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RECENT ADVANCES IN MODE
OF ACTION OF INSECTICIDES!

Richard W. Beeman

US Grain Marketing Research Laboratory, Agricultural Research, Science
and Education Administration, US Department of Agriculture, Manhattan,
Kansas 66502

The field of insecticide mode of action has become so large that a review
of this length cannot hope to be comprehensive. I have therefore attempted
to clarify the current status of only a few unresolved or controversial
problems and to indicate certain possibilities for future research. I have
omitted any discussion of the acetylcholinesterase-inhibitory organophos-
phate or carbamate insecticides. Many other important topics and novel
concepts, including juvenile hormone (JH) mimics (44, 176), anti-JHs 21,
27, 156, 157, 175), cholinergic receptor agonists (98, 172), choline acetyl-
transferase inhibitors (164), 1-phenylcarbamoyl-2-pyrazolines (73), gluta-
mate analogs (76, 122), and antibodies as insecticides (142) are likewise not
discussed.

Recent accounts of various aspects of the mode of action of pyrethroids
and DDT analogs can be cited, including effects on sodium and potassium
conductance changes (135-137), structure-activity relationships (55, 83, 84,
134, 138), and inhibition of calcium-independent ATPases (33, 45, 50). I
have focused my discussion of this group of insecticides on recent attempts
to locate their primary sites of action in vivo, and to relate their mode of
neurotoxic action to calcium function. Other paths traced in the present
review are the aminergic theory of formamidine action, the mechanism of
synaptic facilitation by cyclodienes and y-BHC, and the question of chitin
synthetase inhibition by benzoylphenyl urea insecticides. It is assumed that
the reader is familiar with the most basic principles of neurophysiology.

!The US Government has the right to retain a nonexclusive, royalty-free license in and to
any copyright covering this paper.
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PYRETHROIDS AND DDT ANALOGS

Ejffects on Axon Membrane Currents

Insecticidal pyrethroids and DDT analogs are well-known to be directly
toxic to nerves. Furthermore, while these two groups are chemically dissim-
ilar (Figure 1), they interact with related or identical target sites on the
nerve membrane. Both groups of insecticides display a negative temperature
correlation with toxicity (62, 63).

This common mechanism of neurotoxicity has been elucidated in terms
of transmembrane ion fluxes in isolated, intact axons, with the aid of voltage
clamp techniques. Briefly, the following effects on nerve are involved. (a)
A prolongation of the falling phase of the action potential and an increase
in the “negative after-potential” (NAP)?, resulting in a broadening of the
wave of depolarization during impulse propagation. These phenomena ap-
pear to be largely due to a prolongation of the inward sodium (Nat) current
and to a lesser extent, a suppression of the outward potassium (K1) current.
The insecticide molecules are considered to wedge into open (conducting)
Na* channels, such that Nat conductance is unimpeded, but the channels
cannot return to their nonconducting, “closed-gate” configuration (82).
(b) Repetitive firing in response to a single stimulus. This occurs when
sodium inactivation is retarded to such an extent that the axon is held in
a sustained state of depolarization. (c) Conduction blockade by exhaustion
of the membrane potential. In the continued presence of insecticide, the
axons will continue to fire repetitively for many hours, presumably until the
electrochemical Na* and K+ gradients which energize them decay. A num-
ber of DDT analogs are of this type, including methoxychlor and DDT
itself (193), or (d) Conduction blockade without exhaustion of the mem-
brane potential. Some DDT analogs and pyrethroids block nerve much
more rapidly than others. Rapid blockers (e.g. p.p'-OH-DDT, Figure 1)
often act without increasing the NAP and without exciting the nerve (193).
These compounds block Na* channels in the nonconducting (closed-gate)
configuration, such that the Na* inward current is inhibited, the amplitude
of the action potential is reduced, and impulse conduction is finally blocked,
without significant diminution of the membrane potential. For a more
detailed discussion, the reader is directed to several excellent reviews (135~
137).

The Role of Calcium '

The effects of many pyrethroids and DDT analogs on Nat and KT fluxes
in nerve axons have been described in detail, as summarized above. How-
ever, another cation, calcium (Ca?™), is also intimately associated with the

’This term has caused confusion. See (135) for clarification.
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Figure I Structures of DDT and one of its nerve-blocking analogs and of the extremely toxic
synthetic pyrethroid, decamethrin.

axon and with the toxic reaction between axon and insecticide. Calcium is
vital to the proper functioning of all excitable tissues, and in particular it
has a stabilizing effect on the nerve axon. High concentrations of external
Ca?t are well-known to antagonize the DDT- or pyrethroid-induced excita-
tion of nerve (65, 72, 115). Conversely, reducing the extracellular Ca2+
concentration around arthropod nerve axons elicits repetitive discharge
reminiscent of DDT (144). In this regard it is relevant to mention that
DDT-induced repetitive discharges are difficult to explain solely in terms
of Nat and K fluxes as these relate to membrane potential, since sustained
depolarizing current applied across an unpoisoned axon does not induce
repetitive discharge in the presence of normal concentrations of Ca?* (135,
196). In certain neurons Ca2* replaces Na* as the carrier of depolarizing
current. The response of such neurons to DDT and pyrethroids is similar
to that of Na*-dependent cells (147a).

Calcium is known to be intimately involved in conductance gating. Spe-
cifically, extracellular Ca2* controls the degree of coupling between mem-
brane potential and Na+ conductance, such that increasing the extracellular
Ca?* concentration desensitizes Na+ conductance to a unit depolarization
(60). With respect to the action of DDT, Ca?* can be viewed as protecting
the Na*t gate from being “propped open” by this insecticide.

Actions of other neuroactive substances which are also modulated by
Ca?* have been explained in similar terms. Local anesthetics, for example,
are known to block axonal conduction by suppressing Na* conductance




DDT analogs can be explained in similar terms,

In general our understanding of the role of Ca?* in axonal function lags
far behind that for Na+ and K*. However, in recent years several elements
of the complex System of Ca?* regulation in axon have been elucidated.
These will be briefly discussed in the context of insecticide action.

Like Na*, Ca?+ shows a large electrochemical gradient across the axon
membrane, with high Ca2+ outside and low Ca?* inside (47). Recently it
has been shown that at least two distinct components of the axon membrane
are specialized to effect the transport of Ca?* against both its concentration
and potential gradients. These are the Nat—Ca2+ exchange pump (powered
by the Nat gradient), and the ATP-driven Ca?* pump (18, 47,

It is known that a trace of Ca?* enters the axon during an action potential
(81, 120). This inward Ca?* flux is triggered by depolarization but is a negl-
gible contribution to the total membrane current. In addition, in certain
Deurons Ca* influx triggers K+ effiux (117). It is therefore possible that the
well-known K+ -mediated repolarization of the axon during an action po-
tential is dependent on Ca2+ influx. Calcium influx is known to mediate the

(92, 116). It is tempting to infer a relationship between these hyperpolariz-
ing or rectifying effects of Ca?tand its previously discussed stabilizing effect
on the nerve membrane,

The impulse-induced Ca2+ current across the axon membrane js phar-
macologically similar to the Ca2+ influx which mediates release of transmit-
ter at the presynaptic terminal (8, 9). Thus the membrane structures of axon
and synapse may be regarded as fundamentally alike.

Unlike Nat and K+, a large portion of axonal Ca?+ ig membrane-bound.
Part of the Ca2+-sequestering activity of the nerve axon resides in the
mitochondria, but other major portions reside in nonmitochondrial axo-
plasmic factors and on the axon membrane itself (7, 23, 77, 132). These
Ca?* binding sites, or “receptors,” are probably involved in several distinct
Ca?*-dependent nerve functions in addition to- Nat and K+ conductance
gating, including axonal transport (75) and the presynaptic release of neuro-

chemically identified, including calmodulin, troponin C, and parvalbumin
(see 34). One of these, calmodulin, is present in both central and peripheral
mammalian nerve (95). However, the relationship of these Ca2t receptors
to the excitability of the axon membrane is uncertain.

Ca?* + Mg?* ATPase is also a universal component of nerve tissye (94,
100, 161, 170). DiPolo & Beaugé (48) have expressed the view that a
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Ca?* + Mg?* ATPase in rat brain with a high affinity for Ca?*, described

by Robinson ( 159), may represent the biochemical counterpart of the ATP-

driven Ca** pump. Analogous cases would be the Ca2+ + Mg?t ATPase
of erythrocyte membranes, which is functionally linked with a Ca2+ pump
(109, 163), and the ouabain-sensitive Nat + K+ ATPase, which is regarded
as the in vitro manifestation of the ATP-driven Na+ — K+ exchange pump.
Igbal & Ochs (95) considered that a Ca?+ + Mg** ATPase from mam-
malian nerve may be related to axoplasmic transport, since both processes
are energy-requiring and calmodulin-dependent. A similar Ca2+ + Mgt
ATPase in rat brain synaptic membranes, which also requires calmodulin
for activity, may have a function either in Ca?* extrusion, in the sequestra-
tion of intracellular Ca2+ by particulate components, or may be related to
actomyosin-like fibers present in the synaptic region (170). All these en-
zymes were stimulated by low concentrations of Ca2+ (~1 uM), character-
istic of the intracellular environment,

It is not yet possible to present a clear picture of how all these
Ca?*-regulating elements are integrated into the functioning axon, nor to
state clearly how Ca?* is involved in nerve excitability. Also, there is no
consensus on the functional significance of any Ca?*-dependent biochemical
process measured in nerve homogenates.

Nonetheless, several attempts have been made to construct biochemical
explanations of the mode of action of pyrethroids and DDT analogs in
terms of Ca?*-related events. Ghiasuddin & Matsumura (69, 70) have
recently reported that DDT is a potent inhibitor of a Ca?*-dependent
ATPase in lobster peripheral axons. DDE, a nontoxic analog, was less
effective. On the basis of a relatively low affinity for Ca2+ (half-maximum
stimulation at ~100 pum Ca?+) and activity towards extracellular ATP in
intact axon suspensions, these workers suggested that this enzyme might be
an “ecto” ATPase, involved in the regulation of Ca2+ binding to the outer
surface of the axon. Ecto ATPases from mammalian sources have been
implicated in the regulation of cell surface charges, membrane permeability,
and cell aggregation (118). The enzyme is presumably different from the
ATP-driven Ca?* pump, which is stimulated by submicromolar levels of
Ca? and requires intracellular ATP (47). J. M. Clark & F. Matsumura
(unpublished data) have recently studied a labile Ca2t+ + Mg?** ATPase in
squid retinal axons which has a high affinity for Ca?*. They found that
many pyrethroids were potent inhibitors of this enzyme, particularly per-
methrin, cypermethrin, and decamethrin. In both of these cases the implica-
tion is that inhibition of Ca2*-ATPase leads to a condition of reduced
Ca?* availability for binding to specific sites involved in membrane stabili-
zation.

It is well-known that DDT inhibits several Ca?*-independent ATPases,
including ouabain-sensitive Nat+ + K+ ATPase of axon membrane, and
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mitochondrial Mg?+ ATPase (33, 50). However, as discussed by Brooks
(25), inhibition of these enzymes cannot be directly related to nerve excita-
tion. The significance of DDT and pyrethroid inhibition of Ca’*-dependent
ATPases will likewise remain in doubt until the functions of these enzymes
can be elucidated.

Effects on Intact Tissyes

Biochemical studies of nerve homogenates and physiological studies of
isolated axons, while indispensable, cannot reveal the complex interactions
which define the mode of action of an insecticide in a highly integrated
multicellular organism. A question of major interest in regard to the mode
of action of pyrethroids and DDT analogs has been, Which nervous struc-
tures are the actual sites of toxic action? Distinctions can be made between
specific effects on impulse initiation, axonal conduction, and synaptic trans-
mission. At the organismal level, specific actions on the central and periph-
eral nervous system can be differentiated. Miller and his collaborators (3,
123) have devised a convenient method for distinguishing between the
central and peripheral actions of insecticides by recording simultaneously
from several separate flight motor units in the intact house fly. These motor
units are normally “coupled.” That is, they act in concert under the direc-
tion of the central nervous system (CNS) to effect coordinated flight. The
determination that an insecticide is a central or a peripheral nerve poison
is based on the observation that many types of damage to the CNS result
in the uncoupling of flight motor activity, but that no:amount of damage
to peripheral nerves will cause uncoupling (123).

PERIPHERAL EFFECTS It has been claimed that DDT exerts its most
potent action on peripheral nerve, particularly sensory nerve, and that even
concentrated emulsions of DDT have no effect on the cockroach CNS (160).
Furthermore, DDT at lethal doses does not uncouple the house fly flight
motor, even after prolonged irritation of the individual motor neurons
(124).

Pyrethroids also effect peripheral nerves. Clements & May (35) reported
that pyrethroids bearing an @-cyano substituent (such as fenvalerate) had .
potent stimulatory effects on locust Sensory neurons and that the impulse -
generator region of the cell, rather than the axon, was the primary site of
action. Osborne (148) reported that permethrin induced prolonged depolar-
izations in crayfish sensory cell bodies, which in turn caused repetitive firing
in the sensory axons. Van den Bercken et al (17) concluded:that vertebrate
peripheral nerve terminals are generally more sensitive to irritation by
either allethrin or DDT than peripheral axons, since repetitive firing
recorded from axons was shown to originate in sense organs. In-a similar
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study, Adams & Miller (3) recorded repetitive discharges in house fly motor
neurons minutes after treatment with extremely low doses of tetramethrin.
The discharges were shown to arise in the intramuscular nerve terminal
rather than the axon. The phenomenon (termed “repetitive backfiring” by
Adams & Miller) also occurred during intoxication with DDT analogs (4).
These workers considered that repetitive backfiring was not directly related
to knockdown or death, since several pyrethroids (kadethrin, decamethrin,
fenvalerate) were potent knockdown and killing agents but did not cause
backfiring.

CENTRAL EFFECTS In addition to their peripheral effects, the pyre-
throids also have significant actions on the CNS, which are lacking with
DDT analogs. Adams & Miller (4) found that most pyrethroids uncoupled
the house fly flight motor, in sharp contrast to DDT and its analogs. Burt
& Goodchild (30) concluded that rapid: knockdown, which is characteristic
of pyrethroid intoxication, was related to CNS action, since this symptom
appeared much more rapidly by injection of insecticide than by topical
application. However, Clements & May (35) observed that in most cases
knockdown by pyrethroids was accompanied by hyperexcitation of sensory
nerve.

D. W. Gammon has recently shed new light on the question of central
vs peripheral actions of DDT and pyrethroids. He used chronically im-
planted electrodes in free-walking cockroaches to provide direct evidence
that the greater toxicity of allethrin at lower temperatures was associated
with a greater sensitivity of the peripheral nervous system (62). Moreover,
doses of the sodium channel blocker, tetrodotoxin, which blocked the pe-
ripheral but not the central nervous system, afforded complete protection
against an LDgs dose of allethrin (64). Similar tests with DDT gave quite
different results: DDT caused hyperexcitation of both peripheral and cen-
tral nerves over a broad range of temperatures, and selective blockade of
peripheral nerves by tetrodotoxin provided no protection against DDT
poisoning (63, 64). This is unexpected in view of previous claims that DDT
is primarily a peripheral poison.

SYNAPTIC EFFECTS If the action of DDT is related to Ca?*, and if
Ca?* function is fundamentally similar both along the axon and at the

- presynaptic terminal, it is relevant to ask whether DDT has an effect at the

synapse, in addition to its well-established action on the nerve axon. Farley
et al (59) have recently studied the effect of the DDT analog EDO on the
crayfish neuromuscular junction. They found that while EDO had no direct
effect on the postsynaptic membrane, it caused a prolonged increase in the
miniature end-plate potential (mepp) frequency. An increased rate of firing
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in the presynaptic nerve was shown to be a precondition to this mepp
facilitation. However, their key observation was that the increased firing in
the presynaptic nerve was by itself not sufficient to explain the prolonged
increase in mepp frequency, since the mepp increase was sustained even
after nerve block by tetrodotoxin, F urthermore, high-frequency stimulation
of the unpoisoned nerve to mimic the effect of EDO did not cause a similar
increase. This suggests an additional effect of EDO directly on the presy-
naptic terminal. The mepp frequency increase required Ca?* and was sus-
tained even after the EDO-induced excitation of the axon membrane was
blocked by a high concentration of extracellular Ca2+,

Finally, Clements & May (35) reported a direct effect of a pyrethroid on
locust muscle. They found that very low concentrations of pyrethroid sup-
pressed the muscle spike induced by a depolarizing current applied directly
to the muscle cell. This effect could be related to the increased Ca2* conduc-

tance which normally accompanies depolarization of insect muscle cells
(190).

CYCLODIENES AND y-BHC

Just as the pyrethroids and DDT analogs appear to act at similar or identi-
cal target sites on the nerve membrane, so the cyclodienes (e.g. aldrin,
dieldrin, chlordane, heptachlor) and y-BHC (lindane) analogs, while com-
prising two chemically rather dissimilar classes, are believed to share a
common mode of action, which is quite distinct from that of the DDT-
pyrethroid group (183). Symptoms of intoxication by cyclodienes and
¥-BHC in insects are cholinergic in nature and are qualitatively different
from those induced by pyrethroids and DDT analogs (24, 183).
Cyclodiene insecticides act both centrally and peripherally, but the cen-
tral effects appear to be most significant (71, 167, 189). Wang et al (189)
reported that dieldrin irritated sensory neurons and also facilitated trans-
mission across central synapses in cockroaches. The metathoracic ganglion
was much more sensitive to dieldrin than the last abdominal ganglion.
Shankland & Schroeder (167) suggested that dieldrin acts presynaptically
~ at cholinergic junctions in the insect CNS by facilitating both spontaneous
and impulse-induced release of acetylcholine. The dieldrin-induced synap-
tic facilitation was antagonized by cholinergic blocking agents. Enhanced
release was inferred, rather than cholinomimetic action, since depletion of
endogenous acetylcholine stores by exhaustive electrical stimulation in the
presence of hemicholinium-3 rendered the ganglia insensitive to dieldrin but
not to the cholinomimetic agent nicotine. When acetylcholine release
(which is Ca?*-dependent) was blocked by the Ca?* antagonist, Mg2t, the
ganglia similarly became insensitive to dieldrin but not to nicotine. Uchida

IN

et al (183-185) reported that -]
synaptic facilitation or “after-disc
quickly suppressed by the choline
discharge was apparently caused
line release.

Akkermans et al (5) investigat
by aldrin frans-diol (a neuroacti
nerve-muscle preparations. They
both spontaneous and evoked t;
dieldrin in the insect CNS. How
major portion of the facilitated
independent. Aldrin trans-diol a
action on the frog end-plates.

Yamaguchi et al (194, 195) hav
nism for cyclodiene-induced tran
heptachlor epoxide at a con
Ca?*-induced and depolarizatior
transmitter (glutamate) from pr:
brain. This synaptic facilitation v
by several effects of heptachlor ¢
tion, all of which should tend to
of intracellular free Ca2* in the p1
inhibition of Ca?* + Mg?+ ATP
of Ca?* uptake into whole synapt
Synaptosomal membrane fragme

Dieldrin poisoning symptoms
ganglia, become apparent only a
167, 189). Wang et al (189) for
trans-diol, was as potent as dields
and furthermore did not require .

. activation of dieldrin to aldrin :

Dieldrin is known to be metaboli;
in insects (26, 141, 165, 166).

However, Schroeder et al (16
toxic to cockroaches by injectic
though all three compounds pen
cluded that the metabolic convers
cation,

The question of the metaboli
unresolved. For example, Wang
transdiol-like metabolite of dield:
metabolites of dieldrin, less pol




to this mepp
eased firing in
‘he prolonged
astained even
'y stimulation
use a similar
on the presy-
and was sus-
embrane was

wyrethroid on
rethroid sup-
slied directly
*a?t conduc-
muscle cells

ar or identi-
(e.g. aldrin,
while com-
to share a
"the DDT-
dienes and
ly different
).
ut the cen-
et al (189)
ated trans-
ic ganglion
! ganglion.
/maptically
'ontaneous
>ed synap-
Enhanced
*pletion of
ion in the
eldrin but
e release
Mgt the
e. Uchida

INSECTICIDE MODE OF ACTION 261

et al (183-185) reported that 7-BHC analogs, like cyclodienes, induced a
synaptic facilitation or “after-discharge” in the cockroach CNS, which was
quickly suppressed by the cholinergic blocking agent nereistoxin. The after-
discharge was apparently caused by presynaptic stimulation of acetylcho-
line release.

Akkermans et al (5) investigated the mechanism of synaptic facilitation
by aldrin trans-diol (a neuroactive metabolite of dieldrin) in isolated frog
nerve-muscle preparations. They concluded that this substance enhanced
both spontaneous and evoked transmitter release, as in the example of
dieldrin in the insect CNS. However, in contrast to the case in insects, a
major portion of the facilitated transmitter release in frog was Ca?+-
independent. Aldrin trans-diol also had secondary postsynaptic blocking
action on the frog end-plates.

Yamaguchi et al (194, 195) have recently proposed a biochemical mecha-
nism for cyclodiene-induced transmitter release. These workers found that
heptachlor epoxide at a concentration of 107M stimulated both
Ca’*-induced and depolarization (high K*+)-induced release of a neuro-

of intracellular free Ca2* in the presynaptic terminal. These effects included
inhibition of Ca2t + Mg?* ATPase both in vitro and in vivo, stimulation
of Ca?* uptake into whole Synaptosomes, and inhibition of Ca2+ binding to
synaptosomal membrane fragments.

Dieldrin poisoning Symptoms in insects, either in vivo or in isolated
ganglia, become apparent only after a lag time of one hour or longer (24,
167, 189). Wang et al (189) found that a metabolite of dieldrin, aldrin
frans-diol, was as potent as dieldrin in producing synaptic after-discharges,
and furthermore did not require a lag time, They suggested that metabolic

in insects (26, 141, 165, 166).

However, Schroeder et aj (165) found that dieldrin was about 200X as
toxic to cockroaches by injection as either the cis- or trans-diol, even
though all three compounds penetrated the CNS equally well. They con-
cluded that the metabolic conversion of dieldrin to either diol was a detoxifi-
cation,

The question of the metabolic activation of dieldrin in insects is still
unresolved. For example, Wang et al (189) reported that an unidentified
fransdiol-like metabolite of dieldrin Wwas neurotoxic in cockroaches. Several
metabolites of dieldrin, less polar than the diols, have been detected in
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insects (141, 166, 168). One of these (structure unconfirmed) appears in
significant quantities in the CNS of dieldrin-treated cockroaches and locusts
(169). The CNS itself has recently been shown to be a relatively active site
of dieldrin metabolism (168).

If dieldrin is intrinsically toxic and requires no metabolic activation, then
the pronounced delay which always precedes the appearance of toxic symp-
toms in dieldrin-treated insects must result either from penetration barriers
or from an unusually slow interaction between dieldrin and the nerve target.
In this context it would be instructive to determine whether dieldrin itself
stimulates transmitter release from isolated synaptosomes. The target mem-
branes in such preparations would be directly exposed to the insecticide,

and opportunities for metabolic side-reactions on dieldrin would be mini-
mized.

FORMAMIDINES

The formamidines are a group of compounds with toxicity to a limited
range of insects and acarines (86). Active research into the mode of action
of formamidines, most notably chlordimeform, has been ongoing for about
ten years. However, a universal mechanism of toxicity for this group of
chemicals has not been apparent.

The repellent effects of chlordimeform have often been cited (49, 67, 79),
and repellency has been regarded as a second mode of action in addition
to direct toxicity. However, the distinction between repellency and toxicity
has gradually become blurred. On the one hand, it has been pointed out that
the acute toxicity of formamidines may result from death by starvation or
desiccation following a primary repellent action (12, 80). On the other hand,
in many cases what appears to be a repellent effect may actually be a
disruption of feeding behavior via a direct sublethal effect on the CNS. For
example, Lund et al (112) showed that larvae of Manduca sexta, which
appeared to be repelled from chlordimeform-treated leaves, in fact suffered
a CNS disturbance which caused them to drop off the leaves. Watanabe &
Fukami (191) reported a similar phenomenon in armyworm and silkworm
larvae. Kono et al (106) found that low concentrations of chlordimeform
stimulated probing behavior in leafhoppers. The phenomenon did not ap-
pear to be a repellent effect, since the behavior persisted with increased
intensity after the insects were subsequently transferred to insecticide-free
medium. Beeman & Matsumura (13) showed that chlordimeform was a
potent appetite suppressant in cockroaches and that this anorectic effect was.
independent of the repellent effect of chlordimeform in the same species.
Thus, a subacute toxic effect can produce repellent-like behavior, and the

subsequent nonfeeding can lead to death by starvation or desiccation. These
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observations point to a conclusion which may have far-reaching implica-
tions for the chemical control of insects: Chemical control agents need not
be lethal to be effective, and behavior-modifying, “pestistatic” chemicals
may represent a practical alternative to biocides,

A wide variety of biochemical and pharmacological actions of formami-
dines have been reported including mitochondrial uncoupling, local anes-
thesia, neuromuscular effects, monoamine oxidase inhibition, and other
aminergic effects [see (86, 112, 114) for reviews).

The evidence to date suggests that most of the potent effects of formami-
dines in invertebrates may involve the disruption of aminergic (i.e. biogenic
amine-related) nervous or endocrine functions. Formamidines are potent
inhibitors of monoamine oxidase (MAO) in mites and ticks, (6, 14, 114).
MAO inhibition is not considered to be a significant action of formamidines
in insects, since MAO is not readily demonstrable in insect tissues (14, 56)
with the exception of the Malpighian tubules (19). Unfortunately the func-
tion of MAO in acarines or in insect Malpighian tubules is unknown. Also,
no one has specifically examined whether formamidines disrupt the excre-
tory function of Malpighian tubules in insects. Beeman & Matsumura (11)
showed chlordimeform to be a potent cardiostimulant in the American
cockroach. This action is mimicked by a numbser of biogenic amines includ-
ing epinephrine, serotonin, and octopamine (11, 41, 107).

In contrast to the potent anorectic and feeding deterrent effects of for-
mamidines in insects and mites referred to above, formamidines are potent
appetite stimulants in mammals (152, 153, 197). In mammals the sensation
of hunger is known to be regulated by aminergic central nervous structures
(89, 173). Although no direct evidence exists for a relationship between
biogenic amines and feeding behavior in insects, the opposite is true in
Mollusca (192). Furthermore the central body, a catecholamine-rich struc-
ture in the insect brain (61), reportedly has a role in the regulation of feeding
behavior in insects (52, 93).

The neuroexcitatory effect of formamidines observed by Lund et al in
Manduca (see above) was shown to be a direct effect on noncholinergic
synapses in the CNS of the insect (112). The effect was mimicked by a
number of biogenic amines (110). Thus, aminergic involvement must be
suspected in this case, although definite proof is lacking.

In recent years a refinement of the aminergic theory of formamidine
action has emerged. This is the concept that formamidines are octopamine
Teceptor agonists. A growing accumulation of evidence suggests that oc-
topamine has special importance as a neurotransmitter in invertebrates and
that octopamine represents the invertebrate equivalent of the vertebrate
catecholamines, norepinephrine, and epinephrine (188). Octopamine-
specific receptors have been found in orthopteran leg muscle (58), lepidop-
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teran flight muscle (103), the firefly lantern (139, 158), glycogen-mobilizing
cells in cockroach fat body (51), and cockroach central nervous tissue (20,
140).

Hollingworth & Murdock (87) found that N-demethylchlordimeform
Wwas an extremely potent and long-lasting agonist for octopamine receptors
in the firefly lantern. It stimulated octopamine-dependent adenylate cyclase
(an indicator of octopamine receptor activation) in the lantern (133) and
caused the organ to glow brightly. Chlordimeform also caused the lantern
to glow, but only after a 4-hr delay. Furthermore, this compound did not
activate octopamine-dependent adenylate cyclase, either in the firefly lan-
tern (133) or in the cockroach central nervous system (114). Metabolic
transformation of chlordimeform may be required to produce the active
octopamine agonist. In ticks, metabolic activation of chordimeform is
known to occur, probably by N-demethylation (104), although there is no
evidence of an octopaminergic action of formamidines in acarines.

Evans (57) found that superfusion of chlordimeform or N-demethyl-
chlordimeform (threshold ~10-6 M and 107 M, respectively) mimicked the
modulatory effect of octopamine on neurally evoked contraction and relaxa-
tion of locust leg muscle. The aminergic receptors in this tissue had previ-
ously been shown to be specific for octopamine, since they did not
cross-react with dopamine, norepinephrine, serotonin, or several other re-
lated amines (150). The effects of both octopamine and chlordimeform were
blocked by the a-adrenergic antagonist phentolamine but not by the
B-adrenergic antagonist, propranolol.

Low doses of chlordimeform trigger incessant flight in adult moths 102,
111, 191). It has recently been suggested that the activity of certain flight
muscles in adult Manduca sextq may be modulated by octopaminergic
neurons with cell bodies present in the thoracic ganglia (102, 103; A. E.
Kammer, personal communication). Both octopamine and chlordimeform
augment the excitatory junction potentials (EJPs) recorded extracellularly
from pharate adults of Manduca (L. W. Klaassen, personal communica-
tion). In this context it is tempting to speculate that the potent motor
stimulation by chlordimeform of larvae and adults of Manduca and other
lepidopterans may reflect octopamine receptor stimulation.

The difficulty with this idea is that octopamine has been studied only as
a peripheral modulator of motor activity, whereas the stimulation of moth
larvae by chlordimeform is mediated by synapses in the CNS, Chlor-
dimeform-induced motor irritation in adult moths is probably also a central
effect, although this has not been proven unequivocally.

Octopamine applied in situ has been shown to augment motor output
from both thoracic and abdominal ganglia of Manduca larvae (110; A. E.
Kammer, personal communication). O’Shea & Evans (150) have suggested
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that dorsal, unpaired, median (DUM) cells and other aminergic neurons
may serve a general function of both neuromuscular and central nervous
modulation in insects. A more detailed knowledge of the structure and
function of aminergic neurons in insects will undoubtedly provide clearer
insight into the mode of action of formamidine insecticides.

INHIBITORS OF CHITIN

Insect cuticle is an obviously desirable target for potentially selective insec-
ticides. Diflubenzuron and related benzoylphenyl ureas were found to be
slow-acting stomach poisons which specifically affect insect cuticle (131).
They exert their toxic actions on immature forms, particularly during ec-
dysis. Affected larvae appear normal until shortly after apolysis, when they
often cannot free themselves from their old skins. Histological examination
showed that the epidermis in recently apolysed insects treated with diflu-
benzuron failed to secrete new endocuticle.

Sowa & Marks (174) showed that diflubenzuron was a potent inhibitor
of B-ecdysone-dependent N-acetylglucosamine (NAG) incorporation into
chitin in regenerating tissue from cockroach legs after fourteen days in
culture. Post et al (155) found that the diflubenzuron analog DU 19111
prevented incorporation of glucose into Pieris larval endocuticle in vivo.
Other workers have confirmed this observation using other benzoylphenyl
ureas (1, 127, 186) and have shown clearly that uridine diphospho-N-
acetylglucosamine (UDPNAG) accumulates in treated larvae (46, 53, 74,
186). UDPNAG accumulation suggests that diflubenzuron analogs may
interfere with the final biosynthetic step in the pathway to chitin, namely
the transfer of monomer from UDPNAG to the growing chitin chain by
chitin synthetase (CS).

The recent report of a cell-free extract of Tribolium gut with CS activity
(38) has permitted the direct assessment of CS inhibition in the absence of
complicating cellular or hormonal influences. Contrary to expectation,
diflubenzuron did not inhibit the Tribolium enzyme, even at 300 uM (39),
even though this preparation was extremely sensitive to known inhibitors
of fungal CS.

However, this observation does not rule out CS inhibition as the primary
mode of action of diflubenzuron, since this compound was also ineffective
in vivo as an inhibitor of the same gut CS preparation. Indeed, it was
stimulatory. Similarly, Mulder & Gijswijt (131) stated that only the external
integument was affected by diffubenzuron. The cuticular linings of in-
vaginated structures (gut and tracheae) were normal. Also diflubenzuron
has recently been shown to directly inhibit a purified CS from brine shrimp
microsomes in vitro (91). A crucial test of the hypothesis will be whether
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well-known example of this phenomenon is insensitive cholinesterase in
strains resistant to organophosphate and carbamate insecticides. The ge-
netic association between resistance and insensitive cholinesterase is per-
haps the single -most compelling piece of evidence that cholinesterase
inhibition is causally related to toxicity for this group of insecticides (154).

Pyrethroids and DDT Analogs

The existence of target insensitivity in strains resistant to DDT and pyre-
throids has important implications for mode of action studies, since it
allows the possibility of precisely identifying the modified nerve component,
and thus the site of insecticide action.

The best known case of specific resistance to pyrethroids and DDT
analogs involving target insensitivity is knockdown resistance (kdr) in
house flies (154, 180). Osborne & Hart (149) reported that sensory nerve
in a kdr strain of house fly was 1000 times less sensitive to permethrin than
sensory nerve from a susceptible strain. However, any differences in the
CNS were not investigated. Studies on the intact, integrated nervous system
in another kdr strain of house fly have shown that nerve insensitivity was
distributed throughout the nervous system, involving sensory, motor, and
central neural elements ( 125). Omer et al (146) reported that neuromuscu-
lar preparations from a strain of mosquito possessing kdr-like target insen-
sitivity were 20-fold resistant to repetitive firing induced by (1R)-cis-
permethrin.

It has recently been reported that DDT + pyrethroid resistance in kdr
and super-kdr strains of house flies does not extend to carbinol analogs of
DDT, such as the acaricide dicofol (162). This was taken as evidence that
such compounds may have a different mechanism of toxicity from DDT
itself. The carbinols did not show a negative temperature correlation with
toxicity, and they also produced different symptoms in house flies from
those produced by DDT and. its noncarbinol analogs.

Another case of target insensitivity involves a DD T-resistant strain of the

serman cockroach, described by Matsumura (113). The resistance factor
was shown to be genetically linked to low Ca?*-ATPase activity in the
whole head. The Ca?*-ATPase in the resistant strain showed a reduced
sensitivity to DDT, in addition to reduced total activity (68). Although the
enzyme had similar characteristics to the “ecto” Ca?*-ATPase of lobster
axon (69, 70), its origin is uncertain, since no attempt was made to separate
brain from other tissue.

In a similar study, Patil et al (151) found that a DDT-resistant strain of
house fly carrying the kdr gene had reduced titers of Na* + K+-ATPase
in the whole head, compared to a susceptible (S) strain. The Na* + K+
ATPase in the kdr strain was 20-fold less sensitive to DDT than that in the
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S strain. Unfortunately, the resistant strain used had not been genetically
purified by the usual technique of multiple backcross and selection. Thus,
the “altered ATPase” in this strain might be unrelated to DDT resistance.
The same two strains also differed significantly in the activity of two dehy-
drogenases.

A case of resistance to permethrin, apparently involving nerve insen-
sitivity, was recently reported by Gammon (65) and Gammon & Holden
(66) in a strain of the Egyptian cotton leafworm. However, the resistant
strain was also highly resistant to organophosphate insecticides (85). Thus,
the insensitive nerve factor may be a nonspecific penetration barrier, rather
than a modified, pyrethroid-specific target on the nerve membrane. To
resolve this uncertainty, the question of genetic linkage between organo-
phosphate and pyrethroid resistance in this strain must be answered. Inter-
estingly, the resistant strain showed little or no cross-resistance to
cypermethrin or decamethrin, two pyrethroids which bear an a-cyano sub-
stituent. The authors suggested that a-cyano pyrethroids might have a
different mode of action on insect nerve from that of permethrin. This
opinion was supported by the observation that permethrin, but not cyper-
methrin, caused stimulus hypersensitivity in the abdominal nerve cord of
Spodoptera.

Clements & May (35) reported a very similar phenomenon in peripheral
nerves of locust: a-cyano pyrethroid esters never caused repetitive after-
discharges in motor axons in response to a single electrical stimulus,
whereas most pyrethroids not containing an a-cyano substituent were po-
tent inducers of repetitive after-discharges in these axons. Conversely,
o-cyano pyrethroids had potent stimulatory actions on sensory neurons,
whereas most other pyrethroids did not. However permethrin itself (both
cis- and frans-isomers), along with the natural pyrethrins, was a conspicu-

ous exception to these generalizations, since it had typical a-cyano-type
activity.

Cyclodienes and y-BHC

A type of cyclodiene resistance which may involve target insensitivity is
well-known, particularly in the Diptera. Busvine (31) has noted that cy-
clodiene-resistant insects are always cross-resistant to v-BHC but not al-
ways to other classes of insecticide. Resistant strains do not show reduced
penetration, or increased detoxification or excretion. Oppenoorth & Nasrat
(147) showed that a single genetic factor conferred resistance to both diel-
drin and 'y-BHC in the house fly. Target site resistance has not been applied
to studies of cyclodiene and y-BHC mode of action.

In order to correctly utilize target site resistance as a rigorous test for
theories of insecticide mode of action, it is necessary to carefully purify the
resistance factor to eliminate nonspecific genetic differences between the

INS]

strains and thus to quell any doub
altered target and the resistance.
seldom been taken in published reg
chlorinated hydrocarbon or pyrett

OPTICAL ISOMERISM

Optical isomerism provides anothes
into insecticide mode of action. Sin
to many chemical and physical prc
uptake, storage, and translocatior
bypassed. Metabolism would have 1
frequently differentiate between er

The use of chirality as a tool i
suited to the pyrethroids, since thei
greatly in insecticidal activity (54,
ported a difference in toxicity of ot
(1S) enantiomer, although there w
and metabolism. This suggests that
with the trans-configuration about
an equally impressive dependence
toxicity. For example, Ackermann
to Heliothis larvae of ~ 1400-folc
enantiomers of zrans-cypermethri

Miyazaki et al (128-130) have d
influences the toxicities of several .
or greater difference in insecticidz
and (+) enantiomers of cis-chlord:
chlordene, chlordene epoxide, an
mains to be seen whether this opti
vitro studies on the presumed bic

PROSPECTS FOR FUTUI

Inhibitors of Tanning
For insects, cuticular chitin is ess
surely if the new cuticle is not t
tanning, in addition to hardening,
epicuticular lipids, which in tun
waterproofed (10).

Normal tanning requires the -
tyrosine, although the precise na




m genetically
ection. Thus,
IT resistance.
of two dehy-

nerve insen-
m & Holden
the resistant
s (85). Thus,
arrier, rather
>mbrane. To
veen organo-
wered. Inter-
esistance to
a-cyano sub-
light have a
iethrin. This
1t not cyper-
erve cord of

i peripheral
etitive after-
al stimulus,
snt were po-
Conversely,
)Ty neurons,
L itself (both
i a conspicu-
~=Cyano-type

sensitivity is
ted that cy-
" but not al-
iow reduced
th & Nasrat
‘0 both diel-
deen applied

‘ous test for
¥ purify the
detween the

INSECTICIDE MODE OF ACTION 269

strains and thus to quell any doubt about the genetic linkage between the
altered target and the resistance. Unfortunately, these precautions have
seldom been taken in published reports concerning target site resistance to
chlorinated hydrocarbon or pyrethroid insecticides.

OPTICAL ISOMERISM

Optical isomerism provides another potentially useful tool for investigations
into insecticide mode of action. Since enantiomers are identical with respect
to many chemical and physical properties which may influence insecticide
uptake, storage, and translocation, these variables could be successfully
bypassed. Metabolism would have to be carefully considered, since enzymes
frequently differentiate between enantiomers.

The use of chirality as a tool in mode of action studies is particularly
suited to the pyrethroids, since their optical isomers are well-known to differ
greatly in insecticidal activity (54, 55). For instance, Soderlund (171) re-
ported a difference in toxicity of over 200-fold between NRDC 157 and its
(18) enantiomer, although there were only slight differences in penetration
and metabolism. This suggests that the target site itself is chiral. Pyrethroids
with the frans-configuration about the dihalovinyl cyclopropane ring show
an equally impressive dependence on absolute configuration for maximum
toxicity. For example, Ackermann et al (2) measured a difference in toxicity
to Heliothis larvae of ~ 1400-fold between the (1R)—~(aS) and (1S)-(aR)
enantiomers of zrans-cypermethrin (Figure 2).

Miyazaki et al (128-130) have determined that absolute stereochemistry
influences the toxicities of several chiral cyclodiene insecticides. A twofold
or greater difference in insecticidal activity was observed between the (-)
and (+) enantiomers of cis-chlordane, frans-chlordane, dichlorochlordene,
chlordene, chlordene epoxide, and heptachlor epoxide (Figure 2). It re-
mains to be seen whether this optical specificity will be observed during in
vitro studies on the presumed biochemical targets.

PROSPECTS FOR FUTURE INSECTICIDES

Inhibitors of Tanning

For insects, cuticular chitin is essential to life. But insects will die just as
surely if the new cuticle is not tanned (sclerotized). A vital function of
tanning, in addition to hardening, is to facilitate the proper orientation of
epicuticular lipids, which in turn assures that the cuticle is adequately
waterproofed (10). )

" Normal tanning requires the biosynthesis of N-acetyldopamine from
tyrosine, although the precise nature of the interaction between the un-
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Figure 2 Toxic and non-toxic enantiomers of trans-cypermethrin (4) and chlordene epox-
ide (B).

tanned cuticle and quinones derived from N-acetyldopamine is still a sub-
ject of debate (187). Thus, tyrosine hydroxylase, DOPA decarboxylase,
dopamine N-acetyl transferase, and phenol oxidase constitute potential
targets of insecticide action (28).

In some insects DOPA decarboxylase is a key enzyme in the biosynthetic
pathway from tyrosine to tanning quinones, and its activity in hemolymph
and integument rises dramatically during the molting cycle (90). Turnbull
& co-workers (181, 182) recently reported that inhibitors of DOPA decar-
boxylase are toxic to blowfly larvae, apparently by a specific interference
with sclerotization. This conclusion was based on the observation that
larvae exposed to toxic doses of a-methyldopa or other DOPA decarboxy-
lase inhibitors appear normal until the time of molt, but desiccate and die
without tanning, immediately after ecdysis. The epicuticle in affected larvae
was abnormal in its ultrastructure and was defective in its role as a water
permeability barrier. Also, the toxicity of a-methyldopa was completely
antagonized by the sclerotizing agent N-acetyldopamine.
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Kollonitsch et al (105) reported that (S)-a-fluoromethyldopa is an ex-
tremely potent, specific, and irreversible inhibitor of mammalian DOPA
decarboxylase. Jung et al (99) found that low doses of this inhibitor in vivo
produced long-lasting depletion of catecholamines and serotonin in various
‘mammalian tissues. Other less potent inhibitors of DOPA decarboxylase do
not have significant effects in vivo, because this enzyme is not rate limiting
in the pathway of biogenic amine biosynthesis in mammals. a-Fluorome-
thyldopa has not yet been tested in insects.

None of the DOPA decarboxylase-inhibitors tested in insects to date are
cheap or effective enough to have economic potential as insecticides. None-
theless, specific disruption of sclerotization remains an appealing strategy
in the search for biorational insecticides.

GABA Synapses

Among the proven or suspected types of mammalian chemical synapses, at
least two, the cholinergic and GABAergic types (utilizing acetylcholine and
Y-aminobutyric acid, respectively), are known to be extremely prone to
lethal disruption. With regard to insects, the cholinergic system has been
exploited by insecticide chemists with phenomenal success. Within the past
several years, attention has begun to focus on GABAergic synapses in
insects as a potential target of insecticides.

Picrotoxinin is well-known as a potent convulsant and toxicant in mam-
mals by virtue of its specific blocking action on GABAergic (inhibitory)
transmission (97). This blockade is not competitive, but rather involves a
site on the postsynaptic membrane which is distinct from the GABA recep-
tor (179). '

Miller et al (126) found that synergized picrotoxinin was only slightly
toxic to house flies by topical application and was a rather weak convulsant
when applied directly to the intact thoracic ganglion in situ. However, it
became extremely potent when the ganglion was desheathed. Olsen et al
(145) found that another GABA antagonist, bicuculline, suppressed inhibi-
tory but not excitatory neuromuscular transmission in cockroaches. Appar-
ently, GABA antagonism is a feasible strategy in insecticide design, but
structural modifications must be introduced into active substances to over-
come penetration barriers without loss of biological activity.

Miller et al (126) and Kuwano et al (108) prepared simplified analogs of
picrotoxinin in attempts to discover smaller, more easily synthesized partial
structures which would retain activity. Both groups found several bicyclic
lactones with weak toxic and convulsant actions in insects.

Bellet & Casida (15) and Casida et al (32) described a class of bicyclic
organophosphates which were extremely potent convulsants in mammals
but did not poison by a cholinergic mechanism. These substances and
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several related ortho-carboxylates and silatranes were subsequently shown
to be GABA antagonists, which bound selectively to the picrotoxinin rather
than the GABA receptor site (22, 179). Certain analogs were moderately
toxic to insects, but because of their extreme potency against mammals,
they must be considered to be selective mammalicides (121).

Benzodiazepines (anti-anxiety agents) are another class of neuroactive
substances which exert specific actions at GABAergic synapses. They facili-
tate GABAergic transmission and protect against the convulsant effects of
the GABA antagonists picrotoxinin and bicuculline in mammals (97). A
few convulsant benzodiazepines seem to have the opposite action, namely
a picrotoxinin-like GABA blockade (143). Clifford and his collaborators
(36, 37) described a series of benzodiazepine analogs and their carbamate
derivatives which showed significant insecticidal and acaricidal activity, but
their mode of toxic action is unknown.

In recent years a search for an endogenous benzodiazepine ligand in
mammals (i.e. a naturally occurring anti-anxiety substance whose actions
are supposedly mimicked by the synthetic benzodiazepines) has been
mounted by several research groups. This had led to the discovery of the
possible purinergic nature of the benzodiazepine receptor (42, 178). Inhibi-
tory purinergic neurons have been known in mammals for some time (29),
but a link between GABAergic and purinergic synapses was not previously
suspected. Interestingly, Bellet & Casida (15) had speculated on a possible
relationship between the bicyclic phosphate or “cage” convulsants and a
purine nucleotide (cyclic AMP) based on structural similarities, even before
any link was suspected between the cage convulsants and GABA or be-
tween GABAergic and purinergic neurons.

Purine analogs which affect purine titers in flukes can be numbered
among the economically important anthelmintics. For example, Coles (40)
has suggested that the anthelmintic mebendazole may act by a purinergic
mechanism. However, there is no evidence for the involvement of GABA
in this instance nor is there a similar case known among the insecticides.
Thus, a GABAergic insecticide has not yet been discovered.

The possibility that GABAergic inhibitors (or indeed any candidate in-
secticide) could effect crop protection by sublethal actions on pest species
- should be considered in future evaluations. This concept has already been
alluded to with respect to the formamidines, which can provide a significant
level of crop protection at sublethal doses. Other types of insecticides may
also have important effects in the field at sublethal application rates, as
recently discussed by Hollingworth & Murdock (88). If such a concept is
to be implemented, new types of chemical screening procedures must be
developed to detect sublethal effects, and thus reveal candidate pestistatic
substances.
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SUMMARY

1. Excitatory pyrethroids and DDT analogs retard closure of sodium gates
on the nerve axon and thereby oppose membrane repolarization.

2. The sensitivity of the sodium gate both to the membrane potential and
to DDT depends upon the extracellular concentration of calcium.

3. Calcium-dependent ATPases detected in nerve homogenates may be
related to maintenance of the calcium gradient, calcium binding to
membrane components, the regulation of sodium and potassium conduc-
tance gating, axonal transport, and transmitter release.

4. Certain calcium-dependent ATPases are inhibited by DDT and pyre-
throids. Such an effect in vivo might lead to calcium pump dysfunction
or to a decalcification of the external surface of the axon, which in turn
might disrupt the normal regulation of the conductance gating of
monovalent cations. '

5. Some observers have found that peripheral nerve is considerably more
sensitive to DDT than the CNS, but significant central effects have also
been claimed. Pyrethroids excite peripheral nerves, particularly sensory
cell bodies and motor nerve terminals. Pyrethroids, but not DDT ana-
logs, uncouple the house fly flight motor by a central action.

6. Cyclodienes and y-BHC act primarily at cholinergic synapses in the
CNS, by stimulating excessive release of transmitter from presynaptic
stores. This effect is mediated at least in part by increased concentrations
of intracellular free calcium in the presynaptic terminal.

7. There is some evidence that dieldrin requires metabolic activation for the
expression of toxicity, but the active metabolite, if it exists, has not been
positively identified. C

8. Formamidines are both acutely toxic and antifeedant, but these actions
may be two manifestations of a single, primary effect on the CNS. This
primary effect may be localized at aminergic synapses, particularly those
utilizing octopamine.

9. Diflubenzuron and related benzoylpheny! ureas act specifically on insect
cuticle by preventing the incorporation of N-acetylglucosamine units
into the chitin polymer and by a cytostatic action on chitin-producing
epidermal cells.

10. Target insensitivity is a type of resistance which can be a valuable tool
in mode of action studies. There has been recent interest in the bio-
chemical mechanisms of target insensitivity to pyrethroids and DDT
analogs in strains of house flies, mosquitoes, cockroaches, and the
Egyptian cotton leafworm. Target insensitivity to cyclodienes and
Y-BHC has also been reported.
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11. Chirality is another potentially useful tool in mode of action research,
There is evidence that the biochemical targets for both the DDT-
pyrethroid group and the cyclodiene-y-BHC group may be chiral.

12. Many vital processes remain to be exploited in the design of new types
of insecticides. Two of these, sclerotization and GABA synapses, are

discussed.
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