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Abstract
Sodium channel inhibitor (SCI) insecticides were discovered almost four decades ago but have
only recently yielded important commercial products (eg., indoxacarb and metaflumizone). SCI
insecticides inhibit sodium channel function by binding selectively to slow-inactivated (non-
conducting) sodium channel states. Characterization of the action of SCI insecticides on
mammalian sodium channels using both biochemical and electrophysiological approaches
demonstrates that they bind at or near a drug receptor site, the "local anesthetic (LA) receptor."
This mechanism and site of action on sodium channels differentiates SCI insecticides from other
insecticidal agents that act on sodium channels. However, SCI insecticides share a common mode
of action with drugs currently under investigation as anticonvulsants and treatments for
neuropathic pain. In this paper we summarize the development of the SCI insecticide class and the
evidence that this structurally diverse group of compounds have a common mode of action on
sodium channels. We then review research that has used site-directed mutagenesis and
heterologous expression of cloned mammalian sodium channels in Xenopus laevis oocytes to
further elucidate the site and mechanism of action of SCI insecticides. The results of these studies
provide new insight into the mechanism of action of SCI insecticides on voltage-gated sodium
channels, the location of the SCI insecticide receptor, and its relationship to the LA receptor that
binds therapeutic SCI agents.
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1. Introduction
Nearly three decades separated the initial discovery of the first sodium channel inhibitor
(SCI) insecticides [1] from the registration and availability of the first commercial
insecticide from this class [2]. Despite excellent insecticidal activity, these compounds failed
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repeatedly to yield commercial insecticides due to their photoinstability, unacceptable
persistence in the soil, and high mammalian toxicity [3]. Nevertheless, the commercial
development of indoxacarb [2] and metaflumizone [4] illustrates the practical value of this
class and the potential for the development of new SCI insecticides with favorable
environmental and toxicological properties.

Previous reviews considered literature prior to 2004 on the development, toxicology and
mode of action of SCI insecticides [5], the properties and actions of indoxacarb in relation to
earlier SCI insecticides [6], and the actions of SCI insecticides on insect voltage-gated
sodium channels [7]. Here we briefly summarize the historical development of SCI
insecticides and the evidence for a common mode of action of this structurally diverse group
on voltage-gated sodium channels. We then review research conducted since 2004 in this
laboratory using site-directed mutagenesis and heterologous expression of cloned
mammalian sodium channels in Xenopus laevis oocytes to further elucidate the site and
mechanism of action of SCI insecticides.

2. Discovery, Chemistry, and Nomenclature of SCI Insecticides
Research at Philips-Duphar B.V. in the Netherlands during the early 1970s identified the
first SCI insecticides, exemplified by PH 60-41 [1] (Fig. 1A). PH 60-41 exhibited symptoms
of poisoning in insects consistent with action at a target site in the nervous system [1].
Further investigation of 3-phenyl-, 3,4-diphenyl- and 3,5-diphenyldihydropyrazoles [8–10]
identified compounds in the 3,4-diphenyl series (e.g., PH 60-42; Fig. 1B) with insecticidal
activity 100-fold greater than compounds in the 3-phenyl series. Despite the strong
insecticidal activity of the Philips-Duphar dihydropyrazoles, extensive photoaromatization
with loss of insecticidal activity [11] and unacceptable persistence in soil [12] prevented the
development of commercial products from this series.

In the late 1980s, Rohm and Haas disclosed the discovery of a second generation of
dihydropyrazole insecticides derived from the original Philips-Duphar compounds [13]. This
work yielded compounds in the dihydropyrazole series (e.g., RH3421; Fig. 1C), with
excellent insecticidal activity and reduced photodegradation and soil persistence compared
to PH 60-42. Asymmetric 4-disubstitution of the dihydropyrazole ring, as in RH3421,
introduced a chiral center into the molecule. For an analog of RH3421 carrying the same
substituents at C-4 of the dihydropyrazole ring, the S enantiomer was 10- to 100-fold more
active as an insecticide than the R enantiomer [14]. This result implies that chiral
dihydropyrazoles interact stereoselectively with their neuronal target site.

During the same period research at FMC Corporation sought to develop new
dihydropyrazoles with reduced lipophilicity that would exhibit contact insecticidal activity.
Insertion of novel aliphatic substituents at C-4 of the dihydropyrazole ring yielded
insecticides (Fig. 1D) with reduced lipophilicity, but these compounds did not achieve the
level of insecticidal potency exhibited by the corresponding 4-phenyl-substituted analogs of
PH 60-42. [3].

The development of commercial dihydropyrazole insecticides was ultimately limited by
their unacceptable mammalian toxicity. The acute oral toxicities of dihydropyrazoles to
mammals are low, giving acute oral LD50 values in rats greater than 1000 mg/kg [8,10,13].
However, daily administration in the diet revealed that dihydropyrazoles cause delayed-
onset neurotoxicity at doses much lower than those producing acute intoxication [3].

Further research at FMC Corporation identified a novel series of insecticidal
arylalkylbenzhydrolpiperidines (BZPs; Fig. 1F) based on natural product leads (10,23-
dihydro-24,25-dehydroflavinine and nominine) and the antihistamine cinnarizine [15].
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Iterative structural optimization led to compounds (e.g., F4265; Fig. 1E) with excellent
insecticidal activity and low mammalian toxicity (acute oral LD50 values >1000 mg/kg) [16]
but did not yield commercial insecticides. Despite their structural divergence from
insecticidal dihydropyrazoles, the BZPs exhibit functional and pharmacological properties
consistent with their inclusion in the SCI insecticide class [17,18].

Efforts at DuPont to overcome the toxicological limitations of the dihydropyrazoles led to
the development of a series of insecticidal oxadiazines including indoxacarb (Fig. 1F), the
first SCI insecticide to achieve commercial registration [2]. Indoxacarb is a proinsecticide
that undergoes efficient bioactivation in insects to an insecticidal metabolite, DCJW (Fig.
1F) [19]. Indoxacarb is also bioactivated in mammals, but N-decarbomethoxylation to
DCJW is less efficient than in insects and detoxication is achieved by alternative
biochemical pathways [6]. The selective conversion of indoxacarb to DCJW in insects
underlies its favorable selective toxicity, thereby overcoming one of the principal
shortcomings of the dihydropyrazoles.

Research at Nihon Noyaku Company also attempted to improve the environmental and
toxicological profile of the dihydropyrazoles by modification of the core ring structure. This
effort yielded a series of semicarbazones, conceived as ring-opened analogs of the
dihydropyrazoles, and led to the discovery of the second registered SCI insecticide,
metaflumizone (Fig. 1G) [4]. Metaflumizone has a broad spectrum of insecticidal activity
[4] and very low acute and chronic toxicity to mammals [20].

Takagi et al. [4] identified a common structural backbone for SCI insecticides that
encompasses the dihydropyrazoles, oxadiazines and semicarbazones (Fig. 2) and suggested
that this core structure may constitute the toxophore for SCI insecticide-like activity. The
conserved structural features among these SCI insecticide series are two aromatic rings
connected by five atoms including three nitrogens and one carbonyl at conserved positions.
It is noteworthy that the BZP series of SCI insecticides does not exhibit this core structure.
However, we and others include them in the SCI insecticide family based on their
pharmacological properties, which are summarized in the following section of this review.

The structural diversity of SCI insecticides complicates the naming of this insecticide class.
By convention classes of insecticides are typically named according to a shared (and usually
toxophoric) chemical feature (e.g., organophosphorus esters) or a shared template molecule
(e.g., neonicotinoids, pyrethroids). Designation of the first SCI insecticides as
“dihydropyrazoles” or “pyrazolines,” by this convention failed to accommodate the
subsequent development of functionally related but structurally distinct series such as the
BZPs and oxadiazines. The name “pyrazoline-type insecticides” [2] encompassed this
diversification of SCI insecticide structure, whereas the name “sodium channel blocker
insecticides (SCBIs)” [6] grouped structurally diverse compounds by their common action.
We consider the latter approach to be the most appropriate. However, in recent publications
[21,22] and in this review we employ the name “sodium channel inhibitor (SCI)
insecticides” because these compounds inhibit sodium channel function by binding to and
stabilizing inactivated, nonconducting channel states rather than physically occluding the
channel. Our preference for the term “sodium channel inhibitor” is consistent with the recent
use of this term as a collective name for the diverse therapeutic agents (e.g., local
anesthetics, anticonvulsants, antiarrhythmics and analgesics) that also bind to and stabilize
inactivated sodium channel states [23]. The pharmacological convergence between SCI
insecticides and drugs provides a conceptual framework for understanding both the mode of
action and the distinctive properties of SCI insecticides.
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3. Action of SCI Insecticides on Voltage-Gated Sodium Channels
The rationale for considering SCI insecticides as a single class despite their structural
diversity depends on evidence that they share a common mechanism of insecticidal action.
In the following sections we briefly review the evidence for common a mechanism based on
signs of intoxication in poisoned insects and electrophysiological assays of SCI insecticide
action in various nerve preparations in vitro. More detailed summaries of data published
prior to 2004 are available in previous reviews [5,6].

3.1. Symptoms of poisoning in insects
Adult cockroaches (Periplaneta Americana) and larval tobacco hornworms (Manduca sexta)
and houseflies (Musca domestica) injected with the dihydropyrazole RH3421 exhibited
consistent and distinctive intoxication symptoms [24]. In each species, initial disruption of
motor coordination and locomotion was followed by irreversible quiescent
“pseudoparalysis” punctuated by bouts of convulsive movement in response to mechanical
stimulus. Indoxacarb produced the same pseudoparalysis intoxication symptoms following
injection into P. americana adults and M. sexta larvae [6,25]. Similarly, injection of BZPs
into tobacco budworm (Heliothis zea) larvae [15] and metaflumizone into fall armyworm
(Spodoptera frugiperda) larvae [26] also produced pseudoparalysis. Whereas the symptoms
of SCI insecticide intoxication in insects clearly implicate an action in the nervous system,
the pseudoparalysis caused by all members of this class distinguishes them from other
insecticides known to act at neuronal target sites.

3.2. Actions of SCI insecticides on spontaneous and evoked neural activity
Electrophysiological studies of spontaneous nerve activity and evoked potentials in insect
nerve preparations provide further insight into the mechanism of action of SCI insecticides.
Recordings of spontaneous activity in preparations from poisoned insects show that
pseudoparalysis by SCI insecticides is accompanied by silencing of spontaneous,
“background” activity arising from pacemaker cells in the central nervous system and tonic
sensory receptors. First reported in studies with the dihydropyrazole RH3421 in P.
americana, M. sexta and M. domestica [24], this effect was subsequently also found in
comparable assays with insects paralyzed by BZPs [17], indoxacarb [6], and metaflumizone
[26]. Despite the silencing of endogenous activity during pseudoparalysis, stimulation of
motor and sensory neurons produced action potential responses [24]. Thus, SCI insecticides
selectively block endogenous action potential generation in both the central nervous system
and sense organs during paralysis at doses in vivo and concentrations in vitro that do not
otherwise compromise evoked action potentials in axons.

Consistent with their selective block of endogenous activity, RH3421 and related
dihydropyrazoles blocked stretch receptors in preparations from P. americana, M. sexta, and
the crayfish (Procambarus clarkii) [24]. Similarly, BZPs and metaflumizone blocked stretch
receptors in preparations from H. zea and S. frugiperda, respectively [17,26]. In crayfish
preparations RH5529, a dihydropyrazole analog of RH3421, increased the threshold for
spike generation without altering passive membrane properties [24]. In these preparations,
depolarization of the membrane potential promoted block whereas hyperpolarization
relieved block.

SCI insecticides also block evoked neural activity in invertebrate axons and neurons.
Depolarization of crayfish giant axons rendered them susceptible to block by
dihydropyrazoles [24]. In P. americana dorsal unpaired median neurons, the indoxacarb
metabolite blocked evoked action potentials and also caused hyperpolarization of the resting
membrane potential, an effect not reported in other preparations [27].
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3.3. State-dependent inhibition of voltage-gated sodium channels by SCI insecticides
The depolarization-dependent block of action potentials in stretch receptors and axons
implied that SCI insecticides acted by blocking voltage-gated sodium channels in a voltage-
dependent manner. To test this hypothesis directly Salgado [28] determined the effects of
RH3421 and related dihydropyrazoles on sodium currents in crayfish giant axons under
voltage-clamp conditions. In this study, dihydropyrazoles blocked crayfish sodium channels
only at depolarized membrane holding potentials that promoted conversion of resting
channels to slow-inactivated states. Moreover, repolarization of the membrane during
dihydropyrazole perfusion both removed slow inactivation and relieved block. Consistent
with this finding, RH3421 caused a hyperpolarizing shift in the voltage dependence of slow
sodium channel inactivation in these preparations. SCI insecticides caused the reversible
(indoxacarb) or irreversible (DCJW) inhibition of two functionally and pharmacologically
distinct sodium currents recorded from cultured P. americana ganglionic neurons [29].
Indoxacarb and DCJW also inhibited the tetrodotoxin (TTX)-sensitive and TTX-resistant
sodium currents found in rat dorsal root ganglion (DRG) neurons [30,31]. Thus, the
depolarization-dependent block of nerve action potentials by SCI insecticides involves a
selective interaction with slow-inactivated sodium channels, the relative abundance of which
in a given cell type is determined by the specific sodium channel isoforms or splice variants
expressed in that cell, the level of cellular electrical activity, and the extent of steady-state
membrane depolarization.

4. Action of SCI Insecticides on Mammalian Sodium Channels Expressed in
Xenopus Oocytes
4.1. The Xenopus oocyte expression system

Heterologous expression and electrophysiological characterization in oocytes of the frog
Xenopus laevis has provided extensive information on the functional properties of
mammalian and insect sodium channels [32–34]. The oocyte expression system offers
several clear advantages for studies of SCI insecticides. First, oocytes are the only in vitro
system in which both insect and mammalian sodium channels can be expressed, thus
permitting direct comparisons of insecticide action and channel sensitivity in a common
cellular environment. Second, oocytes typically survive and yield stable recordings under
voltage-clamp conditions for up to 2 hours, thereby facilitating studies with SCI insecticides
that require prolonged profusion to permit the slow equilibration typical of these compounds
and the long pulse protocols required to characterize effects on slow-inactivated channel
states. Third, transient expression in oocytes, coupled with site-directed mutagenesis on
cloned cDNAs to generate modified channels, provides ready access to structure-function
studies involving amino acid replacement in defined locations in the sodium channel
sequence. The following sections of this review summarize our research using this system to
define and compare the action of SCI insecticides on mammalian sodium channels and to
characterize further the mechanism and site of action of SCI insecticides by site-directed
mutagenesis.

4.2 Actions of SCI insecticides on rat Nav1.4 sodium channels
We chose the rat Nav1.4 sodium channel isoform as our principal model for studies of SCI
insecticides on mammalian sodium channels in the Xenopus oocyte system for three
reasons. First, among the eight rat sodium channel isoforms available to us only the Nav1.4
isoform gave highly reproducible expression of large-amplitude (10–20 µA) sodium currents
in voltage-clamped oocytes. Experimental protocols to study SCI insecticide action involve
depolarization to induce partial slow inactivation followed by insecticide-dependent
inhibition of the residual (non-inactivated) component of the current. Large-amplitude initial
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currents are required in order to retain adequate signal-to-noise levels for the small residual
currents remaining after fractional slow inactivation and insecticide inhibition. Second, the
well-established pharmacology of SCI drug action on Nav1.4 sodium channels allowed us to
place the state-dependent inhibition of channels by SCI insecticides firmly in the larger
context of state-dependent channel inhibition by other agents. Third, prior mutagenesis
experiments identified specific amino acid determinants of SCI drug binding and slow
inactivation in the Nav1.4 channel sequence that we could employ directly to probe the
action of SCI insecticides.

Figure 3 illustrates the characteristic effects of SCI insecticides on Nav1.4 sodium channels
under voltage clamp conditions, exemplified here with data for DCJW [35]. Perfusion with
10 µM DCJW for 15 min at a holding potential of −120 mV had no effect on sodium
currents, whereas perfusion at a holding potential of −30 mV caused significant inhibition of
the sodium current (Fig. 3A). Figure 3B illustrates the effect of depolarization to −30 mV
and stepwise repolarization on currents measured in the absence or presence of 10 µM
DCJW. Depolarization to −30 mV, followed by a hyperpolarizing prepulse to permit the
recovery of fast-inactivated channels, reduced the available sodium current by ~75% by
placing the majority of channels in non-conducting slow-inactivated states. Application of
DCJW caused channel inhibition, further reducing the available current (Fig. 3B, shaded
area). Stepwise hyperpolarization in the absence of DCJW progressively removed slow
inactivation, recovering all of the available current under control conditions, but DCJW
impeded the voltage-dependent recovery from slow inactivation. Unlike membrane
repolarization, perfusion with DCJW-free medium at −30 mV failed to reverse the inhibitory
effects of DCJW (not shown). RH3421 and metaflumizone produced effects similar to those
illustrated in Fig. 3 for DCJW [21,35].

Consistent with these results and previous studies of SCI insecticides using invertebrate
nerve preparations, RH3421, DCJW and metaflumizone also caused hyperpolarizing shifts
in the voltage dependence of slow inactivation and recovery from slow inactivation but did
not affect the voltage dependence of steady-state fast inactivation (not shown) [21,35].
Whereas RH3421 and DCJW also did not affect the voltage dependence of Nav1.4 channel
activation in this system [35], metaflumizone caused a small (~5 mV) but statistically
significant hyperpolarizing shift in the voltage dependence of activation [21]. This result
implies that metaflumizone, unlike the other SCI insecticides examined, is able to bind to
sodium channels in the resting state and affect the activation of resting channels.

Figure 4 provides a simplified state transition model that summarizes the state-dependent
effects of SCI insecticides on rat Nav1.4 sodium channels in the Xenopus oocyte system.
This model depicts transitions between four functionally distinct channel states: closed
(resting) channels available for voltage-dependent activation (C); open channels (O); fast-
inactivated channels (Ifast); and slow-inactivated channels (Islow). In practice, each of the
states represented in Fig. 4 may exist as a family of substates. When the cell membrane is
clamped at a hyperpolarized potential, the majority of channels are in the resting state and
available for activation. Short depolarizations (ΔV) to membrane potentials above the
channel activation threshold produce open channels, which undergo inactivation on a
millisecond time scale to the fast-inactivated state. Alternatively, short subthreshold
depolarizations may lead directly to fast inactivated states without channel activation. By
contrast, sustained depolarization drives channels predominantly to slow-inactivated states.
Channels in both inactivated states return to the closed state, albeit with different voltage
dependence and kinetics, upon repolarization of the cell membrane. SCI insecticides (SCI)
bind selectively and persistently to slow-inactivated channels, preventing the removal of
slow inactivation and trapping populations of channels in stable, insecticide-modified slow-
inactivated states. The insecticide-dependent sequestration of channels in nonconducting
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states inhibits macroscopic sodium currents by reducing the pool of closed channels
available for activation. The model shown in Fig. 4 also depicts the unique interaction of
metaflumizone (MF) with resting channels that is evident in its ability to alter the voltage
dependence of channel activation. The functional consequences of this effect of
metaflumizone have not been established.

4.3. Differential sensitivity of mammalian sodium channel isoforms to SCI insecticides
Mammalian voltage-gated sodium channel isoforms differ in their relative sensitivity to
inhibition by SCI insecticides. Rat DRG neurons exhibit two functionally and
pharmacologically distinct sodium currents that are carried by different combinations of
isoforms: a TTX-sensitive current that is associated with the expression of various
combinations of the Nav1.2, Nav1.3, Nav1.6 and Nav1.7 isoforms and a TTX-resistant
current associated primarily with the Nav1.8 isoform [36]. The TTX-sensitive current of
DRG neurons is also more sensitive to inhibition by indoxacarb and DCJW than the TTX-
resistant current [31]. Consistent with these data, rat sodium channel isoforms expressed in
Xenopus oocytes also differed in their sensitivity to inhibition by indoxacarb, DCJW and
RH3421 (Fig. 5) [37]. Specifically, the TTX-sensitive Nav1.2 and Nav1.4 isoforms were
more sensitive to inhibition by RH3421 and DCJW than the TTX-resistant Nav1.5 and
Nav1.8 isoforms. Paradoxically the Nav1.8 isoform, which was least sensitive to inhibition
by DCJW, was the isoform most sensitive to inhibition by indoxacarb. This study also
assessed the effect of coexpressing either the Nav1.2 or Nav1.4 isoforms with the auxiliary
β1 subunit (data not shown). The only statistically significant effect of the β1 subunit on the
SCI insecticide sensitivity of either isoform was a modest reduction in the sensitivity of
Nav1.2 channels to RH3421.

5. Mutational Analysis of SCI Insecticide Interactions with the Local
Anesthetic (LA) Receptor
5.1. Evidence for involvement of the LA receptor in SCI insecticide action

SCI drugs (local anesthetics, anticonvulsants, antiarrhythmics) inhibit sodium channel
function through state-dependent binding to an unique sodium channel domain called the
LA receptor [23]. Pharmacological evidence suggests that SCI insecticides and SCI drugs
may share a common site of action. Radiosodium uptake studies show that RH3421 inhibits
veratridine-stimulated uptake of sodium into mouse brain synaptosomes [38,39] in a manner
similar to local anesthetics, class I anticonvulsants, and class I antiarrhythmics [40].
Radioligand binding studies show that RH3421 and therapeutic sodium channel blockers are
competitive allosteric inhibitors of batrachotoxinin-A-20-α-benzoate (BTX-B) binding to
mammalian brain preparations [41,42].

Other studies have identified competitive interactions between SCI insecticides and SCI
drugs. RH3421 and the local anesthetic dibucaine are mutually competitive inhibitors of
BTX-B binding to mouse brain sodium channels [39]. Phenytoin, an anticonvulsant,
interferes with the ability of DCJW and RH3421 to block cloned rat Nav1.4 sodium
channels expressed in Xenopus oocytes [35]. Recently, we found that metaflumizone
antagonized the use-dependent inhibition of rat Nav1.4 sodium channels expressed in
Xenopus oocytes by the local anesthetic lidocaine (Fig. 6) [21]. This study employed trains
of brief subthreshold depolarizing prepulses to convert resting channels to fast-inactivated
channels without significant channel activation. In the absence of drug, repetitive
depolarization had no effect on sodium currents because the fast inactivation caused by each
depolarization decayed completely prior to the subsequent depolarization. In the presence of
lidocaine sodium currents were reduced by the trapping of lidocaine-modified channels in
nonconducting fast-inactivated states. The ability of metaflumizone to antagonize this effect
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identifies an interaction of this compound with the LA receptor on fast-inactivated sodium
channel states (see Fig. 4). The failure of other SCI insecticides to antagonize lidocaine
block (not shown) implies that metaflumizone’s ability to bind to fast-inactivated channels is
apparently not shared with other SCI insecticides.

5.2. Models of the sodium channel LA receptor
The pore-forming α subunits of voltage-gated sodium channels are large proteins containing
24 transmembrane helical segments organized into four internally homologous domains (DI-
DIV), each containing six transmembrane segments (S1-S6) [32,43]. Three- dimensional
models of the α subunit protein [44–50], based on the crystal structures of homologous
potassium channels, show homology domains DI-DIV arranged as “pseudosubunits” around
a central ion pore with the four S6 transmembrane domains lining the intracellular side of
the pore. The principal features of these homology models were recently confirmed in the
crystal structure of a bacterial sodium channel [51].

Numerous site-directed mutagenesis studies (reviewed in [23]) have identified amino acid
residues in the S6 segments of homology domains DI, DIII, and DIV that contribute to
sodium channel modification by SCI drugs. Figure 7 shows the location of 11 amino acid
residues affecting SCI drug action on a postulated orientation of the four sodium channel S6
segments [23]. Phe1579 in DIV-S6 (boxed in Fig. 7; rat Nav1.4 residue numbering) is the
single most important determinant of SCI drug binding and action [23]. Models of SCI drug
binding to the LA receptor implicate Phe1579 as an element of the LA receptor that is
intimately involved in drug binding within the ion pore [45,46,48,50]. Tyr1586, located on
the same face of the DIV-S6 helix as Phe1579, is also an important determinant of
anticonvulsant action but its direct role in drug binding is less well established [23].
Whereas the orientation of DIV-S6 shown in Fig. 7 is widely accepted, there is less
consensus regarding the orientation of the other S6 helices in relation to the ion pore.
Moreover, the distribution of residues affecting SCI drug action on multiple faces of three
S6 domains ensures that many of these residues affect drug action indirectly, via effects on
channel gating or conformational flexibility, rather than by forming part of the LA receptor.

5.3. Effects of LA receptor mutations on SCI insecticide action
Evidence for competitive interactions between SCI insecticides and SCI drugs and the
significance of sodium channel DIV-S6 residues as determinants of SCI drug binding or
action led us to investigate the role of mutations at Phe1579 and Tyr1586 of rat Nav1.4
sodium channels in the action of SCI insecticides. Replacement of Phe1579 with alanine
(F1579A) universally impairs the binding of SCI drugs to the LA receptor [23]. Nav1.4/
F1579A sodium channels expressed in oocytes were significantly less sensitive to inhibition
by RH3421, RH4841, DCJW and metaflumizone [21,52]. This effect of the F1579A
mutation is fully consistent with its effect on the binding and action of SCI drugs to
mammalian sodium channels and provides further evidence that the receptors for SCI
insecticides and SCI drugs may overlap. Interestingly, the cognate alanine substitution
(F1817A) in insect (Blattella germanica) BgNav sodium channels had no effect on the
sensitivity of channels to indoxacarb or DCJW but enhanced channel sensitivity to
metaflumizone [53]. Nevertheless, the F1817A mutation reduced use-dependent block of
BgNav channels by lidocaine [54]. Taken together, these results suggest that the relationship
between the receptors for SCI insecticides and SCI drugs may differ in mammalian and
insect sodium channels.

Replacement of Tyr1586 by alanine (Y1586A) in rat Nav1.4 sodium channels or the cognate
mutation in other mammalian sodium channel isoforms reduces channel sensitivity to
anticonvulsants and some other SCI drugs but has limited effects on the activity of local
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anesthetics [23]. We found that Nav1.4/Y1586A sodium channels expressed in oocytes were
paradoxically more sensitive to inhibition by RH3421, RH4841, DCJW and metaflumizone
[21,52]. Moreover, Nav1.4/Y1586A sodium channels acquired sensitivity to inhibition by
indoxacarb that was not evident with wildtype Nav1.4 channels [52]. The magnitude of the
increase in sensitivity of Nav1.4/Y1586A sodium channels was compound-specific: 58-fold
for DCJW, 16-fold for RH3421, and approximately 10-fold for metaflumizone [21,52].
These results suggest that Tyr1586 does not form part of the SCI insecticide receptor.
Instead, we postulate that the large aromatic side chain of the tyrosine residue impedes the
binding of these insecticides. By this interpretation, alanine substitution at Tyr1586 relieves
steric hindrance and increases the affinity of channels for these compounds. The failure of
the cognate (Y1824A) mutation in insect (BgNav) sodium channels to enhance SCI
insecticide sensitivity [53] further underscores the apparent divergence of the structure of
the SCI insecticide receptor on mammalian and insect sodium channels.

6. Do Mutations at Val787 in DII-S6 Identify an Novel Determinant of
Metaflumizone Binding?
6.1. Mutations at Val787 of Nav1.4 as probes of slow inactivation

Mutations at Val787 of the rat Nav1.4 sodium channel isoform alter both the extent and
voltage dependence of slow inactivation [55] and provide an opportunity to explore further
the relationship between slow inactivation and sensitivity to inhibition by SCI insecticides.
Figure 8 shows the voltage dependence of slow inactivation for wildtype Nav1.4 channels
and for channels containing the V787K, V787C and V787A mutations [22]. The V787K
mutation conferred complete slow inactivation at depolarized potentials and shifted the
voltage dependence of slow inactivation by more that 45 mV in the direction of
hyperpolarization. By contrast, the V787C and V787A mutations reduced the maximal
extent of slow inactivation relative to wildtype channels without affecting its voltage
dependence.

6.2. Effects of mutations at Val787 of Nav1.4 on SCI insecticide sensitivity
Consistent with results obtained using Nav1.4 channels, SCI insecticides did not affect
Nav1.4/V787A or Nav1.4/V787C channels at a hyperpolarized holding potential (−120 mV)
[22]. However, indoxacarb, DCJW and RH4841 significantly inhibited Nav1.4/V787K
channels when assayed at −140 mV whereas metaflumizone had no effect under these
conditions. The sensitivity of Nav1.4/V787K channels to indoxacarb, DCJW and RH4841 at
−140 mV was subsequently shown to result from incomplete removal of slow inactivation of
Nav1.4/V787K channels at this membrane potential.

The unexpected resistance of Nav1.4/V787K channels to metaflumizone at −140 mV led us
to assess the relative sensitivity of Nav1.4 and Nav1.4/V787K channels to SCI insecticides
under conditions producing an approximately equivalent degree of slow inactivation of both
channels [22]. Depolarization of the holding potential of Nav1.4 channels from −120 mV to
−30 mV and of Nav1.4/787K channels from −140 mV to −110 mV reduced peak sodium
currents by approximately 50% (Fig. 9A). Assays of SCI insecticides under these conditions
(Fig. 9B) showed that the impact of the V787K mutation on channel inhibition was
compound-specific: Nav1.4/V787K channels were resistant to metaflumizone but
hypersensitive to RH4841 and indoxacarb and equally sensitive to either RH3421 or DCJW.

Fig. 10 summarizes the effects of all three mutations at Val787 on SCI insecticide sensitivity
[22]. In these experiments Nav1.4, Nav1.4/V787C and Nav1.4/V787A channels were
assayed following depolarization from −120 mV to −30 mV whereas Nav1.4/V787K
channels were assayed following depolarization from −140 mV to −110 mV. These
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conditions produce approximately equivalent degrees of slow inactivation for Nav1.4 and
Nav1.4/V787K channels but reduced slow inactivation for the Nav1.4/V787C and Nav1.4/
V787A variants (see Fig. 8). If the availability of slow-inactivated channels were the only
determinant of SCI inhibition in these experiments we would expect to see approximately
equivalent inhibition of Nav1.4 and Nav1.4/V787K channels by all four insecticides based
on the similar availability of slow-inactivated channels at the membrane holding potentials
used (see Fig. 9). Similarly, we would expect reduced inhibition of Nav1.4/V787C and
Nav1.4/V787A channels relative to Nav1.4 based on the reduced availability of slow-
inactivated states with the mutated channels at a membrane holding potential of −30 mV
(see Fig. 8).

As shown in Fig. 10, the relative sensitivity of native Nav1.4 channels and channels with
mutations at Val787 to inhibition by SCI insecticides was not well-correlated with the
relative availability of slow-inactivated states under these assay conditions. Mutations at
Val787 had no effect on the sensitivity of Nav1.4 channels to RH3421 and DCJW, but all
three mutations significantly increased sensitivity to indoxacarb relative to the parent Nav1.4
channel. By contrast, sensitivity to metaflumizone depended on the amino acid substituted
for Val787. The reduction in sensitivity for the three mutated channels correlated with the
magnitude of decrease in hydrophobicity of the amino acid sidechain relative to that of the
parent valine. These results are consistent with the hypothesis that Val787 participates
uniquely in the binding of metaflumizone, but not DCJW or indoxacarb, through
hydrophobic interactions and that introduction of more hydrophilic residues disrupts this
interaction. By contrast, our data suggest that a hydrophobic interaction with Val787 is an
impediment to the optimal binding of indoxacarb that is relieved by hydrophilic substitution.
However, our data do not rule out the possibility that one or both of these effects are
mediated indirectly by the effects of mutations on the conformation of the binding region in
slow-inactivated channels rather than by direct participated in binding.

Figure 11 provides a conceptual model of possible binding interactions for metaflumizone in
the inner pore of the Nav1.4 sodium channel. Mutagenesis studies show that Phe1579 in
DIV-S6, a component of the LA receptor, is an important determinant of the binding of
metaflumizone and other SCI insecticides. We postulate that slow inactivation of Nav1.4
channels involves conformational changes that include the rotation of the DII-S6 helix,
exposing Val787 to the inner pore where it contributes to the binding of metaflumizone. The
state-dependent reorientation of Val787 toward the ion pore is also consistent with results of
accessibility experiments using reactive sulfhydryl reagents. In Nav1.4/V787C channels the
introduced cysteine residue is only available for covalent modification by
methanethiosulfonate ethylammonium at membrane potentials that promote slow
inactivation [55].

There is not sufficient information at present to expand this model to include other SCI
insecticides. Modification of sodium channels by chiral SCI insecticides is stereospecific
[6,35], thereby implying the existence of a minimum of three points of contact between
these insecticides and their receptor. Our data rule out Tyr1586 as a determinant of SCI
insecticide binding and show that the putative importance of Va787 in binding is limited to
metaflumizone. Thus, additional determinants of SCI binding in the region of the sodium
channel LA receptor remain to be identified.

7. Conclusions and Implications
7.1. SCI insecticides share a common, novel mode of action on sodium channels

SCI insecticides, despite their structural diversity, are unified and grouped as a single class
based on their common mode of action on both insect and mammalian voltage-gated sodium
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channels. All SCI insecticides interact preferentially with channels in the slow- inactivated
state, forming long-lived, insecticide-modified complexes (Fig. 4). This sequestration of
channels in the non-conducting slow-inactivated state leads to a reduction in sodium
currents and, ultimately, block of nerve conduction. Neurons that fire frequently or
otherwise exhibit partially depolarized membrane potentials are particularly sensitive to
SCIs. There is a good correspondence between state-dependent channel modification by SCI
insecticides, selective nerve block by SCI insecticides, and the pseudoparalysis that is the
characteristic symptom of intoxication by SCI insecticides in intact insects. Some SCI
insecticides exhibit high intrinsic neurotoxicity to mammals, but the causal links between
state-dependent sodium channel modification and acute toxicity are less clear for mammals
than for insects.

The SCI insecticide family comprises several molecular scaffolds and includes no single
toxophoric moiety. The conserved core partial structure identified by Takagi et al. [4] as a
common feature of dihydropyrazole, oxadiazine and semicarbazone SCI insecticides (see
Fig. 2) conveys the structural similarity among these groups of compounds but is not a
toxophore in the formal sense and is not required for SCI insecticide-like activity. Thus the
BZP class of SCI insecticides, which lacks the conserved core structure defined in Fig. 2,
shares the pharmacological and insecticidal properties of the SCI insecticide class as a
whole.

The mechanism by which SCI insecticides inhibit sodium channel function is a novel mode
of insecticide action on sodium channels. SCI insecticides are distinguished from
pyrethroids and DDT analogs, which also target the voltage-gated sodium channel, not only
by their distinctly different effects on channel function but also by their discrete binding
domains [56]. Thus, mutations in insect sodium channel genes that confer resistance to DDT
and pyrethroids do not occur in sodium channel domains identified to date as part of the SCI
insecticide receptor [57,58], and the SCI insecticides retain full insecticidal activity in insect
populations that exhibit target site-mediated resistance to DDT and pyrethroids [6].

7.2. Do SCI insecticides bind to the sodium channel LA receptor?
Evidence summarized in this review shows that SCI insecticides interact competitively at
the sodium channel with local anesthetics and other classes of SCI drugs. The majority of
these studies involve mammalian sodium channels, either in native tissue or heterologous
expression systems. Mutagenesis experiments using the rat Nav1.4 channel identify Phe1579
in DIV-S6, the single most important determinant of SCI drug binding to the LA receptor, as
a critical determinant of the binding and action of SCI insecticides [21,52]. These results
suggest that the receptors for SCI insecticides and SCI drugs both are located in the inner
pore of the sodium channel and, at a minimum, overlap to the extent that joint occupancy of
this domain by drug and insecticide molecules is precluded. However, our experiments
involving mutations at Val787 in DII-S6 [22] show that determinants of SCI insecticide
binding or action exist in regions of the inner pore that have not been previously identified
as elements of the LA receptor. It is possible that further mutagenesis experiments to map
the determinants of SCI insecticide binding, particularly in DII-S6, may help resolve the
current ambiguity regarding the orientation of sodium channel S6 domain residues in
relation to the ion pore. These studies could also provide new insight into structural
rearrangements in the ion pore that accompany conversion to slow-inactivated channel
states.

Available data, though limited, imply that the conclusions drawn above for SCI insecticide
and drug action on mammalian sodium channels may not be applicable to insect sodium
channels. The divergent results obtained with alanine mutations at DIV-S6 residues in
cockroach sodium channels corresponding to the F1579A and Y1586A mutations in rat
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Nav1.4 channels [53] imply that the determinants of SCI insecticide binding and action may
differ between insect and mammalian channels. This conclusion is surprising in light of the
high degree of structural conservation in the S6 domains of evolutionarily divergent sodium
channels and the difficulty that has been encountered in empirical efforts to identify SCI
structures that retain high insecticidal activity without correspondingly high mammalian
toxicity. Additional mutagenesis studies to map the determinants of SCI binding to
cockroach and other insect sodium channels would provide important insight into the
structural relationship between mammalian and insect receptors for SCI insecticides.

7.3. Pharmacological convergence of insecticide and drug discovery efforts on slow-
inactivated sodium channels

The majority of therapeutic SCI inhibitors (e.g., local anesthetics, anticonvulsants,
antiarrhythmics) preferentially target sodium channels in the open or fast-inactivated state
[59]. However, renewed interest in voltage-gated sodium channels as targets for new
therapeutic agents to treat neuropathic pain and other disorders [60] has yielded novel drugs
that, like SCI insecticides, preferentially target sodium channels in the slow-inactivated
state. Figure 12 shows examples SCI drugs that selectively target slow-inactivated channels:
mibefradil, an antihypertensive agent [61]; lacosamide, an anticonvulsant with anti-
inflammatory and antinociceptive activity [62]; and Z123212, an experimental drug for
neuropathic pain [63].

What properties differentiate toxic (i.e., insecticidal) and therapeutic SCI agents that target
slow-inactivated channels? There are no direct comparative studies of toxic and therapeutic
SCIs that might identify the pharmacological properties associated with either toxic or
therapeutic effects. However, we speculate that association and dissociation kinetics for the
binding of SCI agents to their receptor domains may play a large role in distinguishing
therapeutic and toxic effects. SCI insecticides exhibit extremely slow association kinetics,
requiring equilibration in vitro for up to 15 minutes to achieve steady-state channel
modification (see Fig. 3). Moreover, the binding of SCI insecticides to slow-inactivated
channels is very persistent and, in some cases, irreversible by washing unless a
hyperpolarized membrane potential is restored. By contrast steady-state effects of mibefradil
are achieved within 1–2 min of perfusion and can be reversed by washing [61]. We suggest
that neurotoxicity among SCI agents may be due in part to persistent compromise of nerve
function due to long-lasting sequestration of sodium channels in nonconducting slow-
inactivated states.

Further efforts to define the properties that differentiate toxic and therapeutic SCIs may
benefit the further development of the SCI insecticide class in two ways. First, knowledge of
these properties has the potential to improve the safety of SCI insecticides while informing
the further development of safe and effective SCI drugs. Second, lead compounds
abandoned by the pharmaceutical industry due to adverse toxicity could identify new
structural scaffolds for the discovery of novel SCI insecticides.
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Research Highlights

• Sodium channel inhibitor (SCI) insecticides silence endogenous neural activity

• SCI insecticides interact selectively with slow-inactivated sodium channels

• The SCI insecticide receptor includes elements of the local anesthetic receptor

• Metaflumizone exhibits unique actions that are not shared with other SCI
insecticides
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Fig. 1.
Structures of SCI insecticides.
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Fig. 2.
The common core structure of SCI insecticides identified by Takagi et al [4] (bold)
exemplified in the structures of RH3421, indoxacarb and metaflumizone.
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Fig. 3.
Voltage-dependent inhibition of rat Nav1.4 sodium channels expressed in Xenopus oocytes
by DCJW. (A) Example current traces recorded before (0 min) or after perfusion for 15 min
with 10 µM DCJW at holding potential of either −120 mV (top) or −30 mV (bottom).
Currents were recorded during a 40-ms test pulse to −10 mV; oocytes held at −30 mV were
given a 2-s repolarization pulse to −120 mV prior to the test pulse to convert fast-inactivated
channels to resting channels. (B) Voltage-dependent inhibition and recovery of sodium
currents in the presence of DCJW. Inset: pulse protocol employed to sample sodium currents
once per minute at each holding potential. The figure is redrawn from the data of Silver and
Soderlund [35].
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Fig. 4.
Conceptual model illustrating state transitions between closed (C), open (O), fast-inactivated
(Ifast) and slow-inactivated (Islow) sodium channels, the selective interaction of SCI
insecticides (SCI) with slow-inactivated channels, and the unique interactions of
metaflumizone (MF) with closed and fast-inactivated channels. Further explanation is
provided in the text.
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Fig. 5.
Relative sensitivity of four rat sodium channel isoforms expressed in Xenopus oocytes to
inhibition by indoxacarb, DCJW and RH3421. The figure is re-drawn from the data of Silver
and Soderlund [37].
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Fig. 6.
Antagonism by metaflumizone (10 µM) of the use-dependent inhibition of rat Nav1.4
sodium channels expressed in Xenopus oocytes by lidocaine (200 µM). Left inset: pulse
protocol used. Right inset: Boltzmann plots of the voltage dependence of activation and fast
inactivation of rat Nav1.4 sodium channels; dashed line indicates the prepulse potential (−50
mV) used to induce fast inactivation without channel activation. The figure is re-drawn from
the data of von Stein and Soderlund [21].
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Fig. 7.
Helical wheel representation of the amino acid sequences of the four S6 transmembrane
domains arranged in relation to the central ion pore as proposed by Mike and Lukacs [23].
Residues shown by site-directed mutagenesis are shown in boldface; The Phe1579 residue
thought to be a critical determinant of binding for all SCI drugs is boxed.
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Fig. 8.
Voltage dependence of slow inactivation of unmodified and specifically mutated rat Nav1.4
sodium channels expressed in Xenopus oocytes. The holding potentials (Vh) and prepulse
durations employed for each channel variant are indicated. The figure is redrawn from the
data of von Stein and Soderlund [22].
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Fig. 9.
Inhibition of rat Nav1.4 and Nav1.4/V787K sodium channels expressed in Xenopus ooyctes.
(A) Example current traces illustrating the approximately equivalent induction of slow
inactivation of both variants. Top: traces recorded from Nav1.4 channels at holding
potentials of either −120 mV or −30 mV. Bottom: traces recorded from Nav1.4/V787K
channels at holding potentials of −140 mV or −110 mV. Currents from both channels held at
depolarized potentials were recorded during 20-ms test pulses to −10 mV that was preceded
by a 2-s repolarizing pulse to the holding potential (−120 or −140 mV depending on the
variant examined). (B) Fractional inhibition of Nav1.4 and Nav1.4/V787K channels
measured using the pulse protocols illustrated in Panel A 15 min after perfusion with SCI
insecticides at 10 µM. The figure is re-drawn from the data of von Stein and Soderlund [22].
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Fig. 10.
Fractional inhibition of native and specifically mutated rat Nav1.4 sodium channels
expressed in Xenopus oocytes by SCI insecticides. The extent of inhibition was determined
following perfusion with insecticide (10 µM) as described in the legend to Fig. 9. The
Nav1.4/V787A and Nav1.4/V787C variants were assayed using the pulse protocol described
in Fig. 9 for Nav1.4 channels. Asterisks indicate inhibition of mutated channels that is
significantly different from that measured for the same compound assayed against native
Nav1.4 channels. The extent of inhibition (top) is correlated with the relative hydrophobicity
of amino acid residues (bottom). The amino acids at position 787 in the four channel
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variants employed are shown in boldface type. The figure is drawn from the data of von
Stein and Soderlund [22].
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Fig. 11.
Helical wheel representation of the amino acid sequences of the four S6 transmembrane
domains showing putative binding interactions of metaflumizone and the proposed
conformational rotation of DII-S6 (arrow) in slow-inactivated channels required to expose
Val787 to the channel pore.
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Fig. 12.
Structures of mibefradil, lacosamide and Z123212.
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