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Abstract

Deltamethrin, a pyrethroid insecticide, and BTG 502, an alkylamide insecticide, target voltage-
gated sodium channels. Deltamethrin binds to a unique receptor site and causes prolonged opening
of sodium channels by inhibiting deactivation and inactivation. Previous 22Na* influx and receptor
binding assays using mouse brain synaptoneurosomes showed that BTG 502 antagonized the
binding and action of batrachotoxin (BTX), a site 2 sodium channel neurotoxin. However, the
effect of BTG 502 has not been examined directly on sodium channels expressed in Xenopus
oocytes. In this study, we examined the effect of BTG 502 on wild-type and mutant cockroach
sodium channels expressed in Xenopus oocytes. Toxin competition experiments confirmed that
BTG 502 antagonizes the action of BTX and possibly shares a common receptor site with BTX.
However, unlike BTX which causes persistent activation of sodium channels, BTG 502 reduces
the amplitude of peak sodium current. A previous study showed that BTG 502 was more toxic to
pyrethroid-resistant house flies possessing a super-kdr (knockdown resistance) mechanism than to
pyrethroid-susceptible house flies. However, we found that the cockroach sodium channels
carrying the equivalent super-kdr mutations (M918T and L1014F) were not more sensitive to
BTG 502 than the wild-type channel. Instead, a kdr mutation, F15191, which reduces pyrethroid
binding, abolished the action of BTG 502. These results provide evidence the actions of
alkylamide and pyrethroid insecticides require a common sodium channel residue.
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1. Introduction

Voltage-gated sodium channels are essential for the generation and propagation of action
potentials in almost all excitable cells (Catterall, 2000). They are large transmembrane
proteins containing four homologous domains (I to 1V), each formed by six membrane
spanning segments (S1 to S6) connected by intracellular and extracellular loop sequences.
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The S1-S4 segments serve as the voltage sensing module, whereas the S5 and S6 segments
and the loops connecting them function as the pore-forming module. In response to
membrane depolarization, sodium channels open (activate) and allow sodium ions to flow
into the cell, thereby depolarizing the membrane potential. A few milliseconds after channel
activation, the channel pore is occluded through a process known as fast inactivation.
Following repolarization (i.e., the membrane potential returns to the initial stage),
inactivation is removed and the channel is deactivated (closed), returning back to the resting
state.

Sodium channels are targeted by a variety of natural neurotoxins, such as batrachotoxin
(BTX) from poison dart frogs and synthetic neurotoxins, such as pyrethroid insecticides and
local anesthetics. These neurotoxins bind to distinct receptor sites on the sodium channel
and alter sodium channel conductance and gating properties (Zlotkin, 1999; Cestele and
Catterall, 2000; Wang and Wang, 2003). For example, BTX binds to site 2, and causes
persistent channel activation by inhibiting channel inactivation and shifting the voltage
dependence of activation in the hyperpolarizing direction.

Sodium channel-targeting insecticides include DDT, pyrethroids, sodium channel blocker
insecticides (SCBIs) and N-alkylamides. DDT and pyrethroids prolong the opening of
sodium channels, causing repetitive firing or membrane depolarization in the nervous
system (Narahashi, 1988; Soderlund and Bloomquist, 1989; Narahashi, 2000). SCBIs, such
as indoxacarb, share a similar mode of action with local anesthetics, which cause state-
dependent block of sodium channels, leading to nerve conduction block (Wing et al., 2005;
Silver and Soderlund 2007; Silver et al., 2010). Limited information is available on the
mode of action of N-alkylamides (Bloomquist, 1996). Effects of an N-alkylamide
insecticide, BTG 502, on sodium channels were suggested from studies using mouse brain
synaptoneurosomes in 22Na* influx and [3H]batrachotoxinin A-20-a-benzoate (BTX-B)
binding assays (Ottea et al., 1989; 1990). BTG 502 alone did not have any effect on 22Na*
uptake in mouse brain synaptoneurosomes; however, it activated 22Na* uptake when co-
incubated with saturating concentrations of Leiurus quinquestriatus scorpion venom.
Furthermore, BTG 502 inhibited BTX-dependent 22Na* uptake in the absence or presence of
Leiurus quinquestriatus scorpion venom. It also inhibited the binding of [BH]BTX-B to
sodium channels. These results suggest that BTG 502 and BTX share a common receptor
site, site 2, on the sodium channel (Ottea et al., 1989; 1990). However, the effect of BTG
502 has not been directly examined on insect or mammalian sodium channels expressed in
Xenopus oocytes.

Among the sodium channel-targeted insecticides, pyrethroids have been extensively used in
arthropod pest control. As a result, unfortunately, many pest populations have developed
resistance to pyrethroids. One major resistance mechanism, known as knockdown resistance
(kdr) or super-kdr (conferring a greater level of pyrethroid resistance than kdr), is caused by
mutations in the sodium channel protein. These mutations reduce or abolish the action of
pyrethroids (Soderlund, 2005; Davies et al., 2007; Dong, 2007). In many cases, once a pest
population develops resistance to one pyrethroid, the population often becomes cross-
resistant to the entire class of pyrethroids. Pyrethroid resistant insects have not been reported
to be cross-resistant to SCBIs, such as indoxacarb. However, a previous study, based on
laboratory insecticide bioassay, shows that super-kdr house flies are hypersusceptible to
BTG 502 (Elliott et al., 1986). This negative cross-resistance of super-kdr flies to BTG 502
is interesting because although N-alkylamides are not currently used in pest control due to
chemical instability and/or unfavorable mammalian toxicity, they may represent an excellent
probe to investigate potential interactions of different receptor sites on the sodium channel at
the molecular level. Therefore, in this study, we examined the effect of BTG 502 on
cockroach sodium channels expressed in Xenopus oocytes and compare the responses of
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pyrethroid-sensitive and resistant sodium channels to BTG 502 to gain insights into possible
molecular interactions between N-alkylamides and pyrethroids on insect sodium channels.

2. Materials and Methods

2.1 Site-Directed Mutagenesis

cDNA from the pyrethroid-sensitive cockroach sodium channel, BgNa,1-1a (Song et al,
2004), was used to generate mutant constructs. Site-directed mutagenesis was performed by
polymerase chain reaction (PCR) using mutant primers and Pfu Turbo DNA polymerase
(Stratagene, La Jolla, CA). All mutagenesis results were verified by DNA sequencing.

2.2 Expression of BgNa, Sodium Channels in Xenopus Oocytes

The procedures for oocyte preparation and cRNA injection were identical to those described
previously (Tan et al., 2002). For robust expression of BgNa, sodium channels, cRNA was
co-injected into oocytes with cRNA encoding the Drosophila melanogaster TipE auxiliary
subunit (1:1 ratio), which enhances the expression of insect sodium channels in oocytes.

2.3 Electrophysiological Recording and Analysis

Methods for electrophysiological recording and data analysis were identical to those
described previously (Tan et al., 2002; 2005). To measure the effect of BTG 502 on the
sodium channel, sodium currents were elicited by a 20-ms test pulse to -10 mV from a
holding potential of -120 mV after 100 repetitive depolarizing pulses to -10 mV at 10 Hz.
Data are presented as mean + S.D. A one-way ANOVA with Scheffe’s post hoc analysis
was used to evaluate the significance of changes in mean values. P values <0.05 were
considered statistically significant.

2.4 Chemicals

BTG 502 and deltamethrin were from Rothamsted Research, Harpenden, UK. BTX was a
generous gift from John Daly (National Institutes of Health, Bethesda, MD). Stock solutions
of BTX (1 mM), BTG 502 (50 mM) and deltamethrin (100 mM) were dissolved in dimethyl
sulfoxide (DMSO). The working concentration was prepared in ND96 recording solution
immediately prior to experiments. The concentration of DMSQ in the final solution was <
0.5%, which had no effect on the function of sodium channels. The method for application
of chemicals in the recording system was identical to that described by Tan et al. (2002).
Effects of deltamethrin, BTX, and BTG 502 were measured 10 min after toxin application.

3. Results and discussion
3.1 BTG 502 inhibits sodium currents

We first examined the effect of BTG 502 on a pyrethroid-sensitive cockroach sodium
channel variant, BgNa, 1-1a, expressed in Xenopus oocytes using two-electrode voltage
clamp. BTG 502 reduced the peak sodium current when a train of repetitive depolarizing
prepulses was delivered at a frequency of 10 Hz (Fig. 1B). No peak current inhibition was
observed in the absence of the depolarizing prepulses (Fig. 1C). BTG 502, therefore, appears
to reduce sodium current by binding to the open-state sodium channels. The maximal peak
current inhibition was 50% by 10 uM of BTG 502 at 100 repetitive prepulses (Fig. 1D).
BTG 502 had no effect on the voltage dependence of activation or fast inactivation of
BgNa,1-1a channels (Fig. 1E and F). The BTG 502 effect is strikingly different from the
effects of BTX, which inhibits channel inactivation and causes persistent activation by
shifting the voltage dependence of activation in the hyperpolarizing direction (Tan et al.,
2005).
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3.2BTX and BTG 502 competition experiments

To explore possible competition between BTX and BTG 502 for the same binding site on
the sodium channel, we conducted toxin competition experiments by measuring the effects
of BTG 502 on BgNa,1-1a channels after BTX pre-treatment (Fig. 2A-C), and vice versa
(Fig. 2D-F). For both types of experiments, we chose a recording protocol that included a
20-ms test pulse to -10 mV from a holding potential of -120 mV after 3,000 repetitive
depolarizing pulses to -10 mV at a frequency of 10 Hz. This protocol has been previously
used to describe the effects of BTX on cockroach sodium channels (Tan et al., 2005) and is
suitable for observing the effects of BTG 502.

As expected, pretreatment of oocytes with BTG 502 (10 uM) reduced peak sodium current
of BgNa,1-1a channels (Fig. 2A). However, subsequent application of BTX (500 nM) did
not affect the action of BTG 502, indicating that BTX cannot alter the action of BTG 502
when added after BTG 502 (Fig. 2A, B and C). It is possible that the pretreatment of BTG
502 could have modified 100% of channels, which prevents the binding and/or action of
BTX.

Pretreatment of BgNa, 1-1a channels with BTX (500 nM) induced a large tail current as well
as a non-inactivating component of inactivation, which are characteristic of BTX effects on
the sodium channel (Fig. 2D). Following subsequent treatment with BTG 502 (10 uM), both
the BTX-induced tail current and non-inactivating current were reduced and inhibition of
peak sodium current by BTG 502 was observed, suggesting that BTG 502 could partially
antagonize the BTX action even when added after BTX. Alternatively, BTX dissociates
rapidly enough so that subsequent BTG 502 can modify the channels. However, the negative
shift in the voltage dependence of activation by BTX was not reduced by application of
BTG 502 (Fig. 2E and F).

The partial BTG 502 antagonism of the action of BTX on insect sodium channels expressed
in oocytes is consistent with the findings by Soderlund and colleagues who showed that
BTG 502 inhibits BTX binding in mouse brain synaptoneurosomes (Ottea et al., 1989;
1990). These results suggest that BTX and BTG 502 may share overlapping binding sites on
sodium channels. However, the two toxins must have somewhat distinct binding and/or
action properties that translate into distinct electrophysiological effects.

3.3 Sensitivity of the BgNay1-1a channel to BTG 502 was not altered by super-kdr
mutations, but by another kdr mutation, F15191 in 111S6

Although super-kdr house flies were reported to be hyper-susceptible to BTG 502 than
pyrethroid-susceptible house flies (Elliott et al., 1986), an earlier electrophysiological study
using isolated axonal preparations showed that the nerve sensitivity of super-kdr house flies
to BTG 502 was not different from that of pyrethroid-susceptible house flies (Gibson et al.,
1990). To determine whether the super-kdr mutations enhanced the action of BTG 502 on
cockroach sodium channels expressed in Xenopus oocytes, we compared the effects of BTG
502 on a pyrethroid-sensitive BgNa,1-1a channel and a mutant channel carrying both the
M897T and L993F mutations, which are equivalent to the house fly super-kdr mutations
M918T and L1014F (Fig. 3A). The double mutations almost completely abolished the action
of deltamethrin, a type Il pyrethroid, on cockroach sodium channels (Fig. 3B), similar to
previous reports in house fly and Drosophila sodium channels (Lee et al., 1990; Vais et al.,
2000). The double mutations did not enhance the sensitivity of cockroach sodium channels
to BTG 502 (Fig. 3C), which is consistent with the earlier electrophysiological report
(Gibson et al., 1990). Our results suggest that the enhanced susceptibility of super-kdr house
flies to BTG 502 is not caused by the super-kdr mutations. Alternatively, the effect of super-
kdr mutations on the action of BTG 502 depends on insect species.

Insect Biochem Mol Biol. Author manuscript; available in PMC 2012 July 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Duetal.

Page 5

We examined the effect of another kdr mutation, F15191 in 111S6 (He et al., 1999), on the
action of BTG 502. The F15191 mutation abolished the action of pyrethroids on cockroach
sodium channels expressed in Xenopus oocytes (Tan et al., 2005). Surprisingly, the F1519I
substitution also abolished the inhibitory action of BTG 502 (Fig. 3C). We then examined
the effect of two additional substitutions, F1519A and F1519W. The F1519A channel, like
the F15191 channel, was completely insensitive to deltamethrin, whereas the F1519W
channel exhibited 10-fold reduced sensitivity to deltamethrin (Tan et al., 2005). F1519A/W
substitutions also completely abolished the inhibitory action of BTG 502, indicating that
F1519 is critical for the action of BTG 502. BTG 502 (10 uM) slightly enhanced the
amplitude of peak current of all three mutant channels (Fig. 3C).

The requirement of F1519 for the activities of both deltamethrin and BTG 502 provides a
molecular link between the actions of pyrethroids and BTG 502 on insect sodium channels.
Computer modeling of the pyrethroid-binding site using the X-ray structure of the K, 1.2
potassium channel as a template predicts that the pyrethroid receptor site is located in a
hydrophobic pocket formed by the 11S4-S5 linker and 11S5 and 111S6 helices (O’Reilly et al.,
2006). Based on this model, in the open-state sodium channel, several kdr mutation sites,
including the super-kdr mutation M918T (i.e., M897T in BgNa,) in the 11S4-S5 linker,
L9251 and T9291 in 11S5 and F1538lI (i.e., F15191 in BgNa,) in 111S6, are located in or near
the hydrophobic pocket. Most of these sites are likely in contact with pyrethroids, although
the details of contact may vary depending on the chemical structures of pyrethroids.
Furthermore, for the F15191 mutation, Schild analysis showed that this mutation reduced the
binding of an inactive 1S cis permethrin isomer, which competes for the same receptor site
with an active 1R cis permethrin isomer, suggesting that F1519 is part of the pyrethroid
receptor site (Tan et al., 2005). Our results in this study show that F1519, but not M897, is
involved in BTG 502 action, suggesting distinct but possibly overlapping receptor sites of
BTG 502 and pyrethroids.

The receptor sites for BTX and pyrethroids are distinct and are localized at the opposite
sides of the 111S6 helix (Tan et al, 2005; Du et al., 2009; Du et al., 2011). The F1519I
mutation in I11S6 did not alter the action of BTX (Tan et al., 2005), indicating that F1519 is
not part of the BTX receptor site. Further experiments using systematic site-directed
mutagenesis of residues in 111S6 and computer modeling will provide valuable insight into
the molecular basis of BTG 502 binding and action on sodium channels.
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Fig. 1.

Effects of BTG 502 on the BgNa, 1-1a channel. (A) The chemical structure of BTG 502. (B)
BTG 502 reduced peak sodium current. (C) Use-dependent inhibition of peak current by
BTG 502 (10 uM). (D) Dose-response curve of BTG 502 action. (E and F) The voltage
dependence of activation (E) and inactivation (F) before and after the application of 10 uM
of BTG 502. After 100 repetitive depolarizing pulses at 10 Hz, sodium currents were elicited
by a 20-ms test pulse to -10 mV from the holding potential of -120 mV before and after the
application of 10 uM of BTG 502. The activation and inactivation curves were fitted with
two-state Boltzmann equations.
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Fig. 2.

Toxin competition experiments. (A-C) BTX treatment followed by BTG 502 application.
(D-F) BTG 502 treatment followed by BTX application. A and D: sodium current traces; B
and E: voltage-dependence of activation; C and F: voltage-dependence of inactivation. 10
uM BTG 502 and 500 nM BTX were applied in these experiments. Sodium current was
elicited by a 20-ms test pulse to -10 mV from a holding potential of -120 mV after 3,000
repetitive depolarizing pulses to -10 mV at a frequency of 10 Hz.
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Fig. 3.

Effects of naturally occurring sodium channel mutations on the action of deltamethrin and
BTG 502. (A) Positions of pyrethroid-resistant mutations in this study are indicated in the
topology of the cockroach sodium channel protein. Sodium channels have four homologous
domains (I-1V) each with six transmembrane segments (S1-S6). M897T and L993F
correspond to the super-kdr mutations M918T and L1014F in the house fly sodium channel
Vsscl. F15191 corresponds to the F to | mutation detected in pyrethroid resistant southern
cattle tick (He et al., 1999). (B) Double mutations, M897T/L993F, abolished the action of
deltamethrin on BgNay1-1a channels. (C) Effects of pyrethroid-resistant mutations, M897T/
L993F, F15191, F1519A and F1519W, on peak current reduction by BTG 502 (10 puM).

* Statistically significant different compared with BgNa, 1-1a.
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