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Abstract

DDT and pyrethroid insecticides were among the earliest neurotoxins identified to act on voltage-

gated sodium channels. In the 1960s, equipped with, at the time, new voltage-clamp techniques, 

Professor Narahashi and associates provided the initial evidence that DDT and allethrin (the first 

commercial pyrethroid insecticide) caused prolonged flow of sodium currents in lobster and squid 

giant axons. Over the next several decades, continued efforts by Prof. Narahashi’s group as well as 

other laboratories led to a comprehensive understanding of the mechanism of action of DDT and 

pyrethroids on sodium channels. Fast forward to the 1990s, genetic, pharmacological and 

toxicological data all further confirmed voltage-gated sodium channels as the primary targets of 

DDT and pyrethroid insecticides. Modifications of the gating kinetics of sodium channels by these 

insecticides result in repetitive firing and/or membrane depolarization in the nervous system. This 

mini-review focuses on studies from Prof. Narahashi’s pioneer work and more recent mutational 

and computational modeling analyses which collectively elucidated the elusive pyrethroid receptor 

sites as well as the molecular basis of differential sensitivities of insect and mammalian sodium 

channels to pyrethroids.

Keywords

Sodium channels; Insecticides; DDT; Pyrethroids

1. Introduction

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

potentials in almost all excitable cells. Because of their crucial role in regulating membrane 

excitability, sodium channels are the primary target of a broad range of naturally occurring 

neurotoxins, which are produced by plants and animals for defense or predation, and also 

therapeutic drugs and insecticides (Cestele and Catterall, 2000; Wang and Wang, 2003). 
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These neurotoxins bind to distinct receptor sites and alter sodium channel function by 

blocking the pore or altering gating of sodium channels (Cestele and Catterall, 2000; Wang 

and Wang, 2003). For example, tetrodotoxin, isolated from the puffer fish, blocks sodium 

ion current by binding to a receptor site located at the extracellular opening of the ion-

conducting pore. Lipid-soluble alkaloids, such as batrachotoxin (BTX) and veratridine, 

cause persistent activation of sodium channels at resting membrane potentials by binding to 

a site in the inner pore (Du et al., 2011; Tikhonov and Zhorov, 2005) where they block 

inactivation and shift the voltage-dependence of activation to more negative membrane 

potentials. Identification and characterization of distinct and pharmacologically relevant 

receptor sites of these neurotoxins in sodium channels played a key role in understanding the 

molecular bases of their diverse and unique effects on the function of sodium channels 

(Catterall and Swanson, 2015).

Sodium channels are the primary target of action of DDT and pyrethroid insecticides. 

Although the use of DDT, the first organochlorine insecticide, is largely banned, it is still 

one of the recommended insecticides for malaria control in Africa. Pyrethroids (Fig. 1) are 

synthetic analogues of pyrethrum from the flower extracts of Chrysanthemum species 

(Elliott, 1977) and are used extensively in the control of insect pests and vectors of 

numerous human diseases. Pyrethroids are grouped into two categories, Type I and Type II, 

based on their distinct poisoning symptoms, effects on nerve preparations, and chemical 

structures (Narahashi, 1986). The mode of action of DDT and pyrethroids has been 

extensively reviewed by T. Narahashi (Narahashi, 1986, 1988, 1992, 1996; Narahashi et al., 

1992) and other investigators (Bloomquist, 1996; Bloomquist and Soderlund, 1988; 

Soderlund, 2010, 2012). Historically, studies on the mode of action of DDT and pyrethroids 

were conducted using vertebrate and invertebrate nerve preparations. Professor Narahashi 

and associates performed the first voltage clamp study with DDT and later with allethrin, a 

first commercial pyrethroid insecticide, and discovered that both DDT and allethrin cause 

prolonged opening of sodium channels (Narahashi and Anderson, 1967; Narahashi and 

Haas, 1967, 1968). More detailed voltage clamp analyses of the action of DDT and Type I 

and Type II pyrethroids by Narahashi’s group (Refs. in Narahashi, 2000) and also other 

groups, e.g., (Vijverberg and van den Bercken, 1982; Vijverberg et al., 1982), revealed that 

DDT and both Type I and Type II pyrethroids inhibit channel deactivation and inactivation 

and stabilize the open state of sodium channels causing prolonged opening of the channels. 

More recent studies on the effects of pyrethroids on insect and mammalian sodium channels 

expressed in Xenopus oocytes have confirmed and extended these earlier findings 

(Soderlund, 2010, 2012).

2. Distinct site of action of pyrethroids in the sodium channel

Interest in elucidating the site of action of pyrethroids in sodium channels has been a long-

standing pursuit, starting with the works of Prof. Narahashi in the early 1980s. Prof. 

Narahashi and associates used several neurotoxins, including TTX, BTX and grayanotoxin 

(GTX), as tools to demonstrate that pyrethroids act on a site different from the sites of these 

toxins (Lund and Narahashi, 1982; Takeda and Narahashi, 1988). Furthermore, Lund and 

Narahashi (1982) began detailed voltage clamp analyses of pyrethroid-sodium channel 

interactions using internally perfused squid giant axons. They used active and inactive 
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isomers of tetramethrin to explore the mechanism underlying pyrethroid stereospecificity. 

Tetramethrin has four isomers: active isomers 1R-cis and 1R-trans, and inactive isomers 1S-

cis and 1S-trans (Nishimura and Narahashi, 1978). Lund and Narahashi (1982) revealed that 

1R-cis- and 1R-trans- isomers of tetramethrin were effective in causing a prolonged sodium 

current, but 1S-cis- and 1S-trans-isomers had no effect. Furthermore, the inactive 1S-trans-

tetramethrin antagonized the action of the active 1R-trans- and 1R-cis-tetramethrin in a non-

competitive manner. So did the inactive 1S-cis-tetramethrin when tested against 1R-trans-

tetramethrin. However, the inactive 1S-cis-tetramethrin competes with the active 1R-cis-

tetramethrin for the same binding site and antagonizes the action of the active isomer. Based 

on their findings Lund and Narahashi (1982) proposed that there are multiple binding sites 

for pyrethroids in the sodium channel.

Earlier electrophysiological and pharmacological studies from other laboratories also 

indicate that the pyrethroid receptor site is distinct from, yet allosterically coupled with 

several other receptor sites, such as site 2 to which BTX and GTX bind (Refs. in Catterall, 

1992; Gordon, 1997; Lazdunski et al., 1988). Specific binding of radiolabeled pyrethroids 

was detected in rat brain membrane preparations (Trainer et al., 1997). However, attempts to 

characterize specific binding of pyrethroids to insect nerve membrane preparations have 

failed because of the extreme hydrophobicity of pyrethroids, resulting in extremely high 

nonspecific binding (Dong, 1993; Pauron et al., 1989; Rossignol, 1988).

3. Molecular mechanism of knockdown resistance to DDT and pyrethroids 

in insect disease vectors and pests

Pyrethroids are extensively used to control agricultural pests and vectors of diseases because 

of their relatively low mammalian toxicity and relatively favorable environmental properties. 

Currently, pyrethroid-treated bed nets are some of the most powerful control measures used 

to limit malaria morbidity and mortality worldwide (WHO, 2007, 2009). However, intensive 

use of DDT first and then pyrethroids over several decades has led to the development of 

resistance in many insect populations.

One major mechanism of resistance is known as knockdown resistance (kdr) (Soderlund and 

Bloomquist, 1990). Since its initial report in the house fly (Busvine, 1951; Milani, 1954), 

kdr has been documented globally in almost all medically and agriculturally significant 

arthropod pests (Rinkevich et al., 2013; Soderlund, 2005, 2012). So far, more than 50 

sodium channel mutations are associated with pyrethroid resistance in diverse arthropod 

pests (Dong et al., 2014); more than 20 of these mutations have been confirmed to reduce 

the pyrethroid sensitivity of insect sodium channels, DmNav from the fruit fly, Drosophila 
melanogaster; BgNav from the German cockroach, Blattella germanica; Vssc1 from the 

housefly, Musca domestica; or AaNav from the yellow fever mosquito, Aedes aegypti, 
expressed in the African clawed frog Xenopus laevis oocyte expression system (Du et al., 

2013; Rinkevich et al., 2013). Identification of kdr mutations not only provides precise 

molecular markers for rapidly assessing the frequency of resistance alleles in field 

populations, but has also proven to be extremely valuable for elucidating structural features 

of sodium channels that are critical for the binding and action of pyrethroids (see below).
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4. Molecular evidence for dual pyrethroid/DDT receptor sites in insect 

sodium channels

The molecular identity of pyrethroid binding site on the sodium channel was a major 

unresolved issue in sodium channel pharmacology for decades. Recent accumulation of data 

on kdr mutations and advances in homology modeling of sodium channels has made it 

possible to unravel the molecular identity of the elusive pyrethroid receptor sites.

The alpha subunit of eukaryotic voltage-gated sodium channels folds from a single 

polypeptide chain and comprises four homologous repeat domains (I–IV), each having six 

transmembrane helical segments (S1–S6) and a membrane re-entering P-loop (Catterall, 

2012; Dong et al., 2014), see Fig. 2. Segments S1–S4 in each domain constitute a voltage-

sensing module, which is connected through a linker-helix S4–S5 (L45) to the pore module. 

Each domain provides to the pore module an outer helix S5, a pore-lining inner helix S6, 

and a P-loop. The pore module encircles the central pore, while the four voltage-sensing 

modules are arranged around the pore module. In response to membrane depolarization, the 

S4 segments move outward, initiating opening of the activation gate formed by cytoplasmic 

parts of S6s. At the extracellular view, repeat domains I, II, III and IV are arranged 

clockwise (Dudley et al., 2000). In the absence of high-resolution structures of eukaryotic 

sodium channels, X-ray structures of homotetrameric potassium and prokaryotic sodium 

channels, such as KcsA (Doyle et al., 1998), Kv1.2 (Long et al., 2005) and NavAb 

(Payandeh et al., 2011) are used to build homology models of mammalian and insect sodium 

channels. Computational docking of drugs and toxins in these models, is used to integrate 

various experimental data, including mutational analysis of ligand binding sites, and predict 

atomic details of ligand-channel complexes, e.g. (Du et al., 2011; Lipkind and Fozzard, 

2005; Tikhonov and Zhorov, 2005, 2007). The ligand-bound channel models, in turn, are 

used for further experimental studies.

The pioneering model of the pyrethroid receptor site, PyR1, (O’Reilly et al., 2006; 

Usherwood et al., 2007) was elaborated for the housefly open sodium channel using as a 

template the X-ray structure of a voltage-gated potassium channel Kv1.2. In this model, 

which is based on experimental data on kdr and site-directed mutations, pyrethroids bind to 

the lipid-exposed interface between domains II and III and interact with pyrethroid-sensing 

residues in the linker-helix IIL45, the outer helix IIS5 and the inner helix IIIS6. For the first 

time, these studies proposed atomic-level rationale for the mechanism of action of pyrethroid 

insecticides, their state-dependent affinity to the sodium channel, and the role of the channel 

mutations that confer insecticide resistance.

Based on experimental data that become available after 2006, we elaborated a model for a 

second pyrethroid receptor site, PyR2, in the lipid-exposed interface between domains I and 

II with ligands bound to pyrethroid-sensing residues in helices IL45, IS5, IS6 and IIS6 (Du 

et al., 2013). We suggested that simultaneous binding of pyrethroids to both PyR1 and PyR2 

is required to effectively prolong the opening of sodium channels (Du et al., 2013). This 

proposition is consistent with the Hill analysis, which suggests more than one pyrethroid 

binding site in the sodium channel (Vais et al., 2000b).
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The original PyR1 and PyR2 models differ in ligand orientation and the number of 

transmembrane helices involved. Recently discovered kdr mutations motivated us to revise 

the PyR1 model. We docked two deltamethrin molecules in the PyR2 and PyR1 sites and 

arrived to the ternary complex model in which dibromoe-thenyl and diphenylether moieties 

of both ligands are oriented in the intra- and extracellular directions, respectively (Du et al., 

2015). The model-driven mutagenesis identified seven new pyrethroid-sensing residues, thus 

supporting the dual pyrethroid-receptor sites concept. PyR1 and PyR2 receptor sites share 

several common features. In the proposed model, each pyrethroid receptor is formed by a 

linker-helix L45 and three transmembrane helices (S5 and two S6s) with helix IIS6 

containing four residues that contribute to PyR1 and another four to PyR2. In homology 

models, which are based on the X-ray structures of homotetrameric ion channels, the folding 

of the L45-S5-S6 interfaces where PyR1 and PyR2 are located is rather similar. In real 

channels individual L45-S5-S6 interfaces may be asymmetric, as can be seen in the recent 

Cryo_EM structure of calcium channel Cav1.1 (Wu et al., 2015), but the general folding of 

the interfaces still have common features. Seven pairs of pyrethroid-sensing residues are 

located in symmetric positions within PyR1 and PyR2. Except for positions o10, all 

pyrethroid-sensing residues in PyR1 and PyR2 are hydrophobic. Particularly, at positions 

2k7/3k7 and 1i25/2i25, the pyrethroid-sensing residues are leucine or isoleucine, which do 

not differ significantly. However, the two pyrethroid binding sites are not identical. Except 

for positions 1o6/2o6 and 2i20/3i20, other symmetric positions in PyR1 and PyR2 have 

different residues. Nevertheless, our models predict that pyrethroids bind to PyR1 and PyR2 

in similar orientations, penetrating deeply into the respective domain interfaces (Fig. 3A, B) 

with the bulky dimethylcyclopropyl groups bound at the kink regions between L45 and S6 

helices and also interacting with two S6 helices (Du et al., 2015). Binding of a ligand to two 

homologous receptor sites on one sodium channel is quite unique, but not unprecedented. 

Other examples of ion channels, which contain two similar, but not identical binding sites 

for agonists, are heteromeric nicotine acetylcholine receptor (Schapira et al., 2002) and 

glycine receptors (Dutertre et al., 2012).

The use of DDT is banned in most of the world due to its detrimental impact on the 

ecosystem, but indoor residual spraying of DDT is still recommended for malaria control in 

Africa. Mapping DDT binding sites is necessary for understanding mechanisms of resistance 

and modulation of sodium channels by structurally different ligands. DDT was initially 

proposed to bind within PyR1 with the bulky trichloromethyl group in the domain II/III 

interface (fenestration), between helices IIS5, IIP and IIIS6, one p-chlorophenyl ring 

orienting towards lipids and the other p-chlorophenyl ring extending along the IIS5 helix 

towards the kink between IIL45 and IIS5 (O’Reilly et al., 2006). We recently docked two 

DDT molecules into the Kv1.2-based mosquito sodium channel model and predicted that 

both ligands can bind simultaneously within PyR1 and PyR2 (Du et al., 2016). The bulky 

trichloromethyl group of each DDT molecule fits snugly between four helices in the bent 

domain interface, while two p-chlorophenyl rings extend into two wings of the interface 

(Fig. 3C, D). Model-driven mutagenesis and electrophysiological analysis confirmed these 

propositions and revealed ten previously unknown DDT-sensing residues within PyR1 and 

PyR2 (Du et al., 2016).
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5. Molecular basis of differential sensitivities of insect and mammalian 

sodium channels to pyrethroids

In mammals, at least nine different sodium channel isoforms (Nav1.1 to Nav1.9) are 

expressed (Catterall et al., 2003; Goldin et al., 2000). Nav1.1, Nav1.2, Nav1.3 and Nav1.6 are 

predominately expressed in the central nervous system (CNS); Nav1.7, Nav1.8 and Nav1.9 in 

the peripheral nervous system (PNS); and Nav1.4 and Nav1.5 mainly in skeletal and cardiac 

muscles, respectively. Mammalian sodium channel isoforms also exhibit distinct 

electrophysiological and pharmacological properties (Dib-Hajj et al., 2002; Goldin, 2001; 

Yu and Catterall, 2003). Selective expression of different sodium channel genes contributes 

to the specialized function of sodium channels in various mammalian tissues and cell types 

(Yu and Catterall, 2003).

Differential sensitivities of mammalian sodium channels to pyrethroids were documented in 

electrophysiological studies using neuronal tissue preparations. Rat dorsal root ganglion 

(DRG) neurons have two types of current, tetrodotoxin-sensitive (TTX-S), carried primarily 

by Nav1.2, 1.3, 1.6, and 1.7 sodium channels, and tetrodotoxin-resistant (TTX-R), carried 

mainly by Nav1.8 channels (Rush et al., 2007). Narahashi and associates showed that TTX-S 

channels were less sensitive to pyrethroids than TTX-R 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 by Soderlund et al., confirmed and extended these 

interesting pharmacological observations. Rat Nav1.2, Nav1.4, and Nav1.7 channels are 

almost insensitive to pyrethroids, whereas rat Nav1.3; Nav1.6 and Nav1.8 sodium channels 

are relatively more sensitive to pyrethroids (Choi and Soderlund, 2006; Du et al., 2013; Peng 

et al., 2009; Smith et al., 1998; Tan and Soderlund, 2009, 2010, 2011; Vais et al., 1997; 

Wang et al., 2001; Warmke et al., 1997). However, insect sodium channels are much more 

sensitive to pyrethroids than their mammalian counterparts (Du et al., 2013; Warmke et al., 

1997), which partially contributes to the selective toxicity of pyrethroids. Identification of 

pyrethroid-sensing residues in insect sodium channels has proven to be a valuable resource 

for elucidating the molecular basis of selective toxicity of pyrethroids. At the position 

corresponding to the M918T (M2k11T) kdr mutation in IIL45 (see Fig. 2 legend for 

description of residue labels), mammalian sodium channels have an isoleucine (Fig. 4). 

Substitution of the isoleucine in the rNav1.2 channel with a methionine increased channel 

sensitivity to pyrethroids (Vais et al., 2000). Pyrethroid-sensitive rat sodium channel 

isoforms also contain isoleucine at this position and the I2k11M mutation further increases 

the sensitivity of rat Nav1.8 sodium channels to cismethrin (Soderlund and Lee, 2001). More 

recently, substitutions of leucine in IL45 and methionine in IS5 in 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). 

Furthermore, these residues are conserved in all known mammalian sodium channels. These 

results indicate that isoleucine in IIL45, leucine in IL45 and methionine in IS5 contribute to 

the lower sensitivity of mammalian versus insect sodium channels to pyrethroids.
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Identification of kdr mutations in IS6 also helped uncover the molecular determinants for the 

differential sensitivities of mammalian sodium channel isoforms to pyrethroids (Oliveira et 

al., 2013). Valine to isoleucine or leucine substitutions in IS6 (V409I/L, V1i19I/L) reduced 

cockroach sodium channel sensitivity to pyrethroids (Oliveira et al., 2013). At the 

corresponding position, a valine is also 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 (I433 V, Ii19V) enhanced the sensitivity of 

rNav1.4 channels to deltamethrin (Oliveira et al., 2013).

6. Challenges for the structure-based design of new insecticides

Mapping ligand binding sites in ion channels is based on results of mutational and 

electrophysiological studies. A mutation may affect binding of a ligand directly, by 

modifying a ligand-binding residue, or indirectly, e.g. by changing the channel conformation 

or population of different channel states. Discriminating direct and indirect effects of 

mutations is difficult. One approach is comparison of electrophysiological properties of 

wild-type and mutated channels. If a mutation dramatically affected gating properties, it may 

have affected ligand action indirectly. Another problem is that homology models of pseudo-

heteromeric sodium channels, which are based on X-ray structures of homotetrameric 

channels, are not precise enough to predict energetics of ligand-channels interactions, which 

would help better understand interactions of Type I and Type II pyrethroids and other ligands 

with PyR1 and PyR2. However, these problems do not undermine the importance of studies 

that combine experimental approaches, including site-directed mutagenesis and 

electrophysiology, and molecular modeling. Future efforts towards discovery and 

development of new insecticides should involve close collaborations with synthetic 

chemists.
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Fig. 1. 
Structural formulae of representative pyrethroids and DDT.
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Fig. 2. 
(A) Topology of sodium channel indicating residues within/around PyR1 and PyR2. The 

open circles and open triangles indicate, respectively, positions of mutations within/around 

PyR1 and PyR2, which affect action of pyrethroids. The filled circles and filled triangles 

indicate, respectively, positions of mutations within/around PyR1 and PyR2 that affect 

action of both pyrethroids and DDT, see (Du et al., 2015; Du et al., 2016) and references 

therein. Labels of respective positions are shown in boxes above transmembrane helices S5, 

S6 or below L45 linker-helices. To describe sequential positions of residues within the 

channel we use a residue-labeling scheme (Du et al., 2013; Zhorov and Tikhonov, 2004) 

where a label includes the domain number (1–4), segment type (k, the linker-helix L45; i, 

the inner helix S6; and o, the outer helix S5), and relative number of the residue in the 

segment. This provides the same labels to residues in the matching positions of the sequence 

alignment of sodium channels from different organisms and highlights symmetric location of 

residues in different channel domains. See Table 1 for more details. (B) The aligned 

sequences of Kv1.2 and AaNav1-1 channels. Residues predicted to contribute to PyR1 or 

control ligand access to PyR1 are highlighted. Residues predicted to contribute to PyR2 or 

control ligand access to PyR1 are underlined. Substitutions of these residues have been 

tested experimentally (Du et al., 2013, 2015, 2016; O’Reilly et al., 2006; Usherwood et al., 

2007). Characters “k1”, “o1”, “i1”, etc. mark relative positions of residues, respectively, in 

the linker-helices L45, outer helices S5 and inner helices S6.
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Fig. 3. 
Kv1.2-based model of the open AaNav1-1 channel pore module with two DMT molecules 

(A,B) and two DDT molecules (C,D) docked into PyR2 and revised PyR1 sites. Helices in 

domains I, II, III and IV are shown by pink, yellow, green and white ribbons, respectively. 

Arrows point to the kink regions between helices L45 and S5 of respective receptors. Known 

pyrethroid-sensing residues are shown as sticks and respective helices are labeled. Carbon, 

oxygen, nitrogen and hydrogen atoms of the ligands are, respectively, orange, red, blue, and 

gray. Bromine atoms in DMT are brown and chlorine atoms in DDT are green. Note that the 

bulkiest moieties of the insecticides (dimethylcyclopyl group of DMT and trichloromethyl 

group of DDT) bind similarly between L45, S5 and S6 helices, while aromatic substituents 

of the bulkiest groups extend between two domains. Figures A and B are Reproduced with 

permission from Molecular Pharmacology (Du Y, Nomura, Y, Zhorov BS, and Dong K. 

Rotational symmetry of two pyrethroid receptor sites in the mosquito sodium channel. 2015; 

88: 273–280). Figures C and D are originally published in the Journal of Biological 
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Chemistry (Du et al., 2016). (For interpretation of the references to color in this figure 

legend, the reader is referred to the web version of this article.)
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Fig. 4. 
Molecular basis of different pyrethroid sensitivities among insect and mammalian sodium 

channels. (A) Topology of the Nav1.4 protein indicating the residues that contribute to the 

resistance of mammalian sodium channels to pyrethroids. (B) Sequence alignments of 

mammalian and insect sodium channels in the regions that are critical for the binding and 

action of pyrethroids.
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