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Foreword

THE ACS SYMPOSIUM SERIES 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(s) 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 HAVE BEEN THE 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 DDT 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; FMC
Corporation; Ciba-Geigy Corporation; Miles, Inc.; Mycogen Corporation;
NOR-AM Chemical Corporation; Nissan Chemicals of America Corpora-
tion; and Rollins, Inc., made this book possible.

J. MARSHALL CLARK
Department of Entomology
University of Massachusetts
Ambherst, MA 01003

January 17, 1995

X
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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,
Ambherst, 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
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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 biotechnological pest control
strategies already exists and will soon be economically feasible (4). Obviously, it is

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



Publication Date: May 9, 1995 | doi: 10.1021/bk-1995-0591.ch001

July 22, 2012 | http://pubs.acs.org

1. CLARK 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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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 Na' permeability and the process that causes it is termed activation. The
activation process also determines the rate and voltage dependence of Na'
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 Na* 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. An 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 pl sodium channel from rat skeletal muscle. All sodium
channels possess an o subunit that is approximately 1,800-2,000 amino acids in
length. The eel electroplax sodium channel is comprised only of an o subunit
whereas the rat skeletal channel has both o and -1 subunits. The rat brain sodium
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channels all have a heterotrimeric composition with a, f-1 and B-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 o 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 o-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 o 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 B-1 subunit greatly increases
the decay rate of the sodium current during inactivation (15).

The deduced amino acid sequence of the o 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 S1 to S6 but the cytoplasmic connecting
loops are less well conserved except for a short region between repeats III and
IvV(8,9).

By applying a coordinated experimental approach including polypeptide
specific antibodies, site-directed mutagenesis, and consensus sequence
determinations, 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 each 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 methionine-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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FIGURE 1. Primary structures of the o and Bl subunits of the sodium
channel illustrated as transmembrane folding diagrams. The bold line
represents the polypeptide chains of the a and B1 subunits with the length of
each segment approximately proportional to its true length in the rat brain
sodium channel. Cylinders represent probable transmembrane o-helices.
Other probable membrane-associated segments are drawn as loops in
extended conformation like the remainder of the sequence. Sites of
experimentally demonstrated glycosylation (¥), 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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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). All 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 o 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, o 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 Ca2* 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 1. Functional Properties of Voltage-Sensitive Calcium Channels

Type L N P T
Function
Activation High voltage High voltage High voltage Low voltage
Range
Single-Channel Hardly any Long burst, Long burst, Late opening,
Kinetics inactivation inactivation inactivation brief burst,
inactivation
Physiology Excitation contraction-, Triggers Triggers Pacemaker
excitation secretion - neurotrans- neurotransmitter activity and
coupling in endocrine  mitter release release, Ca®* repetitive firing
cells and some spike in some in heart and
neurons neurons, induces neurons
long-term
depression
Cd* Block Yes Yes @ No
Co?" Block No No ® Yes
Ni?* Block No No (No) Yes
Dihydropyridin Yes No No No
e (DHP) Block
@-conotoxin No Yes No No
(0-CgTx)
Block
o-agatoxin- No No Yes No
IVA
(0-Agal IVA)
Block
Funnel-web No No Yes No
spider toxin
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 Cd2* block
at low concentrations but are less sensitive to Co2t, Ni2t, and omega-conotoxin
GVIA (0-CgTx) block (24, TableI).

Calcium ion flux via L-type channels results in long-lasting calcium
currents that inactivate only relatively slowly and then only if Ca2t 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; a1 (165-190 kDa), a2 (143 kDa), 8
(55 kDa), y (30 kD), and & (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 a1, a28, and B subunits (8, Figure 2). Interestingly, the a1
subunit of L-type channels has a high level of homology to the o subunit of the
voltage-sensitive sodium channel (24). When expressed in Xenopus oocytes or
mammalian cells, the a1 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,S1, 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 ol
subunits to date (8,24). The al 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 Nat-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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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
o-helical segments in the transmembrane regions of the al, a23, and y
subunits and in the peripherally associated B subunit. The transmembrane
folding patterns are derived only from hydropathy analysis for 28 and y and
from a combination of hydropathy analysis and analogy with the current
models for the structures of sodium and potassium channels for al. The
transmembrane arrangement of «28 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

11

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 P type
BII E — brain ?
BIII B 5 brain N type

SOURCE: Reprinted with permission from ref. 24. Copyright 1993.
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distribution than the BI type being most abundant in cerebral cortex, hippocampus,
and corpus striatum (Class BII); and rat brain B class o-CgTx-sensitive calcium
channels from cerebral cortex, hippocampus, corpus striatum, midbrain, and
cerebellum (Class BIII). 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 Cd2t but are resistant to Co2t and Ni2t, 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
Ca2* 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 w-CgTx-sensitive calcium channel has been purified from rat
brain and consists of al, «28, and B 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
Ca2t flux (23). The most striking modulation of N-type channels is their
interaction with neurotransmitters (e.g., noradrenaline, acetylcholine, GABA,
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,
type (23,24).

The gene encoding N-type 0-CgTx-sensitive calcium channels (Class BIII
or class rbB, Table II) has been cloned from rat brain and human neuroblastoma
IMR32 cells (8,24). This gene encodes an al subunit 2,336 amino acids. Two
isoforms were identified by differences in their carboxy-terminal (C-terminal)
sequences which probably were the result of alternative RNA splicing. Polyclonal
antiserum generated against a peptide from a unique sequence of the Class BIII
gene immunoprecipitated high-affinity ®-CgTx binding sites associated with N-
type channels isolated from brain membranes. When expressed in mammalian cells,
the resulting a1 subunit functions as a voltage-sensitive w-CgTx-sensitive N-type
calcium channel. Additionally, a northern blot analysis using a Class BIII 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), w-agatoxin-IVA (o-
AgalVA), and low concentrations of Cd2* (e.g., 50% block at 0.5uM). P-type
channels function in the Ca2* 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, Lfass, 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
Cd2* but sensitive to Ni2*, Co2*, octanol, amirolide, 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 Ni2t+ 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 A -gated
chloride channel, the glycine-gated chloride channel, the glutamate-gated cationic
channel, the glutamate-gated chloride channel, and the Bacillus thuringiensis (Bf)
toxin-induced cation-specific channel.

GABA4- and glycine-gated chloride channels. Gamma-aminobutyric acid
(GABA) and glycine are major neurotransmitters in the nervous systems of both
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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 A -receptor or glycine receptor, respectively,) which
activates chloride ion (Cl)'selective channels. The increased permeability to Cl-
shifts the postsynaptic potential towards E(}, the equilibrium potential for chloride.
Because in most cells the Eqy 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 A-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 A -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 A -gated chloride channel has at least five types of binding sites: 1) GABA
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 ¢-
butylbicyclophosphorothionates, TBPS) within the Cl- ionophore, itself, 4) the
depressant site (including the CNS-depressant barbiturates and barbiturate-acting
steroids); 5) externally-facing anionic binding sites for Cl- ions (30). It is
particularly intriguing 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 GABAA- 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 GABAA-receptor subunits (o, B, y, 8, and p)
associated with vertebrate GABA-gated chloride channels and two classes of
glycine-receptor subunits (o and ) associated with the glycine-gated chloride
channel (28). In the case of the GABAA-receptor, (Figure 3) multiple subunit
isoforms have been determined for some of these classes including six o subunits
(a1-06); four B subunits (B1-p4); three y subunits (y1-y3); a & subunit, and pl
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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FIGURE 3. A schematic model for the topology of the GABA, receptor in
the membrane. Four membrane-spanning o-helices in each subunit are
shown as cylinders. The structures in the extracellular domain are drawn in
an arbitrary manner, but the presumed B-loop formed by the disulphide bond
predicted at cysteines 139 and 153 (o-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 B 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 jon channel. (Reproduced with permission from ref. 31. Copyright
1987 Nature).
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such as GABA 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 al., 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 M1 transmembrane domain and are implicated as functioning
in the formation of neurotransmitter-binding site.

Vertebrate GABA,-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 o subunit and a 57 kDa B subunit has
been identified (28). [3H]ﬂunitrazepam binding to the o subunit has indicated that
the o subunit serves as the benzodiazepine binding site whereas [3H]muscimol
binding to the B 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-o-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 Ca2t permeability (34).

Molecular cloning and expression experiments have established that the
NMDA-sensitive glutamate receptors are assembled from NMDARI and
NMDAR2A-NMDAR?2D subunits in mosaics of heteromeric channels (35). All
NMDA subunit types are believed to possess four transmembrane segments and
belong to the ligand-gated ion channel gene family. The NMDARI 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 NMDAR2A-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 NMDA-
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 Ca2t (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 (Bf) 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 3-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-terminal 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 3-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 cryIVA-B genes), 65-75 kDa (encoded
by eryll, 111, 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 cryIV 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 CrylllI 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 a.-
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
sandwich (amino acids 461-695). The first domain is apparently involved in pore
formation with the hydrophobic and amphipathic a-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 B 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 syrn2-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
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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.

Continued on next page

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



Publication Date: May 9, 1995 | doi: 10.1021/bk-1995-0591.ch001

July 22, 2012 | http://pubs.acs.org

20 MOLECULAR ACTION OF INSECTICIDES ON ION CHANNELS

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-terminal 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 B-sheets is not known,
although a-helices are depicted in the formation of pores in both 4 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 overwhelming 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 RNA
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 ~-Aminobutyric Acid
Activated Channels as Target Sites
of Insecticides

T. Narahashi, J. M. Frey!, K. S. Ginsburg?, K. Nagata, M. L. Roy?, 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 GABA-
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 GABA
receptor-channel complex. By contrast, 3-HCH enhanced the GABA-
induced current in keeping with its depressant action on animals.
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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 (I-6). The cyclodiene insecticides and
lindane suppress the activity of the GABA, 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 « position (I). 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 (I-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 TTX sensitivity which amounts to 10°-
fold, there are differences in voltage dependence and kinetics between them. TTX-
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 (I3,14) (Fig. 1). The purified isomers, 1R, 3R, 3S (+)-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 uM
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. 1A). 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. 1B).

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 TTX (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 (I4) (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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—110——I

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 yM tetramethrin (Reproduced with
permission from ref. 14. Copyright 1994 by the American Society for
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Fig. 2. Conductance-voltage relationships for TTX-S and TTX-R sodium
channels of rat DRG neurons before and during application of 10 uM
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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Fig. 3. Effects of 10 uM tetramethrin (TM) on the steady-state inactivation
curve for TTX-S and TTX-R sodium channels of rat DRG peurons. 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 uM TM.
B, TTX-R sodium current; O, control; @, 10 uM TM; V, washout. The curves
were drawn according to the equation, I/I_,, = 1/{1+exp[(V}, - V,,)/k]}, where
V, is the holding potential, V,, 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 minimum concentration of 0.1 uM 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 uM. 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 = [{L/By-End}/ {In/ (B Exd}1X 100 )

where I, 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, E, is the potential to which the membrane was
repolarized, Ey, is the equilibrium potential for sodium ions obtained as the reversal
potential for sodium current, and E, is the potential of step depolarization. The
concentration-response data were fitted to the Hill 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 yM and 0.44 yM 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 (uM) 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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Fig. 4. Concentration-dependent effect of tetramethrin (TM) on TTX-S and
TTX-R sodium currents in rat DRG 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 yM TM, 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 Hill
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 uM TM, 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 Hill equation
(Reproduced with permission from ref. 14. Copyright 1994 by the American
Society for Pharmacology and Experimental Therapeutics).
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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 ECs, 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 uM which is much less than the high affinity component of the
apparent dissociation constant of 0.15 uM and at which the percentage of modified
sodium channels is estimated to be less than 1% (20). Thus a concentration much
lower than the EC, 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 pM, the
high affinity component that is crucial for initiation of repetitive discharges) > rat
TTX-R sodium channels (0.44 uM) > rat TTX-S sodium channels (2.9 uM). Thus
the potency ratio for squid: TTX-R : TTX-Sis 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 uM) ~ TTX-R (0.01 pM) >
TTX-S (0.3 uM). 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 TTX and pyrethroids. Since DRG 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 TTX 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 DRG 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,

, Narahashi, T., unpublished observation). Thus the conclusion given in the
precedmg 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 (I8,20). By contrast
rat DRG 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. Inrat 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 TTX sensitive,
and our preliminary experiments have shown that pyrethroids are almost equipotent
to rat DRG 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 DRG 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
LDy,.

Dieldrin and Lindane Modulation of GABA 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 GABA system was identified as
a target site by Cl uptake and [*S]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 GABA receptor-channel
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Fig. 5. Effects of 10 uM tetramethrin (TM) on TTX-R sodium channel
currents of rat DRG 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 uM 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 (27,28). Furthermore, the roles of some of the GABA receptor subunits
in these actions have been identified (29).

Dual Action of Dieldrin on GABA System. Dieldrin has been found to exert a
dual action on the GABA, receptor-chloride channel complex of rat DRG neurons
(27). When 1 uM dieldrin was co-applied with 10 uM GABA, 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 ECs, values of 754 nM and 92 nM, 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 GABA System. The GABA, receptor-chloride
channel complex is endowed with several binding sites. These include the GABA
site, the benzodiazepine site, the barbiturate site, the picrotoxin site, the Cu**/Zn**
site and the La®* site (30,31). Competition experiments were performed to
determine the site of action of dieldrin (27). Dieldrin at 0.1 uM suppressed the
GABA-induced current to 45% of control, and pentobarbital at 5 uM enhanced the
current to 201% of control. When 0.1 uM dieldrin was added to 5 uM
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 uM antagonized the suppressive action of 0.1 uM
dieldrin (Fig. 8A). However, the enhancing action of dieldrin at a higher
concentration (1 xM) was not inhibited by 1 uM PTX (Fig. 8B). Dieldrin at 1 uM
enhanced the GABA-induced current to 160% of control, and if coapplied with 1
uM PTX, it enhanced the current to 230% of the level in PTX alone. Thus PTX
at 1 uM did not antagonize the enhancing action of 1 uM dieldrin. Only at a higher
concentrtion of 10 uM, did PTX completely abolish the enhancing action of 1 uM
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 GABA receptor.
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Fig. 6. Effects of dieldrin on GABA-induced chloride currents in a rat DRG
neuron. A, current records in response to 20-sec application of 10 uM GABA
(solid bar) and to co-application of 10 uM GABA and 1 pM 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 uM GABA-induced chloride current in rat DRG
neurons. Currents were induced by 5-sec applications of GABA or GABA plus
dieldrin. Current enhancement was measured during the first co-application of
GABA and dieldrin, and current suppression was measured when the current
was decreased to a steady-state level following repeated co-applications.
Enhancement: EC, = 754 nM;; Hill coefficient = 1.72; n=5. Suppression: ECy,
= 92 nM; Hill 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 uM dieldrin on picrotoxin suppression of 10 uM
GABA-induced chloride current in rat DRG neurons. A, dieldrin at 0.1 uM
suppresses the current. The EC,, values of picrotoxin with (closed circles) and
without (open circles) dieldrin are 2.98 and 0.35 uM, 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 uM dieldrin on picrotoxin (PTX)
suppression of 10 uM GABA-induced chloride current in rat DRG neurons.
Dieldrin at 1 uM 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 GABA receptor subunits. The GABA receptor
comprises at least sixteen subunits, including six as, four Ps, four ys, one & 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 GABA to cells expressing the alP2y2S subunit
combination, 3 M dieldrin caused both enhancement and suppression of GABA-
induced current as in the case of rat DRG neurons. Similar results were obtained
with the a6p2y2S combination. By contrast only the suppressive effect of dieldrin
was observed in the a1p2 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 HCH Isomers on GABA System. Lindane suppressed the GABA-
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 a1B2y2s, «t1p2 and a6B2y2s combinations of GABA,
receptor expressed in HEK 293 cells. Current suppression (closed circles): A,
alP2y2s; ECs, = 2.1 pM; Hill coefficient = 0.6; n=5. B, alp2; ECy, = 2.8
pM; Hill coefficient = 1.1; n=5. C, a6B2y2s; ECs, = 1.0 uM; Hill coefficient
= 0.8, n=5. Enhancement (open circles): Enhancement was observed in the
olPf2y2s and a6P2y2s combinations, but not in the o«lPf2 combination
(Reproduced with permission from ref. 29.

Science B.V.).
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clamp experiments were performed to determine the effects of HCH isomers on
GABA-induced currents and to identify the roles of the GABA receptor subunits in
these actions (28).

Lindane (y-HCH) exerted a suppressive effect on the GABA-induced current in
rat DRG neurons and in HEK 293 cells expressing either the a1p2y2S or the w12
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, 5-HCH exerts only the enhancing effect
in DRG neurons and in the o.1B2y2S and o.1p2 combinations. The enhancing effect
can account for depressive behavior of 8-HCH-intoxicated animals. Thus
modulation of the GABA receptor-channel system by y-HCH and 3-HCH is directly
responsible for the symptoms of poisoning in animals.
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Chapter 3
Presynaptic Actions of Dihydropyrazoles

Russell A. Nicholson and Aigno 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 (I-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 (,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 cockreaches, 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
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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 (35). 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
22Na 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 (/0-12). 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 (13, 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 45Ca** uptake into nerve endings
have been described in detail elsewhere (9, 15, 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
AM were supplied by the Kodak Company and Molecular Probes Incorporated
respectively. 45 CaCl, was obtained from Dupont Canada Incorporated.

Results and Discussion
Inhibition of GABA release. Our initial study focused on the effect of RH-3421 and

RH-5529 on release of the neurotransmitter GABA 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 (15). 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 GABA 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 GABA
release. At high concentrations TTX and RH-3421 are poor inhibitors of K+-evoked
GABA 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 I-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 GABA. We therefore explored the effects of dihydropyrazoles on
evoked release of the excitatory transmitter L-glutamate. As one might fredict,
veratridine-stimulated release was blocked by low concentrations of RH-3421 and
RH-5529 (ICsps = 0.5 uM and 4.7 uM respectively). However, micromolar
concentrations of RH-5529 and, quite unexpectedly, RH-3421 were also effective at
inhibiting K*-induced release of L-glutamate (Figure 3a & b). K*-evoked release of
L-glutamate is unaffected by 3 uM TTX (Figure 3c). To summarize so far, our
results on the effects of RH-3421 and RH-5529 on evoked release of GABA 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
‘downstream’ 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 thodamine
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 uM, do not affect the electrical stability of resting
synaptosomes. The lack of any obvious inhibitory action on K*-induced
depolarisation led us to examine the hypothesis that dihydropyrazoles were blocking
depolarisation-coupled calcium accumulation in synaptosomes.

Studies on intrasynaptosomal free [Ca**]. The level of free [Ca**] in resting nerve
terminals averaged 264 nM and was largely unaffected by high concentrations of
dihydropyrazoles (Table II). The alkaloid neurotoxin veratridine (50 uM) typically
produces an increase in free [Ca**] of approximately 350 nM and this response is
fully sensitive to inhibition by 3 uM TTX (Figure 5). The figure also illustrates the
inhibition of veratridine-induced rises in synaptosomal free [Ca**] with
dihydropyrazoles. The ICs,s for RH-3421 and RH-5529 were estimated at 0.2 and
3 uM 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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Figure 1. Structures of the dihydropyrazoles RH-3421 and RH-5529.
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Figure 2. Concentration-dependent inhibitory effects of dihydropyrazoles
(RH-3421(00); RH-5529 (O)) and tetrodotoxin (i) on veratridine (VID)-
induced release of 3H-GABA from synaptosomes. Synaptosomes were
exposed to neurotoxicants prior to challenge with VID (10 uM). Values as
mean ¥ standard error of three to five determinations.
i)Il{:procIluct;d with permission from ref. 15. Copyright 1990 Academic

ss, Inc.).
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TableI The effect of dihydropyrazoles and tetrodotoxin on
release of 3H-GABA induced by potassium jons®

Treatment © % Inhibition of K*-evoked
release of 3H-GABAC
RH-3421 (10 uM) 38+84
RH-5529 (10 uM) 444 * 6.7
Tetrodotoxin (1uM) 15.1£38

4 Depolarizing media contained 20 mM K+

b Synaptosomes were exposed to neurotoxicants prior to challenge
with elevated K* _

€ Values as mean X standard error of 3 determinations

Adapted from ref. 15.

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

Treatment Synaptosomal free [Ca**]
(nM) 4

Control 268.3 £ 18.0
RH-3421 (1 pM) 273.4 £ 25.7
RH-3421 (10 uM) 2779 19.1
Control 260.0 * 29.2
RH-5529 (5 pM) 270.8 £ 282
RH-5529 (10 uM) 292.7 £ 15.6

@  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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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. ICsps for inhibition of K *-evoked release of
glutamate by RH-3421 and RH-5529 were estimated at 8.3 uM and 8.8 uM
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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{ CONTROL SALINE |50 mM K* SALINE

SYNAPTOSOMAL
MEMBRANE POTENTIAL (mV)

CTRL 10pM 10pM 1pM K%t 10uM 10uM 1uM
RH- RH- TIX CTRL RH- RH- TIX
3421 5529 3421 5529

Figure 4. Inability of RH-3421, RH-5529 and tetrodotoxin to influence
the membrane potential of resting synaptosomes and the depolarization
caused by elevated K*. Values as mean * standard error of three to five
determinations.

(Adapted from ref. 17).
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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 uM).

(Histogram adapted from ref. 9.; concentration-response curve for RH-
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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Figure 6. Inhibitory effect of RH-3421 on the K*-induced rise in
synaptosomal free [Ca**]. (A = 60 mM K*; B = 60 mM K* plus 1 yM
RH-3421; C = 60 mM K* plus 5 uM RH-3421; D = control).
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Figure 7. Inhibitory effect of RH-5529 on the K*-induced rise in

synaptosomal free [Ca**]. (A = 60 mM K*; B = 60 mM K* plus 3.3 uyM
RH-5529; C = 60 mM K* plus 5 uM RH-5529; D = control).
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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 (ICsp = 1 uM) than when VTD is used. In contrast the
inhibitory potencies of RH-5529 are very similar (ICsp ~ 3 pM) 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 uyM 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 Ca*+ 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 radiocalcium uptake, We carried out
further studies on the effects of RH-3421 and RH-5529 on K*-induced uptake of
45Ca** into synaptosomes. Threshold inhibition with each analogue was detected at
low micromolar concentrations, and for each analogue, the inhibition curves were
quantitatively similar (ICsps: RH-3421 & RH-5529 ~ 11 uM. See Figure 9). Under
our conditions of assay, ionic cobalt a known inhibitor of calcium channels, fully
blocked K*-evoked 45 Ca** 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 K+-response. Concentrations
of dihydropyrazoles which cause marked inhibition of depolarization-coupled
‘(‘;‘S;;* IliBmke were unable to affect 45Ca** accumulation in resting synaptosomes
e 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 assay' 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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