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Abstract

Voltage-gated sodium channels are essential for the initiation and propagation of the action 

potential in neurons and other excitable cells. Because of their critical roles in electrical signaling, 

sodium channels are targets of a variety of naturally occurring and synthetic neurotoxins, 

including several classes of insecticides. This review is intended to provide an update on the 

molecular biology of insect sodium channels and the molecular mechanism of pyrethroid 

resistance. Although mammalian and insect sodium channels share fundamental topological and 

functional properties, most insect species carry only one sodium channel gene, compared to 

multiple sodium channel genes found in each mammalian species. Recent studies showed that two 

posttranscriptional mechanisms, alternative splicing and RNA editing, are involved in generating 

functional diversity of sodium channels in insects. More than 50 sodium channel mutations have 

been identified to be responsible for or associated with knockdown resistance (kdr) to pyrethroids 

in various arthropod pests and disease vectors. Elucidation of molecular mechanism of kdr led to 

the identification of dual receptor sites of pyrethroids on insect sodium channels. Most of the kdr 

mutations appear to be located within or close to the two receptor sites. The accumulating 

knowledge of insect sodium channels and their interactions with insecticides provides a 

foundation for understanding the neurophysiology of sodium channels in vivo and the 

development of new and safer insecticides for effective control of arthropod pests and human 

disease vectors.
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1. Introduction

1.1. Voltage-gated sodium channels

The nervous system enables animals to detect external and internal stimuli, integrate and 

process the information detected, and react with speed and coordination. It is hard to catch a 

cockroach and almost impossible to snatch a dragonfly out of the air because of the rapid 

electrical and chemical signaling within their nervous system. The electrical signals are 

comprised of action potentials (i.e., electrical impulses; Fig. 1A) propagating rapidly along 

axons and from one neuron to the next at synapses. The voltage-gated sodium channel is 

responsible for the initiation and propagation of action potentials along the axon (Fig. 1B).

The sodium channel forms a pore in the membrane that is highly selective to sodium ions 

(Fig. 1B). The opening and closing of the sodium channel is regulated by two gating 

processes, activation and inactivation (Fig. 1B). When a neuron is at rest (i.e., not firing), 

sodium channels are closed. When the membrane of a neuron is depolarized, sodium 

channels are activated (open). Influx of sodium ions through activated sodium channels, 

which further depolarizes the membrane, is responsible for the rising phase of an action 

potential (Fig. 1B). Within a few milliseconds after sodium channel opening, sodium 

channels are rapidly inactivated. The inactivation process is partially responsible for the 

falling phase of an action potential (Fig. 1B) and plays an important role in the termination 

of an action potential. Upon repolarization, the sodium channel recovers from inactivation 

and deactivates (i.e., the activation gate closes). Deactivation and recovery from inactivation 

complete the transition from the inactivated state to the resting state of the sodium channel 

(Fig. 1B), which allows the cell membrane to regain its resting excitable properties and 

prepare to fire another action potential (Fig. 1B). As such, sodium channels play a critical 

role in controlling electrical signaling in the nervous system and regulating membrane 

excitability. In addition, in response to prolonged depolarization (seconds to minutes), 

sodium channels progressively enter into more stable, slow-inactivated states. This process 

is known as slow inactivation, which is important for regulating membrane excitability, 

action potential patterns and spike frequency adaptation.

1.2. Structure and function of sodium channels

Mammalian sodium channels are composed of a pore-forming α-subunit and one or more β 

subunits. Multiple sodium channel α-subunits are found in mammals (Catterall, 2014; 

Goldin, 2002). Sodium channel α-subunits have four homologous domains (I-IV), each 

domain possessing six transmembrane segments (Fig. 2A). In each domain, segments 1-4 

(S1-S4) constitute the voltage-sensing module, whereas S5, S6, and a membrane-reentrant 

loop connecting S5 and S6 segments (called the P-region) form the pore module (Fig. 

2A-2C). β subunits (β1-β4) are small transmembrane proteins that possess an extracellular 

immunoglobulin domain, a single transmembrane segment, and a short intracellular C-
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terminal domain (Brackenbury and Isom, 2011; Catterall, 2000). Coexpression of β subunits 

modulates sodium channel expression and gating properties (Brackenbury and Isom, 2011; 

Catterall, 2000).

Significant progress has been made in the past two decades in the understanding of the 

domain structures and amino acid motifs/sequences required for specific gating properties of 

sodium channels, including channel activation and inactivation. Most information has been 

derived from studies of α-subunits of mammalian sodium channels, with which insect 

sodium channels share high levels of sequence and functional similarities. Below is a brief 

summary of the current understanding of the structure-function relationship of sodium 

channels. Readers are referred to comprehensive reviews (Catterall, 2000; Catterall, 2012; 

Catterall, 2014) on this topic.

The ion selectivity of sodium channels is determined by the amino acids D, E, K, and A (the 

selectivity-filter motif “DEKA”) in the analogous positions of domains I, II, III, and IV, 

respectively, of the α-subunit. Each S4 segment contains repeated motifs of a positively 

charged amino acid residue followed by two hydrophobic residues and serves as a voltage 

sensor of the sodium channel. In response to membrane depolarization, the S4 segments 

move outward, initiating conformational changes which lead to pore opening and 

inactivation of sodium channels. Short intracellular linkers between the S4 and S5 segments 

(L45) transmit the movements of the voltage sensing modules to the S6 segments during 

channel opening and closing. Fast-inactivation is achieved by the movement of an 

inactivation gate (formed mainly by the IFM motif in the short intracellular linker 

connecting domains III and IV), which physically occludes the open pore (Fig. 2A).

Since the publication of the first X-ray structure of a bacterial potassium channel KcsA 

(Doyle et al., 1998), homology models of sodium channels have been developed to predict 

binding sites of drugs, such as local anesthetics (Lipkind and Fozzard, 2005; Tikhonov and 

Zhorov, 2007) and toxins, such as tetrodotoxin (Lipkind and Fozzard, 2000; Tikhonov and 

Zhorov, 2005a) and batrachotoxin (Du et al., 2011; Tikhonov and Zhorov, 2005b). 

Currently, the mammalian voltage-gated potassium channel Kv1.2 crystallized in the open 

state (Long et al., 2005) and a bacterial sodium channel, NavAb, crystallized in the closed 

state (Payandeh et al., 2011) are used as reasonable templates to model eukaryotic four-

domain sodium channels in the open and closed states, respectively. Four identical subunits 

of the bacterial sodium channel NavAb (i.e., a homotetramer) arrange around the pore axis in 

the way of four-fold rotational symmetry (Fig. 2D-2F) (Payandeh et al., 2011). Accordingly, 

the four voltage-sensing modules are symmetrically arranged around the outer rim of the 

pore module. The voltage sensing module of one subunit is closely associated with the pore-

forming module of the adjacent subunit (Payandeh et al., 2011), as in the Kv1.2 channel 

(Long et al., 2005). This arrangement likely enforces concerted gating of the four subunits of 

homotetrameric sodium and potassium channels (Catterall, 2014). The Inner pore is lined by 

the lower two-thirds of the transmembrane S6 segments and the C-terminal parts of the P1 

helices from the membrane-diving P-loops. The outer pore is lined by the P2 helices from 

the P-loops and the ascending limbs that connect helices P1 and P2 (Fig. 2G).
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1.3. Sodium channels are targets of a variety of neurotoxins including insecticides

Because of their crucial roles in membrane excitability, sodium channels are targets of a 

broad range of naturally occurring neurotoxins, such as tetrodotoxin from the puffer fish and 

polypeptide toxins from scorpions and sea anemones (Catterall, 2000). They are also 

primary target sites of synthetic compounds including insecticides, such as 

dichlorodiphenyltrichloroethane (DDT) and pyrethroids, and therapeutic drugs, such as local 

anesthetics (Catterall et al., 2007; Narahashi, 1996, 2002). These sodium channel 

neurotoxins bind to their respective receptor sites on the sodium channel and alter various 

channel properties, including ion conductance, ion selectivity and/or channel gating (i.e., 

opening and closing). Because of the diverse pharmacological effects of these neurotoxins 

on the sodium channel, localization of the toxin-binding sites has been a powerful approach 

to probe the architecture of the sodium channel (Catterall et al., 2007; Cestele and Catterall, 

2000; Gordon, 1997; Gurevitz, 2012; Wang and Wang, 2003; Zlotkin, 1999). For example, 

the outer pore of the sodium channel can be blocked by tetrodotoxin, saxitoxin and 

conotoxins; and the central cavity of the inner pore is targeted by local anesthetics, 

batrachotoxin, and sodium channel blocker insecticides (SCBIs). Furthermore, some 

polypeptide toxins from the venoms of scorpions, spiders and sea anemones specifically 

block or modify insect sodium channel gating, but have little effect on mammalian sodium 

channels (Bende et al., 2013; Bosmans and Tytgat, 2007; Gordon et al., 2007; Gur et al., 

2011; Gurevitz et al., 2007; Klint et al., 2012; Moran et al., 2009; Moran et al., 2007; 

Skinner et al., 1992; Strugatsky et al., 2005). Such insect-specific activities suggest the 

potential use of these natural polypeptide toxins as bioinsecticides for insect pest control.

DDT and pyrethroid insecticides are among the earliest synthetic compounds that were 

identified to act on sodium channels (Narahashi, 2000). Pyrethroids enhance activation and 

inhibit deactivation and inactivation, resulting in prolonged channel opening. At the cellular 

level, pyrethroids disrupt nerve function, causing repetitive discharges, membrane 

depolarization, and synaptic disturbances (Narahashi, 1996, 2000; Silver et al., 2014; 

Soderlund, 2012). Another group of insecticides, including indoxacarb and metaflumizone, 

represents a new class of sodium channel-targeting insecticides with a mode of action 

distinct from that of DDT and pyrethroids. They inhibit sodium current and are known as 

SCBIs (Silver et al., 2014; Silver et al., 2010; Wing et al., 2005) or sodium channel 

inhibitors, SCIs; (von Stein and Soderlund, 2012). In insects, indoxacarb is metabolically 

converted to N-decarbomethoxyllated JW062 (DCJW), a more active metabolite, whereas 

mammals convert indoxacarb into nontoxic metabolites. This difference in metabolism 

contributes to the selective toxicity of indoxacarb to insect pests (Silver et al., 2009; von 

Stein and Soderlund, 2012; Wing et al., 2005).

2. Sodium Channels in Insect Species

2.1. Identification of Sodium Channel Genes

The first insect sodium channel gene (the para gene, later named DmNav) was cloned from 

Drosophila melanogaster based on temperature-sensitive paralytic mutations (Loughney et 

al., 1989). The overall structure and amino acid sequence of the DmNav protein shares a 

high similarity with those of mammalian sodium channel α-subunits. The structural features 
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that are critical for mammalian sodium channel function, including ion selectivity and 

channel gating (Fig. 2A), are conserved in the DmNav sodium channel (Dong, 2007; 

Loughney et al., 1989; Soderlund, 2005).

In the early 1990s, pyrethroid resistance was found to be genetically linked to DmNav-like 

sequences in house flies and cockroaches (Soderlund, 2005). These exciting findings 

triggered a wave of studies that resulted in the isolation of partial or full-length cDNAs of 

DmNav orthologs from many arthropod pests and human disease vectors (Table S1). More 

recently, genome sequencing is providing sequences of DmNav-family sodium channel 

genes from additional insect species (Table S1).

Functional characterization in the Xenopus oocyte expression system confirmed that DmNav 

encode functional sodium channels (Feng et al., 1995; Warmke et al., 1997). These 

significant advances set the stage for molecular, functional and pharmacological 

characterization of insect sodium channels from other species. To date, four DmNav 

orthologs have been functionally expressed in Xenopus oocytes. These include, Vssc1 from 

the house fly Musca domestica (Smith and Soderlund, 1998), paraCSMA (later named 

BgNav) from the German cockroach Blattella germanica (Liu et al., 2000; Tan et al., 2002a), 

VmNav from the varroa mite Varroa destructor (Du et al., 2009b), and AaNav from the 

yellow-fever mosquito Aedes aegypti (Du et al., 2013). Sodium channel activation controls 

the rate and voltage dependence of opening of the sodium channel after depolarization, 

whereas inactivation controls the rate and voltage-dependence of the subsequent inactivation 

gate-mediated closing of the sodium channel during a sustained depolarization. Fig. 3D-3G 

illustrates these major gating properties of DmNav and BgNav channels expressed in 

oocytes.

In the American cockroach (Periplaneta americana), besides a DmNav ortholog, a DmNav-

like gene called PaFPC (Periplaneta americana four P-domain channel) was reported 

(Moignot et al., 2009). In PaFPC, the DEKA motif that determines ion selectivity is 

conserved, but the MFM motif that is critical for fast inactivation is not. PaFPC transcripts 

are expressed in both neuronal and non-neuronal tissues (Moignot et al., 2009). The 

functionality of PaFPC remains unknown. Analysis of the currently sequenced insect 

genomes suggests that most insects have only one DmNav-family sodium channel gene with 

two exceptions (Table S1). The red flour beetle (Tribolium casteneum) has a second DmNav-

like gene lacking the MFM motif, like PaFPC (GenBank accession number: 

NM_001165909 in Table S1). In addition, in Acyrthosiphon pisum, domains I and II, and 

domains III and IV, appear to be encoded by two different genes (Table S1). Whether these 

two-domain proteins co-assemble into a functional sodium channel remains to be 

determined.

2.2. DSC1 and its Orthologs in Insects

In addition to DmNav, Drosophila also has a sodium channel-like gene named Drosophila 

Sodium Channel 1 (DSC1). DSC1 was cloned by probing Drosophila genomic DNA 

libraries with an eel sodium channel cDNA (Okamoto et al., 1987; Ramaswami and 

Tanouye, 1989; Salkoff et al., 1987). DSC1 orthologs were subsequently isolated from B. 

germanica and Heliothis virescens (Liu et al., 2001; Park et al., 1999) and have now been 
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found in all insect species with a complete genome sequence (Cui et al., 2012; Liu et al., 

2001; Park et al., 1999). For a long time, DSC1 had been considered a sodium channel gene 

because its overall topology and sequence are similar to those of sodium channels, 

consisting of four homologous repeats each having six transmembrane segments (Kulkarni 

et al., 2002; Zhang et al., 2011). However, the DEKA motif, which determines the ion 

selectivity for voltage-gated sodium channels, including insect sodium channels, is not 

conserved in the DSC1 family of genes (Zhou et al., 2004). Instead, DSC1 and its orthologs 

all contain a DEEA motif (Cui et al., 2012). Functional analysis of DSC1-family channels in 

Xenopus oocytes revealed that they represent a novel type of voltage-gated cation channels 

with high permeability to Ca2+ (Zhang et al., 2011; Zhou et al., 2004).

2.3. Auxiliary Subunits of Insect Sodium Channels

As mentioned above, β subunits of mammalian sodium channels play important roles in 

modulating the expression and gating of mammalian sodium channels (Brackenbury and 

Isom, 2011; Cestele and Catterall, 2000). Surprisingly, no orthologs of mammalian β 

subunits are found in insects. Instead, an unrelated protein, TipE in D. melanogaster (Feng 

et al., 1995; Warmke et al., 1997) and its orthologs in other insects (Bourdin et al., 2013; Du 

et al., 2013; Lee et al., 2000) facilitate robust expression of insect sodium channels in 

Xenopus oocytes and are considered as auxiliary subunits of insect sodium channels. Besides 

TipE, there are also three to four TipE-homologous genes (TEH1-4) in D. melanogaster and 

other insect species (Derst et al., 2006). TipE and TEH proteins contain two transmembrane 

segments, an extracellular linker connecting the two transmembrane segments and 

intracellular C- and N-termini (Derst et al., 2006; Feng et al., 1995). TEH1 is expressed 

exclusively in the nervous system, whereas the transcripts of other TEHs and TipE are 

detected in both neuronal and non-neuronal tissues, such as fat body and gut (Derst et al., 

2006).

TipE, TEH1, TEH2 and TEH3 have been shown to not only enhance the peak current of 

DmNav channels expressed in Xenopus oocytes, but also modulate various gating properties 

of DmNav channels (Derst et al., 2006; Wang et al., 2013; Warmke et al., 1997). Like β 

subunits of mammalian sodium channels, TipE and TEH proteins have both shared as well 

as distinct modulating effects on various sodium channel variants (Table S2), indicating that 

TipE and TEH proteins are functionally analogous to β subunits. TipE and TEH1 orthologs 

from other species also have similar modulating effects (Bourdin et al., 2013; Du et al., 

2013; Lee et al., 2000).

3. Insects achieve functional diversity of sodium channels via alternative 

splicing and RNA editing

Mammals such as humans and mice express nine α-subunit isoforms with different gating 

properties (Goldin et al., 2000). The nine α-subunit genes are differentially expressed in 

various cell types, tissues, and developmental stages, presumably to fulfill unique 

physiological roles in specific cells (Catterall, 2000; Frank and Catterall, 2003; Goldin et al., 

2000). Because most insects have only a single sodium channel gene, a question arises as to 

how insects achieve functional diversity of sodium channels from a single gene. An initial 
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clue came from molecular characterization of the DmNav gene in Drosophila species, which 

revealed extensive alternative splicing of the DmNav transcript (Loughney et al., 1989; 

Thackeray and Ganetzky, 1994, 1995). Subsequent analyses of DmNav-orthologs from other 

insect species, showed that many of the alternative splicing sites identified in DmNav are 

conserved in DmNav orthologs (Chang et al., 2009; Davies et al., 2007; Lee et al., 2002; 

Park et al., 1999; Shao et al., 2009; Song et al., 2004; Sonoda et al., 2006; Sonoda et al., 

2008; Tan et al., 2002a). In addition, extensive RNA editing, another post-transcriptional 

mechanism, is found in sodium channel transcripts of D. melanogaster (Hanrahan et al., 

2000; Olson et al., 2008; Reenan et al., 2000) and B. germanica (Liu et al., 2004; Song et al., 

2004). Functional analyses in Xenopus oocytes of DmNav and BgNav splicing and/or RNA-

editing variants have revealed an impressive spectrum of both drastic and subtle differences 

in channel expression and channel gating properties (Du et al., 2009c; Lin et al., 2009; Liu et 

al., 2004; Olson et al., 2008; Song et al., 2004; Tan et al., 2002a). These findings suggest the 

importance of alternative splicing and RNA editing in diversifying sodium channel activities 

in vivo. This line of study represents a major effort in the study of insect sodium channels in 

the past decade.

3.1. Alternative splicing of sodium channel transcripts

3.1.1. In Drosophila—A total of 11 alternatively spliced exons, seven optional exons (a, 

b, e, f, h, i, j) in intracellular linkers and four mutually exclusive exons (c/d and k/l) in 

transmembrane domains (Fig. 4), have been identified in DmNav transcripts from adults of 

D. melanogaster (Lee et al., 2002; Lin et al., 2009; Loughney et al., 1989; O'Dowd et al. 

1995; Thackeray and Ganetzky, 1994, 1995). These alternative splice sites are conserved in 

D. virilis (Thackeray and Ganetzky, 1995). Although thousands of splicing types are 

theoretically possible from various combinations of mutually exclusive and optional exons 

in D. melanogaster, the actual number of splice types seems far more limited. From 64 full-

length cDNA clones isolated from D. melanogaster adults, 29 splicing types were uncovered 

(Olson et al., 2008). Fifty DmNav cDNA clones from late-stage embryos could be grouped 

into 27 splice types (Lin et al., 2009). Interestingly, only three adult splice types (including 

the most abundant type in adults) and four additional optional exons are found in the embryo 

(Lin et al., 2009). The major difference in splicing between adults and embryos appears to 

be the usage of exons j and f. The usage of exon j increases from 10% in the embryo to 89% 

in the adult, whereas inclusion of exon f decreases from 78% to 10%. However, the 

physiological importance of these differences remains to be investigated.

While transcripts lacking the optional exons j, i, a, b, e, f, and h still produce functional 

channels in Xenopus oocytes, inclusion or exclusion of optional exons f, j or h alters the 

voltage-dependence of channel activation or inactivation (Lin et al., 2009). These findings 

indicate that optional exons serve a modulatory function regulating neuronal excitability. 

Furthermore, exclusion of optional exon b increases the current expression of DmNav, 

BgNav or VmNav channels in oocytes (Du et al., 2009b; Song et al., 2004). Exons a and b 

contain consensus sequences for phosphorylation. Down-regulation of sodium current 

expression by protein kinases has been documented for mammalian sodium channels 

(Numann et al., 1991; Smith and Goldin, 1996, 1997, 2000; West et al., 1991). It is therefore 

possible that exon b may serve as a regulatory on-or-off switch to regulate sodium channel 
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function and neuronal excitability in response to second messengers in specific tissues or 

cell types.

Persistent sodium currents, which do not inactivate completely even with prolonged 

depolarization, contributes to membrane depolarization (Crill, 1996; Kiss, 2008; Taylor, 

1993). Widespread expression of of persistent current have been detected in various neurons 

in the vertebrate and invertebrate species and could be important in regulating neuronal 

activities, such as bursts of neuroactivity frequency and generating pacemaker behavior 

(Crill, 1996; Kiss, 2008; Stafstrom, 2007; Taylor, 1993). Interestingly, mutually exclusive 

exons k/l, encoding IIIS3-IIIS4 (i.e., part of IIIS3 and III4 and the extracellular linker 

connecting IIIS3 and IIIS4), modulate the generation of persistent current in D. 

melanogaster (Lin et al., 2009). Persistent current ranges from 1.5 to 2.4% of transient 

current in exon k-containing sodium channels expressed in oocytes, but ranges from 4.1 to 

9.5% in sodium channels with exon l (Lin et al., 2009). Pasilla, an RNA-binding protein, is 

required to regulate the relative proportions of DmNav transcripts that contain exons k/l in 

vivo (Park et al., 2004). Apparently, splicing to include exon l at the expense of exon k is 

associated with increased neuroactivity (Lin et al., 2012). Increased persistent sodium 

current in D. melanogaster slamdance mutants is the physiological basis for developing this 

insect system as a seizure model (Marley and Baines, 2011).

3.1.2. In other species—Many of the alternative splice sites identified in D. 

melanogaster are conserved in other insect species, including M. domestica (Lee et al., 

2002), B. germanica (Song et al., 2004; Tan et al., 2002a), H. virescens (Park et al., 1999), 

Plutella xylostella (Sonoda et al., 2006; Sonoda et al., 2008), Bombyx mori (Shao et al., 

2009), Ae. aegypti (Chang et al., 2009), Anopheles gambiae, Culex pipiens, Ae. aegypti, Ae. 

albopictus, Apis mellifera, Nasonia vitripennis, Pediculus humanis, Tribolium castaneum 

(Davies et al., 2007). Two mutually exclusive exons corresponding to Drosophila exons l/k 

were conserved in all insect species mentioned above, except for T. castaneum which has 

only exon l (Davies et al., 2007; Shao et al., 2009). Conservation of these two alternative 

exons and functional modulation of sodium channel function by exons l/k described in 3.1.1 

suggest an important role of the two alternative exons in insect neurophysiology. However, 

less conservation was found for the other pair of mutually exclusive exons corresponding to 

Drosophila exons c/d, both exons c/d were conserved in M. domestica, H. virescens, Ae. 

aegypti, An. gambiae, P. xylostella, C. pipiens and B. mori (Shao et al., 2009), but only exon 

c in B. germanica, A. mellifera and N. vitripennis (Davies et al., 2007; Song et al., 2004); 

and only exon d in T. castaneum (Davies et al., 2007). Furthermore, there are also variations 

at the intron donor and acceptor splice sites that extend or shorten exons. For example, 

exons equivalent to exon f in D. melanogaster can be 24 or 30 nucleotides long (Thackeray 

and Ganetzky, 1994). Exon c is extended by an additional 16 nucleotides in N. vitripennis 

(Davies et al., 2007). Intron donor splice site variation excludes G1111 in the BgNav 

transcripts.

Sequence analysis of cDNA clones show that most optional exons identified in D. 

melanogaster are conserved in M. domestica (Lee et al., 2002), B. germanica (Tan et al., 

2002a), Ae. Aegypti (Chang et al., 2009), An. gambiae (Davies et al., 2007) and P. xylostella 

(Sonoda et al., 2008). Although most of exons corresponsing to optional exons in 
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Drosophila were found in the genome of B. mori, high-throughput Solexa sequencing of 

cDNAs from B. mori revealed exons corresponding to exons j and f are optional, exons 

corresponsding to exons a, b and l are not optional and a new optional exon unique to B. 

mori was identified (Shao et al., 2009). Therefore, detailed analysis of sodium channel 

cDNAs is necessary to confirm optional exons in other species. Furthermore, the frequence 

of alternative exon usage can be different among these species. For example, more than 60% 

of the DmNav transcripts from D. melanogaster and D. virilis adults (Thackeray and 

Ganetzky, 1995) and about 50% of AaNav (Chang et al., 2009) contain exon b, but less than 

20% of BgNav (Song et al., 2004) and Vssc1 (Lee et al., 2002) transcripts contain exon b. 

Only 3-6% of DmNav and BgNav transcripts contain exon k (Song et al., 2004). In contrast, 

most of Vssc1 transcripts contain exon k (Lee et al., 2002). Developmental regulation of 

alternative exon usage has also been documented in several species (Lee et al., 2002; Shao et 

al., 2009; Sonoda et al., 2006).

Conservation of one particular alternatively splicing site appears to extend beyond insect 

sodium channels. An exon G3 in BgNav, one of three mutually exclusive exons, called G1 

G2 and G3, in BgNav (Tan et al., 2002a), has no sequence homology with either G1 or G2, 

and possesses a stop codon, whereas exons G1 and G2 correspond to exons l and k in 

DmNav, respectively. One of 69 BgNav variants contains exon G3 producing a truncated 

protein containing only the first two domains and are not functional when expressed in 

oocytes (Tan et al., 2002a). Remarkably, at this splicing site, VmNav contains an optional 

exon (named exon 3) (Wang et al., 2003). Like BgNav varaints carrying exon G3, VmNav 

variants that exclude exon 3 would also produce a truncated protein. Furthermore, the exon/

intron arrangement of this region in insects and mites bears a striking similarity with that of 

the vertebrate sodium channel protein Nav1.6 (Scn8a) in mice, humans, and fish (Plummer 

et al., 1997). Like exon G3 in BgNav, the mammalian counterparts also possess a mutually 

exclusive exon containing a stop codon that would generate a truncated protein containing 

only the first two domains. Therefore, alternative splicing in this region (encoding IIIS3-S4) 

appears to be of a very ancient origin and is preserved in organisms predating the 

evolutionary divergence of arthropods and vertebrates. This level of conservation suggests 

an unknown physiological role of the two-domain sodium channel proteins in the nervous 

system in diverse animals.

3.2. RNA editing of sodium channel transcripts

RNA editing is a well-known post-transcriptional modification that could significantly 

change protein function by introducing site-specific alterations in gene transcripts. RNA 

editing results in conversion of one base to another or insertion and deletion of nucleotides. 

As such, RNA editing has the potential to cause amino acid substitutions, splice site 

variations or alteration in the level of transcripts (Bass, 2001; Nishikura, 2010). The most 

prevalent type of RNA editing is adenosine-to-inosine (A-to-I) editing, catalyzed by the 

Adenosine Deaminase Acting on RNA (ADAR) family of enzymes. ADARs bind double-

stranded RNAs and deaminate adenosine to inosine, which is recognized as guanosine by 

the translational machinery. In Drosophila, a wide range of coding mRNAs associated with 

signaling in the nervous system undergo A-to-I editing, and loss of editing results in extreme 

behavioral defects (Jepson and Reenan, 2009; Jepson et al., 2011; Jin et al., 2007; Jones et 
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al., 2009; Maldonado et al., 2013; Palladino et al., 2000). Eleven A-to-I editing sites have 

been identified in the DmNav transcript (Hanrahan et al., 2000; Palladino et al., 2000; 

Reenan et al., 2000; Rieder et al., 2013). The actual number of RNA editing sites may be 

much greater, because the transcript region examined in these studies represents only a 

portion of the complete DmNav open reading frame. Nine of the eleven editing events result 

in amino acid changes. Some of these RNA editing sites are conserved in different species 

of Drosophila (Hanrahan et al., 2000); however, whether these editing events cause 

functional alterations remain to be determined. Surprisingly, none of these A-to-I editing 

sites in DmNav are found in BgNav. Instead, two unique A-to-I RNA editing sites and three 

U-to-C editing sites are present in BgNav, each resulting in an amino acid change in the 

transmembrane segments (Liu et al., 2004; Song et al., 2004). One of the U-to-C editing 

sites, F1919S, is also found in DmNav (Liu et al., 2004). RNA editing of DmNav provides an 

excellent opportunity to study the mechanism of RNA editing by ADAR (Reenan et al., 

2000; Rieder et al., 2013).

Two RNA editing events of BgNav transcripts cause sutble shifts in the voltage dependence 

of activation and/or inactivation (Song et al., 2004), supporting the hypothesis that RNA 

editing in vivo may be involved in the fine-tuning of the neuronal activity (Seeburg, 2000). 

RNA editing events have also been shown to contribute to the generation of persistent 

current (Liu et al., 2004). A U-to-C RNA editing event resulting in a F1919S substitution at 

the C-terminal domain of BgNav4 is responsible for this persistent current. Editing at the 

same site in DmNav1 is also detected and produces a similar increase in persistent current 

(Liu et al., 2004).

In conclusion, accumulative experimental evidence shows the activity of sodium channels 

are modulated by alternative splicing and RNA editing; and also suggests the importance of 

these two posttranscriptional mechanisms in fine-tuning neuronal excitability in vivo. Even 

small changes in sodium channel expression and/or function could be biologically relevant, 

as underscored by sodium channel mutations that cause various behavioral defects in D. 

melanogaster (Garber et al., 2012; Lilly et al., 1994; Lindsay et al., 2008; Parker et al., 

2011; Sun et al., 2012; Wang et al., 1997). In addition, identification of alternative splicing 

and RNA-editing variants that have unique gating properties provided a valuable resource to 

gain insights into specific amino acid sequences/residues that are critical for channel 

function and interactions of sodium channels with insecticides and other toxins (Du et al., 

2006; Du et al., 2009c; Du et al., 2010; Silver et al., 2014; Song et al., 2011; Song et al., 

2006; Tan et al., 2002a).

4. Naturally occurring mutations in sodium channels that confer 

knockdown resistance (kdr) to DDT and pyrethroids

Pyrethroids are extensively used to control agricultural arthropod pests and vectors of 

human diseases because of their relatively low mammalian toxicity and potent insecticidal 

properties. However, in the past several decades intensive use of DDT and pyrethroids has 

led to the development of resistance in many pest populations. One major form of pyrethroid 

resistance is kdr, which involves reduced target-site sensitivity to DDT and pyrethroids and 

confers cross-resistance to DDT (Soderlund and Bloomquist, 1990). Since its initial report in 
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the house fly (Milani, 1956), kdr or kdr-like resistance has been documented globally in 

almost all agriculturally important arthropod pests and disease vectors (Rinkevich et al., 

2013; Soderlund, 2005, 2012).

Study of the mechanism of kdr in the past two decades led to the identification of more than 

50 sodium channel mutations or combinations of mutations that are associated with 

pyrethroid resistance in arthropod species (Table 1 and Fig. 5). Some of these mutations are 

detected in more than one species, whereas others are found only in a single species. Many 

mutations (Fig. 5A) reduce the pyrethroid sensitivity of Vssc1, BgNav, DmNav or AaNav 

sodium channels expressed in Xenopus oocytes, confirming their role in pyrethroid 

resistance. The involvement of many other mutations (Fig. 5B) in kdr remains to be 

investigated.

The L1014F mutation in IIS6 was the first resistance-associated mutation that was detected 

and confirmed as a cause of kdr (Rinkevich et al., 2013). Since initial reports of the L1014F 

mutation in M. domestica and B. germanica, various substitutions (C, H, S, or W) at this 

position have been found in pyrethroid-resistant populations across evolutionarily divergent 

insect groups (Table 1; Fig. 5A). Divergent substitutions have been shown at other sites, 

including V410 (M/A/G/L) in IS6, M918 (T/L/V) in the linker connecting S4 and S5 in 

domain II, T929 (I/C/N/V) in IIS5, I1011M/V and V1016G/I in IIS6 (Table 1). Different 

substitutions could confer different levels of resistance when examined in Xenopus oocytes. 

For example, sodium channels with the L1014F, L1014H and L1014S mutations provide 

variable levels of protection to Type I or Type II pyrethroids or DDT (Burton et al., 2011). 

Furthermore, mutations, I1011M and V1016G in IIS6, reduce the sensitivity of the 

AaNav1-1 channel to two pyrethroids permethrin and deltamethrin, but different 

substiutions, I1011V and V1016I, have no effect (Du et al., 2013). Since I1011 and V1016 

are located in the pyrethroid receptor sites and are critical for pyrethroid binding (see 

below), I1011V and V1016I mutations could affect the action of other pyrethroids and/or 

DDT. Such cases have been documented for two other kdr mutations, M918T in the linker 

connecting S4 and S5 in domain II and F1534C in IIIS6, both of which are also located in 

the pyrethroid receptor sites (see below). M918T provides extremely high levels of 

protection against permethrin and deltamethrin (Vais et al., 2000), but does not provide 

protection from DDT (Usherwood et al., 2005), and F1534C confers sodium channel 

resistance to type I, but not type II pyrethroids (Hu et al., 2011).

Co-occurrence of more than one kdr mutation often leads to greater reduction of sodium 

channel sensitivity to pyrethroids than individual mutations. For example, the L1014F or 

M918T mutation alone caused about a 5-10 fold reduction in the sensitivity of the DmNav 

channel to deltamethrin, but the double mutations L1014F+M918T almost abolished the 

sensitivity of the DmNav channel to deltamethrin (Lee et al., 1999; Vais et al., 2000). 

Similarly, the T929I mutation in combination with M827I and L932F completely eliminated 

the permethrin sensitivity of Vssc1 channels (Yoon et al., 2008). Two mutations, E435K and 

C785R, in the linker sequence connecting domains I and II are found to co-exist with 

L1014F in the cockroach. Each mutation alone did not reduce the sensitivity of the BgNav to 

deltamethrin (Tan et al., 2002b). However, when either the E435K or C785R mutation was 

combined with the L1014F mutation, the channel sensitivity is reduced by 100-fold. 
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Concomitant presence of all three mutations reduced channel sensitivity to deltamethrin by 

500-fold (Tan et al., 2002b). Similarly, E435K and C785R mutations also further reduced 

the sensitivity of the V410M channel to pyrethroids in the cockroach (Liu et al., 2002). 

These two mutations can therefore be considered as enhancers of the V410M and L1014F 

mutations (Liu et al., 2002; Tan et al., 2002b). More recently, a N1575Y mutation in the 

linker sequence connecting domains III and IV was reported along with L1014 in 

pyrethroid-resistant populations of the African malaria mosquito A. gambiae (Jones et al., 

2012). Mosquitoes carrying the double mutations (N1575Y + L1014F) are more resistant to 

permethrin than mosquitoes carrying only L1014F (Jones et al., 2012). Multiple 

nonsynonymous and synonymous mutations and mutation combinations were identified in 

permethrin-resistant Culex quinquefasciatus populations (Li et al., 2012; Xu et al., 2012). 

However, the involvement of synonymous mutations in pyrethroid resistance remains to be 

examined. In addition, mutations, S989P and D1763Y, are often found to co-exist with 

V1016G in pyrethroid-resistant field populations of Ae. Aegypti (Rinkevich et al., 2013). 

Unexpectedly, neither V1016G/S989P nor V1016G/D1763Y is more resistant to pyrethroids 

than the single mutants (Du et al., 2013). These results suggest that S989P and D1763Y are 

not enhancers of the V1016G kdr mutation. However, it remains possible that these 

mutations could compensate for potential fitness disadvantage caused by the V1016G 

mutation.

5. kdr mutations define the receptor sites of pyrethroids

Identification of kdr mutations has proven to be very valuable for elucidating the 

mechanisms of pyrethroid binding and action on sodium channels. Because kdr mutations 

reduce the activity of pyrethroids on insect sodium channels, a logical hypothesis is that 

some of the kdr mutations occur at the pyrethroid-binding site and confer resistance by 

reducing pyrethroid binding. Unfortunately, direct radioligand binding to determine the 

effect of kdr mutations on pyrethroid binding is not feasible because of extremely high 

levels of nonspecific binding of pyrethroids to membranes (Dong and Scott, 1994; Pauron et 

al., 1989; Rossignol, 1988). As alternative approaches, computational modeling of 

pyrethroid receptor sites on insect sodium channels and electrophysiological and 

pharmacological analyses of kdr mutant sodium channels expressed in Xenopus oocytes 

have been successfully employed to shed light on the mechanism of action of and resistance 

to pyrethroids.

5.1. Evidence for dual pyrethroid receptor sites

In the absence of X-ray structures of eukaryotic sodium channels, homology models of 

insect sodium channels using Kv1.2 crystallized in the open state (Long et al., 2005) and 

NavAb crystallized in the closed state (Payandeh et al., 2011) as templates have been used in 

the analysis of pyrethroid-sodium channel interactions. Although sequences of individual 

repeat domains in a eukaryotic sodium channel are different, the four-fold rotational pseudo-

symmetry is believed to characterize folding of repeat domains around the pore axis (Fig. 

6A and 6B). From the extracellular view (Fig. 6A), repeat domains I, II, III, and IV are 

arranged clockwise (Dudley et al., 2000). To better visualize structurally analogous 

positions of amino acid residues in the four homologous domains within the same channel 
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and also make comparisons with sodium channels from other species, we label sodium 

channel residues using nomenclature that is universal for P-loop ion channels (Du et al., 

2010; Zhorov and Tikhonov, 2004). A residue is labeled by the domain number (1 to 4), 

segment type (k, the L45 linker; i, the inner helix; o, the outer helix), and the relative number 

of the residue in the segment. For example, the kdr mutation, L1014F, in IIS6 becomes 

L2i16F under the new nomenclature (Fig. 7).

The first homology model of the house fly sodium channel (O'Reilly et al., 2006), which is 

based on the X-ray structure of the open Kv1.2 channel, predicts that pyrethroids bind to the 

lipid-exposed interface formed by the linker helix connecting S4 and S5 in domain II 

(IIL45) and helices IIS5 and IIIS6 (the IIL45-IIS5-IIIS6 triangle). Intrigingly, residues 

Mk211 (M918), L2o6 (L925), T2o10 (T929), F3i13 (F1534), and F3i16 (F1537) are exposed 

into the interface between the linker-helix IIL45 and transmembrane helices IIS5 and IIIS6 

(Fig. 6C). Henceforth we refer to this interface as pyrethroid-binding site 1 (Site 1). DDT 

and several pyrethroids (fenvalerate, acrinathrin, bifenthrin, deltamethrin, permethrin) have 

been docked into Site 1 to predict atomistic details of pyrethroid-channel interactions 

(O'Reilly et al., 2006; Usherwood et al., 2007). In the obtained structural models, 

pyrethroids make multiple contacts with helices IIL45, IIS5, and IIIS6 that would stabilize 

the channel in the open state. The smaller DDT molecule is docked between helices IIS5 and 

IIIS6 and does not reach the IIL45 helix, thus making fewer contacts with the sodium 

channel. The existence of this binding site is further supported by experimental evidence 

from systematic site-directed mutagenesis studies (Du et al., 2009a; Usherwood et al., 2007), 

which identified additional pyrethroid-sensing residues at this site.

Although several kdr mutations are located in Site 1 (O'Reilly et al., 2006), other kdr 

mutations, such as V409M and L1014F (i.e., V1i19M and L2i16F), are located far from Site 

1. These mutations were initially suggested to affect pyrethroid action allosterically by 

impeding the bending motions of the S6 helices, which are necessary for channel opening 

(O'Reilly et al., 2006). Intriguingly, however, the positions of these kdr mutations are 

analogous to those in Site 1, but in a different domain. For example, the pyrethroid-sensing 

residue F1537 (F3i16) in Site 1 is at the analogous position in domain III as L1014 (L2i16) in 

domain II (Fig. 6C and 6D; Table 2). This symmetry suggested the possibility that a second 

pyrethroid binding site may be formed by helices IL45, IS5, and IIS6 (i.e., the IL45-IS5-IIS6 

triangle, which would be analogous to the Site 1 IIL45-IIS5-IIIS6 triangle). To explore this 

possibility, homology models of a mosquito sodium channel (AaNav1-1) in both the open 

and closed states were constructed based on the X-ray structures of NavAb (Payandeh et al., 

2011) and Kv1.2 (Long et al., 2005) as templates. The models predicted specific residues in 

the second binding site (Site 2 hereinafter). Indeed, mutations I1k7A and V1k11A in IL45, 

I1o10C in IS5 and L1i18G in IS6 reduced the sensitivity of the AaNav1–1 channel to 

pyrethroids, thus supporting the existence of Site 2 (Du et al., 2013). As predicted, the kdr 

mutations I2i13M and L2i16F/S (i.e., I1011M and L1014F/S in Vssc1) that are detected in 

mosquito and other insect pest species are located in Site 2. Furthermore, mutational 

analysis of additional residues, which are identified as molecular determinants of Site 2 in 

the mosquito channel model, supports the existence of this site (Du et al., 2013). This dual 

receptor-site model for pyrethroids (Fig. 6C and 6D) is consistent with a previous study that 
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reveal cooperative binding of two or more deltamethrin molecules to each DmNav channel 

expressed in Xenopus oocytes (Vais et al., 2000; Vais et al., 2003). Most of the pyrethroid-

sensing residues in Site 1 have analogues in Site 2 indicating that the two sites are rather 

symmetric (Table 2 and Fig. 7). However, unlike the IIS5 mutations in Site 1, some of the 

corresponding IS5 mutations in Site 2 do not have a strong effect on pyrethroid action, 

suggesting that the precise architecture of Sites 1 and 2 are not identical (Du et al., 2013). 

This is not surprising given the essential sequential asymmetry of individual repeat domains.

In the predicted binding modes of deltamethrin and 1R-cis-permethrin in Site 2 of the open 

AaNav1-1 channel, the CCl2 or CBr2 group binds between helices IL45 and IIS6, while the 

phenyl group binds between helices IS6 and IIS6 (Du et al., 2013). The bulky 

dimethylcyclopropane moiety fits between helices IL45, IS5, IS6, and IIS6 into a space 

below the gating-hinge position i14. In the completely extended conformation of 

deltamethrin, the most distant heavy atoms (a bromine and para-carbon in the terminal 

phenyl ring) are ~14 Å apart. The Cβ atoms of I1k7 and L1i18, which are the most distant 

pyrethroid-sensing residues in both the Kv1.2- and NavAb-based homology models of the 

AaNav1–1 channel, are 18.8 and 21.4 Å apart, respectively. Therefore, simultaneous 

interaction of deltamethrin with both I1k7 and L1i18 in the closed channel seems less likely 

than in the open channel. Thus, molecular modeling supports the notion that pyrethroids 

clamp the interface between repeat domains I and II in its open state and thus increase the 

open-state probability (Du et al., 2013). In the Kv1.2-based homology models of open 

housefly sodium channels with pyrethroids bound in Site 1 (Usherwood et al., 2007), the 

dimethylcyclopropane moiety of deltamethrin and permethrin binds “above” the gating 

hinge, in a region between the two inner helices and the pore helix, while the pyrethroid-

sensing residues V2i18 (Du et al., 2013) and L2k7 (Usherwood et al., 2007), which are 

analogous to Site 2 pyrethroid-sensing residues L1i18 and I1k7, are seemingly not involved in 

ligand binding. Further experimental and theoretical studies are necessary to elaborate 

detailed models of binding of different pyrethroids and DDT in Sites 1 and 2 of insect 

sodium channels.

More recently, O'Reilly and associates used the pyrethroid receptor Site 1 model to explain 

selective toxicity of pyrethroids as acaricides towards mites/ticks vs. insects (O'Reilly et al., 

2014). Mite/tick sodium channel contains a glycine, alanine or valine in the middle of helix 

IIS5 (G933 based on the amino acid residue numbering of the Vssc1 protein), whereas a 

cysteine is found in insect sodium channels at the corresponding position. Acaricidal 

pyrethroids, such as flumethrin and fluvalinate, have larger moieties in place of the 2,2-

dibromoethenyl moiety of deltamethrin. The authors propose that the large moieties bind in 

the void space created by the small side chain of the glycine, alanine or valine residue in 

mite/tick sodium channels, but clash with the cysteine residue in insect sodium channels.

5.2. kdr mutations reduce pyrethroid binding and/or alter channel gating

Experimental evidence has been obtained showing that kdr mutations reduce pyrethroid 

effects either by reducing pyrethroid binding and/or by altering the gating properties 

(kinetics or voltage dependence) of sodium channels. For example, introducing M918T 

(Mk211T) and T929I (T2o10I) mutations into wild type DmNav channels reduce pyrethroid 
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binding from two deltamethrins per channel to one molecule of deltamethrin for each 

sodium channel based on Hill plot analysis (Vais et al., 2000; Vais et al., 2003). Similarly, 

Schild plot analysis, which uses competitive binding of active and inactive isomers to 

determine the binding affinity of the inactive isomer (Lund and Narahashi, 1982; Tan et al., 

2005), showed that the F1519I (F3i17I) mutation in IIIS6 and the L993F(L2i16F) mutation in 

IIS6 of a cockroach sodium channel, equivalent to F1538I (F3i17I) in Site 1 and L1014F 

(L2i16F) in Site 2 in the numbering of the Vssc1, respectively, reduces the binding of the 

inactive 1S-cis permethrin isomer (Tan et al., 2005). Thus, mutations in both Sites 1 and 2, 

as predicted by computer modeling, have been confirmed to reduce pyrethroid binding to 

sodium channels. Future analysis of other kdr mutations and pyrethroid-sensing residues 

predicted in Sites 1 and 2 will be valuable to further examine the dual-pyrethroid binding 

site model.

Besides altering pyrethroid binding, kdr mutations have also been shown to alter sodium 

channel gating kinetics (i.e., the rate of closing and opening), which indirectly affects the 

pyrethroid sensitivity of sodium channels. For example, the L1014F (L2i16F) mutation and 

the super-kdr mutation, M918T (M2k11T) enhance closed-state inactivation (Vais et al., 

2000). This altered gating could contribute to channel resistance to pyrethroids because 

pyrethroids preferably bind to sodium channels in the open state. Similarly, two kdr 

mutations, V409M/L (V1i19M/L; equivalent to V410 in Vssc1), in IS6 slowed activation and 

accelerated deactivation kinetics (Oliveira et al., 2013), which could in principle counteract 

the action of pyrethroids (pyrethroids enhance activation and inhibit deactivation). 

Interestingly, however, another substitution at this amino acid position, V409I (V1i19I), 

which reduced channel sensitivity to pyrethroids, did not alter sodium channel gating 

kinetics (Oliveira et al., 2013). Furthermore, the reduction in pyrethroid sensitivity caused 

by V409M/L (V1i19M/L) mutations is greater than that by the V409I (V1i19I) mutation. 

Thus, the higher level of resistance to pyrethroids provided by the V409M/L (V1i19M/L) 

mutations, as opposed to the V409I (V1i19I) mutation, may result from the altered gating 

kinetics caused by V409M/L (V1i19M/L). A similar scenario has been documented for 

substitutions of an aspartic acid residue D802 in IIS1 of a pyrethroid-resistant BgNav variant 

from the German cockroach. Substitution at this position with glycine or lysine each reduced 

channel sensitivity to pyrethroids (Du et al., 2010), but the reduction in sensitivity was much 

greater for D802K. Like V409M/L, the D802K substitution slowed channel activation and 

accelerated deactivation kinetics, potentially antagonizing the effects of pyrethroids (Du et 

al., 2010). These findings indicate that kdr mutations could contribute to resistance of 

sodium channels to pyrethroids indirectly by counteracting the effects of pyrethroids on 

sodium channel gating.

Several kdr mutations have been shown to shift the voltage-dependence of activation in the 

positive direction, making sodium channels less likely to open, which could again indirectly 

antagonize the actions of pyrethroids. For example, the L1014F/S (L2i16F/S) mutation in 

IIS6 shifts the voltage dependence of activation and inactivation of DmNav and Vssc1 

channels to more positive potentials (Burton et al., 2011; Lee et al., 1999; Smith et al., 1997; 

Vais et al., 2001). Similarly, the V409M (V1i19M) mutation in IS6 causes a positive shift in 

the voltage dependence of activation of BgNav1-1a channels (Oliveira et al., 2013), which is 
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also consistent with measurements made from neurons of pyrethroid-resistant Heliothis 

virescens adults carrying the V409M (V1i19M) mutation (Lee et al., 1999). However, the 

V409L/I (V1i19L/I) mutations do not alter the voltage-dependence of activation of 

BgNav1-1a channels, yet V409L mutation confers a similar level of resistance to pyrethroids 

as V409M in Xenopus oocytes (Oliveira et al., 2013). These results suggest that a positive 

shift in the voltage dependence of activation per se may not be the major cause of pyrethroid 

resistance.

6. The molecular basis of differential pyrethroid sensitivities between 

insect and mammalian sodium channels

Insect sodium channels are much more sensitive to pyrethroids than mammalian sodium 

channels (Du et al., 2013; Vais et al., 2000; Warmke et al., 1997), which contributes to the 

selective toxicity of pyrethroids between mammals and insects. However, differential 

pyrethroid sensitivities among mammalian sodium channels have been documented. Rat 

dorsal root ganglion (DRG) neurons have two types of sodium current, tetrodotoxin-

sensitive (TTX-S) and tetrodotoxin-resistant (TTX-R). TTX-S channels were less sensitive 

to pyrethroids than TTX-R sodium channels in the same neurons (Ginsburg and Narahashi, 

1993; Song and Narahashi, 1996; Tatebayashi and Narahashi, 1994). More recent 

comparison of pyrethroid sensitivity among mammalian sodium channels expressed in 

Xenopus oocytes confirmed and extended these pharmacological observations. Rat Nav1.2, 

Nav1.4, and Nav1.7 channels are almost completely insensitive to pyrethroids, whereas rat 

Nav1.3; Nav1.6 and Nav1.8 sodium channels are more sensitive to pyrethroids (Choi and 

Soderlund, 2006; Du et al., 2013; Peng et al., 2009; Tan and Soderlund, 2009, 2010, 2011; 

Vais et al., 1997; Wang et al., 2001; Warmke et al., 1997). Identification of pyrethroid-

sensing residues in insect sodium channels has been valuable for elucidating the molecular 

basis of selective toxicity of pyrethroids between mammals and insects. For example, at the 

position corresponding to the M918T (M2k11T) kdr mutation in IIL45, mammalian sodium 

channels possess an isoleucine. Substitution of the isoleucine in the rNav1.2 channel with a 

methionine (insect version) increased channel sensitivity to pyrethroids (Vais et al., 2000). 

Substitutions of leucine in IL45 and methionine in IS5 of rNav1.2 and rNav1.4, respectively, 

with valine and isoleucine, which occur in insect sodium channels, also enhanced the 

sensitivity of rat sodium channels to pyrethroids (Du et al., 2013). As mentioned above, 

V409I/L (V1i19I/L) kdr mutations reduced cockroach sodium channel sensitivity to 

pyrethroids (Oliveira et al., 2013). A valine is present in Nav1.3, Nav1.5, Nav1.6 and Nav1.8 

channels, but an isoleucine is found in Nav1.1, Nav1.2, and Nav1.4, which are more resistant 

to pyrethroids than Nav1.3, Nav1.5, Nav1.6 and Nav1.8 channels (Soderlund, 2012). As 

expected, a valine substitution of isoleucine (I433V, I1i19V) enhanced the sensitivity of 

rNav1.4 channels to deltamethrin (Oliveira et al., 2013). Importantly, many of the 

“pyrethoid-insensitive” residues are conserved in all known mammalian sodium channels. 

These results suggest that isoleucine in IIL45 (Site 1), leucine in IL45 (Site 2) and 

methionine in IS5 (Site 2) contribute to the lower sensitivity of mammalian sodium channels 

to pyrethroids.
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7. Conclusions

Since the initial cloning of the first insect sodium channel gene more than two decades ago, 

significant progress has been made in our understanding of the electrophysiology, 

pharmacology, and molecular biology of insect sodium channels. Successful functional 

expression of insect sodium channels in Xenopus oocytes had a major impact on insect 

sodium channel research. As highlighted in the current review, insects generate a remarkable 

array of structurally and functionally diverse sodium channel variants from a single sodium 

channel gene via alternative splicing and RNA editing. While it has been exciting to observe 

diverse functional properties of splice and RNA editing variants in Xenopus oocytes, the 

next challenge is to determine the role of various splicing and RNA editing variants in 

shaping up the dynamic electrical activity of the insect nervous system in vivo and how they 

ultimately modulate specific sensory, motor, and integrative functions at the whole organism 

level.

The great interest in studying insect sodium channels in the past two decades has been in 

large part motivated by the exciting connection between pyrethroid resistance and sodium 

channel mutations. The intensive research efforts in this area have greatly improved our 

understanding of the molecular basis of pyrethroid resistance and pyrethroid action on the 

sodium channel. In particular, it has been rewarding to note that identification of kdr 

mutations has led to the development of methods for early detection of kdr resistance in field 

populations as a novel means of resistance management. Nevertheless, it seems inevitable 

that pyrethroid resistance, already detected globally, will eventually diminish the 

effectiveness of existing pyrethroids, which would represent a major loss of an effective and 

safe measure against insect pests and disease vectors that threaten agriculture and human 

health globally. Further advances in fundamental knowledge of insect sodium channels are 

needed for deepening our understanding of the role of sodium channels in basic insect 

biology and interactions with various neurotoxins and for preserving the use of current 

sodium channel insecticides (e.g., pyrethroids) and the development of a new generation of 

safe and highly effective sodium channel-targeting insecticides (exemplified by SCBIs).
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Highlights

• Insect sodium channel genes undergo extensive alternative splicing and RNA 

editing

• Alternative splicing and RNA editing generate an array of functionally diverse 

sodium channels in insects

• Mutations in sodium channels confer knockdown resistance (kdr) to pyrethroids

• Sodium channels have two receptor sites for pyrethroids
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Fig. 1. 
Voltage-gated sodium channels and the action potential. (A) Recording of an action 

potential. A recording microelectrode, which inserts inside the axon (intracellular 

recording), is connected to an amplifier. The amplifier compares the potential difference 

between the tip of the recording electrode and another electrode (called ground) placed in 

the solution bathing the neuron. The potential difference can be displayed using an 

oscilloscope. In response to membrane depolarization, such as a depolarizing stimulus 

indicated in A, sodium channels open (i.e., activated), resulting in further depolarization of 

the membrane as indicated by the rising phase of the action potential. Sodium channel 

inactivation together with potassium channel activation helps terminate the action potential 

(repolarization and hyperpolarization). (B) Gating (i.e., opening and closing) of voltage-

gated sodium channels. Please see the text for explanation.
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Fig. 2. 
Structure of the voltage-gated sodium channel. (A) The topology of the sodium channel 

indicating the sequence features that are critical for channel function. The sodium channel 

protein contains four homologous repeats (I-IV), each having six transmembrane segments 

(1-6). The isoluecine in the IFM motif in mammalian sodium channels is substituted with a 

methionine in insect sodium channels. (B and C) Schematic representations of extracellular 

(B) and intracellular (C) views of sodium channels. (D-G) The X-ray structure of the closed 

NavAb sodium channel (Payandeh et al., 2011). Four subunits of NavAb in yellow, red, 

green and grey, respectively, correspond to domains I, II, III and IV in eukaryotic four-

domain sodium channels. (D) Extracellular view. (E) Intracellular view indicating the four 

voltage-sensing modules (VSM), and the pore module (PM). (F) Side view. (G) Expanded 

side view of the pore module showing only two subunits for clarity. The inner and outer 

pores are separated by the selectivity-filter region (SF).
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Fig. 3. 
Functional characterization of insect sodium channels expressed in Xenopus oocytes using 

the voltage-clamp technique. (A) Expression of insect sodium channels in Xenopus oocytes. 

Full-length cDNA clones encoding insect sodium channels are used as templates to 

synthesize capped-RNA (cRNA) in vitro. The cRNA is then injected into oocytes using a 

microinjector, and is often co-injected with cRNA of either TipE or a TipE-ortholog to 

enhance sodium channel expression. Insect sodium channels are expressed on the surface of 

the injected oocytes several days post-injection. (B) Two-electrode voltage clamp. The 

membrane of the oocyte is penetrated by two microelectrodes, one for measuring the voltage 

across the membrane while the other for injecting current into the cell to keep the voltage 

constant (i.e., voltage clamp). By measuring the amount of current injected, the system can 

determine the amplitude and time course of the ionic current flowing across the membrane 

at a given depolarization step, as shown in C. (C) A trace of an inward sodium current 

showing the rapid activation and inactivation of DmNav sodium channels. The current was 

elicited by a step depolarization to −10 mV from a holding potential of −120 mV. (D and E) 
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Voltage dependence of activation (D) and inactivation (E) of three DmNav variants with 

different gating properties. (F and G) Activation kinetics (F) and deactivation kinetics (G) of 

BgNav1-1 (control) and mutants carrying V409M or V409L mutation (i.e., V410M/L in 

Vssc1). The kinetics of activation and deactivation (i.e., the rate of opening and closing of 

the activation gate were determined by the cell-attached macropatch (Oliveira et al., 2013; 

Warmke et al., 1997). Both mutations slow activation kinetics and accelerate deactivation 

kinetics (Oliveira et al., 2013).
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Fig. 4. 
Alternative splicing of DmNav transcripts. Optional exons are illustrated in blue blocks; and 

mutually exclusive exons (c/d and l/k) are highlighted in green. Four optional exons detected 

in larvae of D. melanogaster (Lin et al., 2009) are not indicated.
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Fig. 5. 
Mutations in sodium channels associated with pyrethroid resistance in arthropod species. 

(A) Mutations that have been examined in Xenopus oocytes. (B) Mutations that have not 

been examined in oocytes. Circles denote those detected in more than one species and 

triangles indicate those found in a single species. See Table 1 for details on these mutations. 

The four mutations marked with # have been examined in oocytes, but do not reduce the 

sensitivity of AaNav1-1 channels to permethrin or deltamethrin. The two mutations marked 

with * alone do not confer pyrethroid resistance, but enhanced pyrethroid resistance 

mediated by L1014F or V410M. References on functional characterization of mutations in 

Xenopus oocytes are listed below: V410L/M (Oliveira et al., 2013; (Lee et al., 1999; Lee 

and Soderlund, 2001; Liu et al., 2002; Oliveira et al., 2013; Zhao et al., 2000); E435K + 

C785R + L1014F (Tan et al., 2002b); M827I, T929I and L932F (Usherwood et al., 2007; 

Vais et al., 2001; Yoon et al., 2008); M918T (Lee et al., 1999; Usherwood et al., 2005; Vais 

et al., 2001); L925I and I936V (Usherwood et al., 2007); L1014F/S/H (Burton et al., 2011; 

Du et al., 2013; Smith et al., 1997; Tan et al., 2002b; Tan et al., 2005; Usherwood et al., 

2005; Vais et al., 2000); V1016G/I, I1011M/V, S989P , and D1763Y (Du et al., 2013); 

F1534C (Du et al., 2013; Hu et al., 2011); F1538I (Tan et al., 2005).
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Fig. 6. 
Modeling the pyrethroid receptor sites in the AaNav1-1 channel. (A and B) An NavAb-based 

model of the pore-forming module of the mosquito sodium channel AaNav1-1. Helices are 

shown as cylinders and repeat domains I, II, III, and IV are yellow, red, green and gray, 

respectively. The four repeat domains are arranged clockwise in the extracellular view (A) 

and counterclockwise at the cytoplasmic view (B). Side views of the sodium channel, where 

side chains of pyrethroid-sensing residues in Site 1 (C) and Site 2 (D) are shown by sticks. 

Note that Site 1 is located at the interface between domains II and III (O'Reilly et al., 2006; 
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Usherwood et al., 2007); whereas Site 2, is located at the interface between domains I and II 

domain (Du et al., 2013).
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Fig. 7. 
Pyrethroid-sensing residues in Site 1 or Site 2 of an insect sodium channel. Pyrethroid-

sensing residues are indicated in solid yellow circles for Site 1 residues and solid green 

circles for Site 2 residues. Mutations that are detected in pyrethroid-resistant field 

populations at the corresponding positions are indicated in brackets. See Table 2 for the 

amino acid sequence alignment of Kv1.2, NavAb, and AaNav1-1 channels in these regions 

that contain pyrethroid-sensing residues.
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Fig. 8. 
A Kv1.2-based model of the open AaNav1–1 channel with deltamethrin (A) and 1R-cis-

permethrin (B) bound to Site 2. Cyan, orange, pink, and yellow surfaces are side chains of 

pyrethroid-sensing residues in segments IL45, IS5, IS6, and IIS6, respectively. The halogen 

atoms of pyrethroids bind between IL45 and IIS6. The terminal phenyl rings of deltamethrin 

and 1R-cis-permethrin bind between IS6 and IIS6. Reproduced with permission from PNAS.
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