membranes, however, experimental evidence, i.e. isolation of cell membrane toxin 
aggregates (13) does not support this hypothesis. It is possible that this toxin-toxin 
interaction is rapid and not measurable by the techniques used in this latter 
experiment. 

Nevertheless it is clear that toxin aggregates are formed. These aggregates 
lead to the formation of a pore, which has been estimated to be lnm in radius (17). 
The pore size was estimated at a toxin concentration of 10 ug/ml at which the cell 
membrane bound toxin would exist as aggregates. Pores of similar sizes have been 
reported for Staphylococcus a-toxin and E. coli aerolysin (18,19) but substantially 
smaller than the >30nm pore size estimated for streptolysin O (20). The CytA toxin 
pore formed is cation selective (21), thereby facilitating disruption of osmotic balance 
and ultimately cell lysis. 

Mechanism of CrylVD toxin action 

Pore formation by CrylVD. Investigations by a number of laboratories demonstrate 
that B. thuringiensis toxins insert into membranes and form pores that are permeable 
to small ions and molecules (21-23). Using a variety of techniques with or without 
insect cell membrane proteins, these studies demonstrate the capacity of B. 
thuringiensis toxins to form pores that have the capacity to conduct ions. The 
channels formed are voltage independent cation pores. Although the conductances 
obtained vary depending on the toxin used in most cases these conductances are large 
(21-23). 

To determine whether the mosquitocidal toxins can form pores the CrylVD 
toxin was used in a lipid bilayer to monitor ion conductances. These experiments 
illustrate that like other proteins the CrylVD can form cation channels (Fig. 5) (Gill et 
al., unpublished results). The CrylVD formed channel conductance is relatively large, 
approximately 2nS. Further studies to determine the role of the N- and C-terminal 
regions, i.e. the role of the a-helix rich region and the cell membrane binding 

Binding 
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Toxin fragment 

N-terminus G-tenninus 
Mosquitocidal 

Activity 
Pore 

Formation 

+ + 
+ 

+ + 
Fig. 5. Mosquitocidal and pore forming ability of the N- and C-terminal 
fragments of the CrylVD toxin from B. thuringiensis subsp. israelensis. 

domains, respectively, were also performed. Therefore the N- and C-terminal 
domains individually and together were expressed in K coli, the proteins purified, and 
channel formation determined. Analysis reveal that the N-terminal retains most of the 
pore forming ability. This fragment, is however, not mosquitocidal. The C-terminal 
does not have channel forming activity nor does it posses any mosquitocidal activity. 
In contrast when both the N and C terminal fragments are utilized together, both pore 
forming ability and mosquitocidal activity are observed. These studies demonstrate 
that the N-terminal half by itself can form pore that are functionally similar to the 
whole CrylVD toxin. 

These studies and those in other chapters in this book demonstrate the 
increasing evidence of channel like activity of the B. thuringiensis toxins. Most 
evidence suggests the probable Cry toxins pore forming amphipathic a-helix is helix 
5. Nevertheless it is probable that other parts of the toxin could contribute to pore 
characteristics. The Cry toxin pore radii has been measure to be about 0.6 nm (17), 
which is large than the crystal radii of K + and Na + , the ions that are selectively 
conducted. Moreover large conductances, in the nS range, have bean measured by 
many investigators. Hence the basis for the ion selectivity that is observed by Cry and 
Cyt toxins is not known. Potentially the large conductances observed represent 
population of channels with potentially different ionic selectivities, or the same 
channel with many different conductance substates. 

Expression of mosquitocidal proteins in Bacillus thuringiensis. B. thuringiensis 
subsp. israelensis and B. thuringiensis subsp. morrisoni (PG-14) produce four 
mosquitocidal toxins all of which are essential to obtain the full complement of 
activity observed in the wild-type parasporal inclusions. These toxins, encoded by a 
large plasmid, have been cloned and expressed in both E. coli and in B. thuringiensis 
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(24-26). The isolate B. thuringiensis subsp. morrisoni (PG-14) also contains a 
lepidopteran toxin encoded by another plasmid in this strain. Expression of the CytA 
toxins in E. coli requires the 20 kDa toxin (27,28), however, high level expression of 
the CytA in B. thuringiensis does not require the specific presence of the 20 kDa 
protein (Fig. 6), but cell viability is enhanced with presence of a second protein in the 
cell (29). The presence of an additional protein, either the 20 kDa or the CrylVD, 
enhances the stability of the CytA protein preventing proteolytic cleavage, and hence 
increasing cell viability (29). In contrast, die CrylVA, CrylVB and CrylVD proteins 
are highly expressed by themselves (24,25,29). 

The presence of multiple proteins in B. thuringiensis subsp. israelensis 
suggests that these proteins could potentially interact synergistically, i.e. the 
mosquitocidal toxicity of each toxin is lower than the toxicity when more than one 
toxin is present. Indeed a number of investigators over the years have demonstrated 
that various combinations of these B. thuringiensis subsp. israelensis toxins act 
synergistically (30-32). To better estimate the level of synergism obtained with these 
toxins we expressed the CytA and CrylVD toxins in various combinations to 
determine the level of this interaction (Fig. 6). When both these toxins are expressed 
as in the construct CG8, which produces 70% CytA and 30% CrylVD, the LC50 value 
obtained towards Culex quinquifasciatus is 26 ng/ ml. As the CytA protein has little 
mosquitocidal activity, this LC50 value results from about llng/ml of CrylVD 

CytA C r y l V D 

CG8 

CG4 

CG6 

CG2 

CG17 

Toxin 
Expressed 

CytA 
CrylVD 

CrylVD 

CrylVD 

CytA 
ACrylVD 

CytA 

ng/ml 

26 

37 

37 

301 

>1000 

Fig. 6. Construction of combinations of the CytA and CrylVD toxins in 
the B. thuringiensis/E coli expression vector pHT3101 (33) for 
expression in B. thuringiensis. The toxins expressed were detected by 
SDS-PAGE and immunoblotting with antibodies raised against either the 
CytA or CrylVD proteins. Mosquitocidal activity was monitored against 
Culex quinquifasciatus fourth instar larvae and values represent 24-hr 
LC50 values. 
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protein. When only the CrylVD toxin is expressed, as in CG4 and CG6, the L C 5 0 

value is 37 ng/ml, and if only the CytA toxin is expressed the LC50 value is > 1000 
ng/ml. Although the L C 5 0 value for the CrylVD/CytA combination is 26 ng/ml, and 
for CrylVD alone is 37 ng/ml, there is a 4-5 fold synergism between these two 
proteins even, though the CytA itself has a relatively low toxicity itself (29). 
Nevertheless the toxicity observed with both the CytA and CrylVD proteins is an 
order of magnitude lower than that observed with intact B. thuringiensis subsp. 
israelensis parasporal inclusions, LC50 of 4ng/ml. Synergism has also been observed 
between the CrylVA and CrylVB and the CytA proteins, however, the precise fold 
synergism observed has not been established. It is also likely that synergism among 
other B. thuringiensis toxins will be detected. 

Effect of multiple toxins and their synergistic effects. Although high resistance 
levels, both in the laboratory and in the field, have been demonstrated for a number of 
lepidopteran B. thuringiensis toxins (34-39) resistance to B. thuringiensis subsp. 
israelensis has been difficult to attain (2,40). Only low resistance levels have been 
reported. However, selection of mosquitoes with single B. thuringiensis subsp. 
israelensis toxin, namely the CrylVD, it is possible to develop resistance more rapidly 
(2). In part this inability of mosquitoes to develop high resistance levels to B. 
thuringiensis subsp. israelensis toxins is due to the interaction of the multiple toxins 
that are present in this isolate. Consequently, synergism that has been demonstrated 
between the CytA and CrylVD toxins, albeit of low level, plays an important if not 
crucial role in deferring resistance development. 
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Chapter 22 

Identification and Functional Characterization 
of the Bacillus thuringiensis CryIA(c) 
δ-Endotoxin Receptor in Manduca sexta 

M . J. Adang, S. M. Paskewitz1, S. F. Garczynski, and S. Sangadala 

Department of Entomology, University of Georgia, 
Athens, GA 30602-2603 

Binding sites for insecticidal δ-endotoxins of Bacillus thuringiensis are 
located in the midgut brush border. We report the purification and 
functional characterization of 120- and 65-kDa proteins from Manduca 
sexta that bind CryIA(c) toxin. The 120-kDa protein, the major 
CryIA(c) binding protein, was identified as aminopeptidase N (EC 
3.4.11.2). A mixture containing 120- and 65-kDa proteins was 
obtained by isoelectric focusing and affinity chromatography. When 
reconstituted into phospholipid membrane vesicles, the 120/65-kDa 
proteins enhanced toxin binding and catalyzed 86Rb+ release. The 
presence of the 120/65-kDa proteins allows channels to form at 
nanomolar concentrations of toxin. The structure that attaches the 
aminopeptidase to the M. sexta brush border was also determined. In 
contrast to vertebrate aminopeptidase N, the 120-kDa aminopeptidase 
in M. sexta is anchored by a glycosyl-phosphatidylinositol moiety. 

The bacterium Bacillus thuringiensis (Bt) produces insecticidal crystals that are 
important for control of crop pests (1). When susceptible lepidopteran larvae ingest 
Cryl crystals, 130- to 140-kDa protoxins are released in the alkaline midgut lumen. 
Midgut proteases process the protoxin molecule to form a stable 55- to 70-kDa toxin 
core. Activated toxin subsequentiy binds to epithelial cells lining the midgut. Bound 
toxin molecules form ion channels, causing cell lysis and insect mortality (1,2). 

Brush border membrane vesicles (BBMV) provide a method for presenting 
membrane surface molecules to Cryl toxins in vitro for the purpose of characterizing 
toxin binding. Studies using 125I-labeled toxins and B B M V have correlated high-
affinity binding sites in the midgut with susceptibility to Cryl toxins (3). Binding of 

1Current address: Department of Entomology, University of Wisconsin, Madison, WI 53706 

0097-6156/95/0591-0320$12.00A) 
© 1995 American Chemical Society 
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the three CrylA toxins and CrylC toxin has been studied in the greatest detail. The 
CrylA toxins share overlapping populations of binding sites in susceptible insects, 
while CrylC toxin clearly does not compete for CrylA binding sites (3 and Ke Luo 
unpublished observations). The impact of these distinct populations of binding sites 
on Bt activity is best illustrated by Plodia interpunctella (Indian meal moth) and 
Plutella xylostella (diamondback moth) larvae that have acquired resistance to the 
CrylA toxins. Both species acquired resistance to CrylA toxins by reducing the 
number of Cryl binding sites in the midgut, while toxicity and binding of CrylC toxin 
was relatively unchanged (4, 5). In P. xylostella, the first insect with ifr-resistant field 
populations (5), resistance is reversible (6). Reversal of resistance was correlated with 
the return of CrylA toxin binding sites (6). Unfortunately, exceptions to the 
correlation between binding and toxicity are reported for natural (7, 8) and acquired 
resistance (9) to Bt toxins. 

Molecular Sizes of CrylA(c) Binding Proteins 

Lepidopteran insects have single or, more often, multiple toxin-binding proteins. To 
identify toxin-binding proteins we have employed a protein blot technique called 
ligand blot analysis. After sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE), membrane vesicle proteins are transferred to nitrocellulose membranes. 
Candidate binding proteins are identified by hybridization with 125I-labeled ligand. 
Alternatively, toxin binding is detected using anti-toxin antibodies and enzyme-
conjugated secondary antibodies (10). The validity of the ligand blot technique 
depends on the relevance of binding determinants that survive the conditions of SDS-
PAGE and protein blotting. Figure 1 is a ligand blot displaying 1 2 5I-CryIA(c) binding 
to four insect species. Manduca sexta had a major CryLA(c) binding protein at 120 
kDa and Spodoptera frugiperda had only one band at 148 kDa. Heliothis virescens 
and Helicoverpa zea, displayed a more complex pattern of CrylA(c) binding proteins 
ranging in size from 63 to 155 kDa in size. These ligand blot results agreed with the 
studies of binding of 1 2 5I-CryIA(c) toxin to brush border vesicles from larval midguts. 
We focused attention towards a more detailed characterization of the M. sexta 120-
kDa protein. Following is a summary of experiments described in Sangadala et al. 
(11) that identify the 120-kDa protein as aminopeptidase N (3.4.11.2) and demonstrate 
its function as a toxin receptor. 

The 120-kDa CrylA(c) Toxin Binding Protein is Aminopeptidase N 

The approach was to purify the 120-kDa protein that binds CryLA(c) toxin on blots by 
preparative SDS-PAGE using a Bio-Rad prep cell. We collected 60 fractions after the 
dye front had migrated to the bottom of the gel, then analyzed the samples by SDS-
PAGE and ligand blotting. Fraction 33 contained a single protein of approximately 
120 kDa that bound 1 2 5I-CryIA(c) toxin. This protein was separated a second time by 
SDS-PAGE, blotted onto membrane, and subjected to N-terminal amino acid 
sequencing. The N-terminal amino acid sequence YRLPTT from PSYRLPTTTG 
matched residues 70-75 predicted from the porcine aminopeptidase N gene (12). 
Knight et al. (13) also purified the 120-kDa protein from M. sexta that binds CryLA(c) 
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toxin. The N-terminal sequence of the 120-kDa protein obtained by Knight et al. (13) 
agrees with the sequence we reported (11). 

Brush border aminopeptidase is an ectoenzyme that has most of the protein 
mass protruding external to the cell membrane and a portion anchored in the 
membrane (14). In mammals, aminopeptidase N is anchored in the membrane via a 
peptide stalk of approximately 60 amino acids (14). The 120-kDa N-terminal 
sequence indicates that the CryIA(c)-binding aminopeptidase does not have an N -
terminal peptide stalk. A recent study (15) suggested an alternative anchor for 
membrane attachment of Bombyx mori aminopeptidase. Takesue et al. (15) reported 
that at least some of the brush border aminopeptidase is anchored to the epithelial 
membrane by a glycosyl-phosphatidylinositol (GPI) linkage. Garczynski and Adang 
(16) concluded that the 120-kDa protein has a GPI membrane anchor based on 
susceptibility to glycosyl-phosphatidylinositol-specific phospholipase C. The 
structure of the M. sexta aminopeptidase is unique in several respects; the protein has 
a membrane anchor different from that found in other animal taxa, and most 
importantiy, binds CrylA(c) 8-endotoxin. 

Purification of the 120-kDa Protein for Reconstitution and Enzymatic Analyses 

For purposes of membrane reconstitution and enzymatic analyses we needed to purify 
the 120-kDa protein using a method that did not utilize detergents that denature 
proteins or interfere with membrane reconstitution. Affinity-purification using 
immobilized CryLA(c) toxin and standard chromatographic methods were 
unsuccessful (data not shown). A combination of preparative isoelectric focusing 
followed by immunoaffinity selection yielded a mixture consisting of 120- and 65-
kDa proteins. 

We prepared monoclonal antibodies (mAbs) against the 120-kDa protein. We 
used mice and a specialized immunization technique (17) because only a limited 
amount of purified 120-kDa protein (approximately 10 to 20 jig) was available. 
Briefly, B B M V proteins were separated on large preparative SDS-gels. Each gel was 
lightly stained with Coomassie blue in distilled H2O and the band at 120 kDa excised. 
Protein was electroeluted from the gel slice and checked for purity by SDS-PAGE and 
toxin binding by ligand blot analysis. About 10 jig of 120-kDa protein was spotted 
onto a square of nitrocellulose and implanted intrasplenically in mice as described in 
Sangadala et al. (11). An antibody screening strategy was devised that circumvented 
the lack of purified antigen. We screened for anti-120 mAbs by western blot analysis 
using small strips (2 x 20 mm) of blotted B B M V protein. A multi-well tray was 
devised from a Styrofoam microcentrifuge tube box (Sarstedt) by removing the 
divider between two holes then sealing the tray with melted paraffin. This simple 
apparatus made it convenient to screen 50 culture supernatants at a time. From 
approximately 500 supernatants we selected 5 hybridoma cell lines for further study. 
Each mAb was able to detect a 120-kDa-protein on a western blot of M. sexta B B M V 
(data not shown). 

A pool of three mAbs (2B3, 8G1, and 12B8), collectively called anti-120 
mAbs, was used as affinity ligands to purify toxin binding proteins from solubilized 
B B M V . Polypeptides of 120, 95, 65, and 45 kDa were detected by SDS-PAGE and 
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silver staining (Figure 2). When protein blots were probed with either 1 2 5I-CryIA(c) 
or 1 2 5 I-mAb, proteins at 120 and 65 kDa showed visible signals (Figure 2). Note, the 
120-kDa protein signal on the autoradiogram was much stronger with both probes. 
Also, a third faint band was seen at 60 kDa. This pattern of bands was identical to 
total B B M V . 

Preparative isoelectric focusing was performed on B B M V proteins solubilized 
in octyl glucoside using pH 3-10 ampholytes in a Rotofor (Bio-Rad) . The 120-kDa 
protein along with 80% of the total protein partitioned into two fractions of pH 5 and 
6. When the isoelectric focusing step preceded the immunoselection step, the result 
was a protein fraction containing just the 120- and 65-kDa proteins (Figure 3). Based 
on molecular size and recognition by CrylA(c) and mAbs, the 120-kDa protein 
appears to be the toxin-specific protein seen previously on blots of M. sexta B B M V . 

The 120/65-kDa Proteins Catalyze Toxin-Induced Pore Formation 

Using the reconstitution method of English et al (18), phospholipid vesicles were 
prepared with or without the 120/65-kDa proteins in the presence of 8 6 R b + . Dried 
phosphatidylcholine was resuspended in assay buffer then purified brush border 
proteins and 8 6 R b + were reconstituted into vesicles by freeze-thaw sonication. Efflux 
from vesicles was measured by trapping external 8 6 R b + on a cation exchange column 
while internal 8 6 R b + passes through and is counted. We found that when external 
CryLA(c) approaches uM concentrations it induces channel formation in membranes 
even without binding proteins (11). The spontaneous release of 8 6 R b + was minimal 
below 100 nM. When the 120/65-kDa proteins were incorporated, the concentration 
of toxin required to induce 8 6 R b + efflux was reduced at least 1000-fold ( Figure 4A). 
Also, per cent of efflux corresponded to the amount of 120/65-kDa proteins in the 
reconstituted vesicles (Figure 4B). These reconstitution experiments provided the 
first evidence that proteins which bind toxin on ligand blots actually function as toxin 
receptors. 

CrylA(c) Toxin-Enzyme Interactions 

Two enzymes were identified in the 120- and 65-kDa toxin binding protein fraction. 
Immunoaffinity beads carrying 120/65-kDa proteins were directly assayed for enzyme 
activities. The 120-kDa protein had the activity profile characteristic of 
aminopeptidase N . The Zn"1"1" chelating agents 2,2'-dipyridyl and 1,10 phenanthroline 
inhibited activity, as did the selective aminopeptidase inhibitors; actinonin, amastatin 
and bestatin. An unexpected result was the increase in relative aminopeptidase 
activity in the presence of CrylA(c) toxin up to 20 nM (Figure 5). 

A phosphatase was also detected in the 120/65-kDa protein fraction. The 65-
kDa M. sexta protein is similar in molecular size to the 70-kDa brush border alkaline 
phosphatase in H. virescens (19) and the 58-kDa enzyme of Bombyx mori (20). Bt 
CrylA(c) was previously shown to bind and inhibit this enzyme (19). The 
phosphatase activity in the 120/65-kDa protein fraction was reduced to 50% of the 
maximum level by the presence of 1 uM CryLA(c) (Figure 5). CrylA(c) did not 
change the activity of bovine alkaline phosphatase (11). 
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Figure 1. Ligand blot identification of brush border membrane vesicle-binding 
proteins specific to CrylA(c) toxin [SDS-PAGE of membrane vesicles (20 \ig)9 

incubated with 1 2 5I-CryIA(c) toxin]. Lane 1, rat; lane 2, S. frugiperda; lane 3, H. 
zea; lane 4, H. virescens; lane 5, M. sexta. Lines indicate the positions of M r 

standards (kDa). 
(Reproduced with permisson from ref. 8. Copyright 1991 American Society for 
Microbiology.) 

Figure 2. SDS-PAGE of B B M V proteins bound to the mAb affinity column. 
Lanes 1 and 2 were visualized by silver staining. Protein blots were probed with 
1 2 5I-CryIA(c) (lanes 3 and 4) or l 2 5I-mAbs 2B3, 8G1 and 12B8 (lanes 5 and 6). 
Lanes 1, 3 and 5 contained 5 \xg of M. sexta B B M V protein. Lanes 2, 4, and 6 
contained 0.5 \ig of immuno-affinity selected proteins. 
(Reproduced with permisson from ref. 11. Copyright 1994 American Society 
for Biochemistry and Molecular Biology, Inc.) 
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Figure 3. SDS-PAGE and protein blot analyses of the proteins obtained by 
preparative isoelectric focusing and mAb chromatography. Each lane contains 
0.5 ng of protein. Lane 1 was the silver stained gel, lane 2 was incubated with 
1 2 5I-CryIA(c) and lane 3 ^I-mAbs. 
(Reproduced with permisson from ref. 11. Copyright 1994 American Society 
for Biochemistry and Molecular Biology, Inc.) 
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Figure 4. CryLA(c) induced release of 8 6 R b + from phospholipid vesicles 
containing either phospholipid-only or phospholipid plus proteins purified from 
B B M V . Varying amounts of CrylA(c) were added externally and 8 6 R b + release 
measured. In Panel A , the vesicle reconstitution mixture contained either 2.5 ng 
(•••••••) of 120/65-kDa proteins isolated by preparative isoelectric focusing 
followed by immuno-affinity chromatography, or with phospholipid-alone 
( • • • • • • ) . In Panel B, the vesicle reconstitution mixture contained either 2.5 
M-g (•••••••) or 0.5 \ig ( - » • • • ) of 120/65-kDa proteins. Values are 
expressed as a percentage of counts retained in vesicles in the absence of toxin 
treatments. Points in Panels A and B are the mean of duplicate samples. The 
standard deviation for all points in Panels A and B was less than 1.4%. 
(Adapted from ref. 11.) 
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Figure 5. Effect of CrylA(c) on aminopeptidase and phosphatase activities in the 
120/65 kDa protein fraction. The 120/65 kDa protein fraction was assayed in 
the presence of various toxin concentrations. Relative activity is expressed in 
terms of a control containing no CrylA(c). Values are the means of triplicate 
determinations. 
(Adapted from ref. 11.)  J
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Summary 

Our data support a Afunctional role for 120-kDa protein as a Bt CryIA(c) receptor and 
aminopeptidase N . Aminopeptidase N in mammals exhibits several biological 
functions in addition to its hydrolysis of peptides in the intestine. Aminopeptidase N 
has a role in Na+-dependent amino acid transport in bovine renal brush border 
membranes (21,22). Sacchi et al. (23) demonstrated that toxin inhibits K+-dependent 
amino acid cotransport into membrane vesicles. While speculative, it is possible that 
toxin shut-down of amino acid transport results from a direct interaction with toxin 
and receptor. It is also possible that shut-down of amino acid transport is a secondary 
effect caused by disruption of the K + gradient. In addition to normal physiological 
functions, viruses target this class of proteins to gain entry into cells. Aminopeptidase 
N acts as a receptor for certain coronaviruses which infect intestinal cells in pigs (24) 
and humans (25). 

Our investigations of the interaction between CryIA(c) toxin and its target 
protein show that toxin binds to a 120-kDa aminopeptidase in the brush border 
membrane of M. sexta and causes ion channels to form at very low toxin 
concentrations. This result supports and refines the model developed by Knowles and 
Ellar (26), and English and Slatin (2). They proposed that toxin binding proteins act 
by increasing the toxin concentration at die membrane surface microenvironment 
resulting in pore formation at extremely low concentrations of toxin. 

In mammals the cell surface aminopeptidase is anchored in the membrane via 
an N-terminal peptide stalk of approximately 60 amino acids (21). Since the N -
terminal amino acid sequence from the 120-kDa M. sexta midgut aminopeptidase N 
aligns with pig microsomal aminopeptidase N starting at amino acid 69 (11, 13), it 
appears that the CryLA(c) binding aminopeptidase does not have an N-terminal stalk 
typical of the mammalian enzyme anchor. Our recent results demonstrate that the 
120-kDa aminopeptidase in the M. sexta brush border membrane possesses a GPI-
anchor (16). While the major function of the GPI-anchor is to attach the protein to the 
plasma membrane, GPI-anchors have been implicated in a variety of other structural 
and physiological functions. 

Future studies will be directed at defining the structures on the aminopeptidase 
which specify CrylA(c) binding. We are also investigating how insects modify 
binding proteins to acquire resistance to Bt toxins. 
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Chapter 23 

Mode of Action of δ-Endotoxin from Bacillus 
thuringiensis var. aizawai 

M. Himeno and H. Ihara 

Department of Applied Biological Chemistry, College of Agriculture, 
University of Osaka Prefecture, Sakai, Osaka 593, Japan 

CryIA(a) and CryIA(b), δ-Endotoxins from Bacillus thuringiensis 
var. aizawai, were found to interact with a brush border membrane 
vesicle (BBMV) prepared from silkworm, Bombyx mori L . The 
irreversibly bound toxin was resistant to proteinase K, suggesting 
that it was inserted into lipid bilayer of BBMV. Cultured cabbage 
looper TN-368 cells swelled during treatment with δ-endotoxin. The 
cell swelling induced by the toxin was selectively caused with 
monovalent cations. Effects of pyrethroids on the toxin-induced cell 
swelling and the effect of various drugs that affect the Na+ or K+ 

channel suggested that the δ-endotoxin stimulated the Na + channel 
of the cell in isotonic NaCl solution and also Na+, K+-ATPase in KCl 
solution. The content of cGMP in the swollen cells did not increase. 

Bacillus thuringiensis is a gram-positive spore-forming bacterium that forms a 
crystalline inclusion body containing proteinaceous 8-endotoxin, which is simply 
called the crystal. The 8-endotoxins are only toxic to insects and are harmless to 
vertebrates and plants. As such, they have been widely used as microbial 
insecticides for pest control. Hofte and Whiteley classified the 8-endotoxin into 
4 cry groups (1). After ingestion by susceptible larvae, crystals dissolve into 
130-140 kDa proteins (pro-toxin) in the alkaline conditions of the insect midgut. 
Proteases in the midgut cleave the pro-toxins to yield 55-70 kDa active toxins. 
Active toxins bind to high-affinity binding sites on the midgut epithelial membrane, 
which decide the insecticidal spectrum. Then the epithelium cells swell and 
their microvilli disappear and finally the cells lyse. The flux of the potassium 
ion into the blood induces paralysis and death of the insect. The mode of action 
of these toxins was described in several reviews (1-5) and various models of the 
mechanism of action have been proposed (6). Nevertheless, the exact mode of 
action remains unknown. 

In this paper, we describe the binding of 8-endotoxin to a positive receptor 
protein in brush border membrane vesicles (BBMV) from midgut epithelium of 
Bombyx mori L . and the activation and other disturbance of monovalent cation-
selective channels induced by the toxin in an insect-cultured cell system. 

0097-6156/95/0591-O330$12.00A) 
© 1995 American Chemical Society 
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M A T E R I A L S A N D METHODS 

Cells. The TN-368 cells from cabbage looper were cultured in TC199-MK 
medium containing 3-5% fetal bovine serum and SO^g/ml kanamycin sulfate at 
27°C. The cells were cultured on a Falcon Micro-Test plate 3040 and used to 
determine the toxic activity of various agents as described by Himeno.ef al (7). 
Purification of Crystals and Dissociation of the 6-Endotoxin. Crystals from 
B. thuringiensis var. aizawai 145 and var. israelensis 4Q1 were purified by the 
flotation procedures by Yamamoto (8) and by the density gradient centrifugation 
of Renographin. CryIA(a) and CryLA(b), which constitute the crystal of B. 
thuringiensis var. aizawai 145, were individually purified from E. coli JM103 
carrying crylA(a) or crylAfb) gene and described in previous paper (9). Binding 
experiments were performed with CryIA(a) and CryIA(b) from recombinant E. 
coli and the others were done with crystal protein from B. thuringiensis var. 
aizawai 145. 
Preparation of B B M V . The preparation of B B M V from midgut cells of Bomhyx 
mori follows the precipitation methods using Mg-EGTA described by 
Wolfersberger et ah (10). 
Iodination of Activated Toxins and Binding Assay. Iodination of activated 
toxin was done by the chloramine-T method (11). The binding assay of the 
[^IJ-toxin with the B B M V was performed in the presence or absence of excess 
unlabeled toxin in phosphate buffer saline (PBS)-bovine serum albumin (BSA). 
Bound and free toxins were separated by fast ultrafiltration through a nitrocellulose 
filter. Each filter was rapidly washed with ice cold PBS-BSA. Radioactivity on 
the filter was measured in a gamma counter (12). 
Protease Digestion of Irreversibly Bound d-Endotoxin. 
[^q-Labeled CryIA(a) and B B M V were incubated for 2 hr at 30 °C. The 
mixture was diluted 10-fold in the buffer containing 0.1 ^ M unlabeled toxin and 
incubated for 2 hr at 30 °C. Binding of labeled toxin to B B M V was in irreversible 
component by this procedure. The mixture was centrifuged at 40,000 x g for 30 
min at 2 °C to remove free toxin. The pellet was suspended in the buffer 
containing several concentration of proteinase K and was incubated for 2hr at 
30 °C. The B B M V were separated from enzymes and degradation products by 
rapid filtration method. Each filter was rapidly washed and the radioactivity was 
measured with a gamma counter. 
Effect of Monovalent Cation on Cell Swelling. The swelling activity induced 
by the toxin on the TN-368 cells and effects of the some drugs on the toxin-treated 
cells were determined by the procedures described in previous paper (7). The 
cells were incubated in 160 mM sucrose solution containing 20 mM concentration 
of the following monovalent cations (KC1, L iCl , NaCl, RbCl, and CsCl) and the 
cells were treated with the toxin (18 figlml) prepared from the aizawai crystal 
(7). Also the cells were incubated in 140 mM sucrose solution containing 20 
mM MgCl 2 or CaCl^ and 160 mM sucrose solution containing 20 mM NH 4C1, 
0.8% NaCl, and 10 mM phosphate buffer saline, pH 6.3, without M g C l 2 or 
CaCl 2 . The cell swelling was counted after suitable incubation time at room 
temperature. 
Determination of cGMP Content in Swollen Cells. The confluent monolayers 
of TN-368 cells were washed 3 times with 150 mM NaCl or 230 mM KC1 
solution and treated with 1 ml of the enzyme-digested 6-endotoxin preparation 
(3.7^g/ml) (7). The monolayer cells were treated with the isotonic NaCl solution 
containing silkworm digestive enzyme as a control. After incubation for an 
appropriate period, the cells were treated with 6% TCA at 0°C and homogenized. 
The homogenates were centrifuged for 5,000 rpm for 15 min at 4 °C and supernatant 
saved. The pellets were again extracted with cold 6% TCA and recentrifuged. 
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The combined supernatants were extracted with equal volumes of ether to remove 
TCA. After repeating the ether extraction 3 times, the aqueous fraction was 
dried. The dried samples were assayed for cGMP levels with the Y A M A S A 
cGMP assay kit according to the manufacture's instructions. 

RESULTS 

Binding of 6-Endotoxin to Brush Border Membrane Vesicles (BBMV). 
Proteolytically activated 8-endotoxins primarily bind to specific receptors on the 
midgut epithelial cell membranes and that event is important in the action of the 
toxin and for the determination of its specificity (3). We have studied the 
binding of CryLA(a) and CryIA(b) to B B M V (12). CryIA(a) and CryIA(b) were 
found to specifically bind to crude membranes and B B M V from larval B. mori 
midguts. Neither toxins bound to the BBMVs from rabbit kidney cortex and 
small intestine. This correlates to the lack of toxicity of this toxin in rabbit. The 
binding of both toxins was dependent on membrane protein concentrations. The 
specific activity of the binding to B B M V increased approximately three-fold 
relatives to that of the crude membranes, indicating that the binding sites of both 
toxins are localized on B B M V . The binding of each toxin to B B M V was 
saturable with increasing concentrations of toxins. Scatchard plot analysis indicated 
a single binding site for each toxin. The dissociation constant and the binding 
capacity for CrylA(a) binding to B B M V were 0.89 n M and 7.68 pmole/mg 
vesicle protein, respectively (Figure 1). For CryIA(b) the dissociation constant 
was 1.46 nM and the binding capacity was 5.22 pmole/mg vesicle protein (Figure 
1). Competition experiments showed that binding of each toxin was displaced 
by unlabeled toxin in the nanomolar concentration range, suggesting that both 
toxins compete for the same high affinity binding site. 

Irreversible Binding of 6-Endotoxin to B B M V . Investigators have indicated 
that the mechanism of toxin binding to B B M V is complicated (13-16). Association 
of toxin apparently obeys simple bimolecular kinetics, but the dissociation process 
is biphasic with fast and very slow stages. This suggests that the binding of 
toxins proceeds through reversible and apparently irreversible stages. The two-step 
binding appears to be a common feature of Cryl toxins. We studied the dissociation 
kinetics of the binding of CryIA(a) and QyIA(b) to B B M V (12). The dissociation 
curves of both toxins followed a biphasic process with a fast and a very slow 
state, suggesting that the binding of toxins proceeds through reversible and 
apparently irreversible states. The ratio of the reversible state to the irreversible 
state was different for these two toxins. For CryLA(a), the ratio was approximately 
2 : 8 and for CryIA(b) it was approximately 9 : 1. Interestingly, we found that 
the differences in their toxicities to B. mori were better correlated with the 
reversible : irreversible ratio, rather than just to binding ability. Therefore the 
irreversible binding state is likely to be a physiologically important factor. 

Investigators have studied effects of o-endotoxin on artificial lipid bilayers 
(17-21). The toxins apparently are involved in forming pores or channels in the 
lipid bilayers. Because there are conserved hydrophobic regions near the N -
terminus of the 8-endotoxins, it has been predicted that the toxins may interact 
with the membrane of midgut epithelial cells (1, 22). The irreversible state of 
the toxin binding may be due to the insertion of the toxin into lipid bilayer 
(13-16, 23), but direct experimental evidence for such interaction has not been 
reported. To determined the fraction of the toxin which was irreversibly bound 
to B B M V , the irreversibly bound toxin was digested with several concentration 
of proteinase K (Figure 2). As the enzyme concentration increased, the 
radioactivity from [ jf|-toxin retained on B B M V decreased to 40% of that without 
enzyme-treatment. The level of radioactivity was not further reduced even when 
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1001 h 

0 25 50 75 100 

Proteinase K (/yg/ml) 

Figure 2. Digestion of f125!]-labeled CrylA(a) bound irreversibly to 
B B M V by proteinase K. 
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the reaction time was extended. This result indicated that approximately 40% of 
the toxin bound irreversibly to B B M V was resistant to the enzyme treatment. It 
is reasonable to assume that the membrane partially protects the toxin from the 
attack of the enzyme and that the toxin is likely inserted into the membrane. 

Effect of Monovalent Cation on the Cell Swelling. It was reported previously 
that TN-368 cell swelled by treatment with enzyme-digested o-endotoxin of B. 
thuringiensis var. aizawai 145 and var. israelensis 4Q1 (2). The cytotoxic swelling 
was dependent upon the concentration of NaCl or KC1 in the isotonic sucrose 
solution (Figure 3). The toxin of B. thuringiensis var. israelensis as well as var. 
aizawai induced the cell swelling in NaCl and KC1 isotonic solution, but did not 
in the isotonic sucrose solution. 

The effects of various monovalent cations were examined with the toxin 
from aizawai (Figure 4). Monovalent cations were required for cell swelling 
induced by the 8-endotoxin (18 ^g/ml). However, divalent cations (Ca**, Mg**) 
were not effective cation replacements. Monovalent cations differed in their 
ability to effect cell swelling in following order: K + > L i + > Na + > Rb + > Cs + . 
Cell swelling was not apparent in the presence of NH4C1 and sucrose solutions. 
Cell swelling by monovalent cations was concentration dependent. In figure 3, 
the isotonic NaCl solution was more effective than the isotonic KC1 solution (7) 
but K + ion was more effective than Na + ion in the isotonic sucrose solution 
containing 20 mM K + or Na + (Figure 4). 

Effect of 4-AP and Ouabain on the Cell Swelling. It has been reported that 
cell swelling induced by 8-endotoxin is inhibited by tetrodotoxin (TTX) and 
cAMP in isotonic NaCl solution (7). However, 4-AP, which is a selective 
blocker of the K + channels, stimulated cell swelling caused by the toxin in 
isotonic KC1 solution (Figure 5). The concentration of 4-AP (400 fjM) by itself 
did not result in significant cell swelling in either isotonic solution. That is, 
4-AP inhibited an efflux of K + leak channels. 

Ouabain (686 ^g/ml), an inhibitor of Na +, K+-ATPase, stimulated cell 
swelling caused by the 8-endotoxin (8 ^g/ml) in isotonic NaCl solution but 
inhibited the swelling in the isotonic KC1 solution (Figure 6). 

When both of 4-AP (600 pM) and ouabain (686 ^g/ml) were added to 
cells in the presence of 8-endotoxin (7 ^g/ml), the swelling was stimulated in 
isotonic NaCl solution. The swelling activity caused by the toxin and 4-AP in 
isotonic KC1 solution was reduced by the addition of ouabain (Figure 7). In 
isotonic NaCl solution, ouabain did not reduce the swelling activity caused by 
the 4-AP in the presence of the toxin. However, in the isotonic KC1 solution, 
cell swelling in the presence of toxin and 4-AP was reduced by ouabain. Although 
the toxin stimulated the K + influx through the Na + , K+-ATPase pump, 4-AP 
blocked the K + efflux through the K + leak channel and stimulated the cell swelling. 
Then the cell swelling by the toxin and 4-AP was deduced by the addition of 
ouabain in the KC1 isotonic solution. 

Effect of Pyrethroids on the Cell Swelling. The site of action of pyrethroid 
insecticides is likely ion channel, especially sodium channel on nerve, muscle, 
and other excitable tissues (24, 25). The effects of five pyrethroids (allethrin, 
fenvalerate, fenpropathrin, permethrin, and tetramethrin : Each compound is 60 
fjM) were investigated (Figure 8 and Figure 9). Permethrin and tetramethrin 
stimulated cell swelling induced by the toxin (9 ̂ g/ml) in isotonic NaCl solution 
but were inhibitory to cell swelling in isotonic KC1 solution (Figure 9). 
Fenpropathrin stimulated the cell swelling in isotonic NaCl or KC1 solution 
(Figure 8). Fenpropathrin is the same a blocker of the K + channel just as 4-AP 
and permethrin and tetramethrin the same an inhibitor of Na +, K+-ATPase just as 
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Figure 3. Effects of monovalent cations on the cell swelling by the 
6-endotoxin from var. aizawai. 
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Figure 4. Time course of cytolytic response to the toxin from var. 
aizawai. 
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NaCl Isotonic KCI Isotonic 

6 +4-AP 

30 60 90 120 

Incubation time (min) 
6 -Endotoxin: 9n g/ml 4-AP: 400 AM 

i r 
30 60 90 120 

Figure 5. Stimulation of the cell swelling by 4-AP the 8-endotoxin. 

I n c u b a t i o n t i m e ( m i n ) 
6 -Endotoxin : 80 g/ml Ouabain: 686/* g/ml 

Figure 6. Effects of ouabain on the cell swelling with 8-endotoxin. 
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Figure 7. Effects of ouabain and 4-AP on the cell swelling of the 
5-endotoxin. 
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NaCl Solution 
Fenvalerate Allethrin 

, 8 

100 
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Incubation time (min) 
6 -Endotoxin: 9/* g/ml Drug: 6 X 10 HW 

KCI Solution 
Fenvalerate Allethrin 
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6 -Endotoxin: 9 i ig/ml Drug: 6X10 2 mM 

Figure 8. Effect of allethrin, fenvalerate and fenpropathrin on the cell 
swelling. 
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Figure 9. Effect of permethrin and tetramethrin on the cell swelling 
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2Q1 • 1 1 ' 1 1 1 , 1 1 
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Incubation time (min ) 

Figure 10. Stimulation of cell swelling by cGMP. 
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ouabain. Allethrin and fenvalerate inhibited the cell swelling caused by toxin in 
isotonic NaCl solution. However they stimulated the cell swelling by the toxin 
(9^g/ml) in isotonic KC1 solution (Figure 8). 

The Effect of cGMP or 8-Br-cGMP on Cell Swelling. Cyclic nucleotides, 
such as cAMP or cGMP, act as intracellular second messengers and cAMP 
inhibited cell swelling induced by 6-endotoxin (5.2 ^g/ml) (7). In view of this, 
the action of cGMP (1 mM) and 8-Br-cGMP (1 mM) were similarly examined 
(Figure 10 and Figure 11, respectively). cGMP did not affect cell swelling in 
isotonic NaCl solution but resulted in slight stimulation in isotonic KC1 solution. 
8-Br-cGMP, an unnatural cGMP derivative inhibited cell swelling induced by 
the 8-endotoxin in isotonic NaCl solution but was stimulated in isotonic KC1 
solution. 

cGMP Content in Cells treated with 8-Endotoxin. There was an increase of 
approximately 18% in the cGMP content in cells treated with the 8-endotoxin 
(3.7^g/ml) than in untreated cells in isotonic NaCl solution, and an increase of 
approximately 30% in isotonic KC1 solution (Figure 12). It seems that the slight 
increase of the cGMP content is observed in the swelling cells. It is obscure 
whether or not a few increment of cGMP content is effective amounts. 

DISCUSSION 

The 8-endotoxin from Bacillus thuringiensis var. aizawai attacked brush border 
membrane of larval midgut cells. The brush border membrane vesicle prepared 
from midgut epithelium of Bombyx mori L. is highly susceptible to the toxin, 
CryLA(a) and CryLA(b), which purified from E. coli carrying a crylA(a) or crylA(b) 
gene cloned from B. thuringiensis var. aizawai. The dissociation constants and 
binding capacities for [ lSI]-CryIA(a) and [125I]-CryIA(b) to B B M V were 
determined. The toxins bound to B B M V through reversible and apparently 
irreversible process. The toxin, which is irreversibly bound to B B M V , is resistant 
to proteinase K activity. This suggests that the bound toxin may insert itself into 
the lipid bilayer. The presence of monovalent cations is an essential component 
for cell swelling caused by the enzyme-activated 8-endotoxin. Cell swelling 
induced by the toxin may be due to the stimulation of Na + influx through Na + 

channels of the cells, because the swelling is inhibited by addition of TTX to 
isotonic NaCl solution described in previous paper (7). Also, ouabain inhibited 
the swelling only in isotonic KC1 solution and did not in isotonic NaCl solution. 
Additionally, 4-AP stimulated the swelling by blocking K + efflux through K + 

leak channels of the insect cells. 
Effects of pyrethroid on cell swelling induced by 8-endotoxin are 

summarized in table I. The activity of the pyrethroids can be divided to three 
groups. First, fenpropathrin stimulated the toxin-induced swelling activity in 
isotonic NaCl or KC1 solution. Second, permethrin and tetramethrin stimulated 
the toxin-induced swelling activity in NaCl solution but inhibited the activity in 
KC1 solution. Third, fenvalerate and allethrin stimulated the swelling activity 
induced by the toxin in the KC1 solution but inhibited the activity in the NaCl 
solution. Thus, this action is not related to the presence or absence of an alpha 
cyano grouping. 

The protein 8-endotoxin appears to insert into the plasma membrane of 
brush border cell, and bind with ion channel proteins or some unknown proteins, 
forming a monovalent cation-selective ion channel that seems to be not N H 4

+ or 
CI" permeable. The cGMP content of cells treated with toxin did not drastically 
change, it is obscure wheter or not levels of cyclic nucleotides do function as a 
second messenger in these aspect. 
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Incubation time (min) 

Figure 12. cGMP contents in the cells treated with 8-endotoxin. 

T A B L E I. Effects of various drugs on the cell swelling induced by the 
8-endotoxin 

Drug the NaCl Isotonic KC1 Isotonic 
S o l u t i o n S o l u t i o n 

4-AP + 
App(NH)p + + 
Nitrqprusside + + 
Fenpropathrin + + 
Permethrin + — <2) 

Tetramethrin + — 
Ouabain + — 
TEA -f. (3) ± 
Fenvalerate — + 
A l l e t h r i n — + 
Indomethacin — + 
Gfcp(NH)p — + 
8-Bt-cGMP — + 
TTX — — 
CAMP — — 
AMP — — 

(1) : + ; The drug s t i m u l a t e d the c e l l s w e l l i n g . 
(2) : —; The d rug i n h i b i t e d the c e l l s w e l l i n g . 
(3) : ± ; The drug d i d not a f f e c t e d on the c e l l 

s w e l l i n g . 
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