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Abstract

We expressed rat Na, 1.6 sodium channels in combination with the rat f1 and 2 auxiliary subunits
in human embryonic kKidney (HEK293) cells and evaluated the effects of the pyrethroid
insecticides tefluthrin and deltamethrin on expressed sodium currents using the whole-cell patch
clamp technique. Both pyrethroids produced concentration-dependent, resting modification of
Nay1.6 channels, prolonging the kinetics of channel inactivation and deactivation to produce
persistent “late” currents during depolarization and tail currents following repolarization. Both
pyrethroids also produced concentration dependent hyperpolarizing shifts in the voltage
dependence of channel activation and steady-state inactivation. Maximal shifts in activation,
determined from the voltage dependence of the pyrethroid-induced late and tail currents, were ~25
mV for tefluthrin and ~20 mV for deltamethrin. The highest attainable concentrations of these
compounds also caused shifts of ~5-10 mV in the voltage dependence of steady-state inactivation.
In addition to their effects on the voltage dependence of inactivation, both compounds caused
concentration-dependent increases in the fraction of sodium current that was resistant to
inactivation following strong depolarizing prepulses. We assessed the use-dependent effects of
tefluthrin and deltamethrin on Na,1.6 channels by determining the effect of trains of 1 to 100 5-ms
depolarizing prepulses at frequencies of 20 or 66.7 Hz on the extent of channel modification.
Repetitive depolarization at either frequency increased modification by deltamethrin by ~2.3-fold
but had no effect on modification by tefluthrin. Tefluthrin and deltamethrin were equally potent as
modifiers of Na,1.6 channels in HEK293 cells using the conditions producing maximal
modification as the basis for comparison. These findings show that the actions of tefluthrin and
deltamethrin of Na,1.6 channels in HEK293 cells differ from the effects of these compounds on
Na,1.6 channels in Xenopus oocytes and more closely reflect the actions of pyrethroids on
channels in their native neuronal environment.
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Introduction

Pyrethroid insecticides are synthetic analogs of the pyrethrins, the insecticidal constituents
of the botanical insecticide pyrethrum (Elliott, 1989). Pyrethroids have been widely used in
agriculture for more than three decades, growing to represent approximately 18% of the
dollar value of the world insecticide market by 2002 (Pickett, 2004). Certain pyrethroids are
also essential components of worldwide efforts to combat malaria and other mosquito-borne
diseases despite the existence of resistance in some vector populations (Ranson et al., 2011).
Pyrethroids are also commonly employed in household insecticides and insect control
products for companion animals, whose unregulated use increases the risk of exposure and
adverse effects in the general population (Power and Sudakin, 2007).

Pyrethroids owe their insecticidal activity to their ability to disrupt electrical signaling in the
nervous system by prolonging the opening of voltage-gated sodium channels (Soderlund,
1995). Voltage-gated sodium channels are also considered to be the primary targets for the
central neurotoxic effects of pyrethroids in mammals (Soderlund et al., 2002; Soderlund,
2011). Acute intoxication in rats comprises two distinct syndromes of intoxication,
designated T (tremor) and CS (choreoathetosis with salivation) (Verschoyle and Aldridge,
1980). The production of the T and CS syndromes is broadly correlated with chemical
structure, so that Type | compounds (a diverse group lacking the a-cyano-3-phenoxybenzyl
alcohol moiety) typically cause the T syndrome whereas Type 1l compounds (a-cyano-3-
phenoxybenzyl esters) typically produce the CS syndrome (Soderlund et al., 2002;
Breckenridge et al., 2009). The correlation of structure with intoxication syndrome, though
strong, is not absolute because some Type Il structures either cause the T syndrome or
produce signs of intoxication that include elements of both syndromes (Verschoyle and
Aldridge, 1980; Lawrence and Casida, 1982; Breckenridge et al., 2009).

Native sodium channels in the mammalian brain are heterotrimeric complexes of a large,
pore-forming a subunit and two auxiliary B subunits that modulate channel gating and
regulate channel trafficking and expression in the cell membrane (Goldin, 2001; Meadows
and Isom, 2005). The o subunits of voltage-gated sodium channels in mammals comprise
nine isoforms (designated Na,1.1 — Na,1.9) that are differentially distributed in excitable
cells and tissues and exhibit distinctive functional and pharmacological properties (Catterall
et al., 2005). Four of these isoforms (Na,1.1, Na,1.2, Na,1.3, and Na,1.6) are strongly
expressed in the brain (Goldin, 2001) and represent putative targets for pyrethroid
insecticides. There are four B subunit isoforms (1 — p4) in mammals, all of which are
expressed in the brain (Meadows and Isom, 2005). However, the widespread expression of
the B1 and B2 subunits in the adult brain (Whitaker et al., 2000; Shah et al., 2001; Whitaker
et al., 2001; Schaller and Caldwell, 2003) implies that the majority of brain sodium channels
in adults are heterotrimers composed of an a subunit and the 1 and 2 subunits.

Several studies have employed transient expression in Xenopus laevis oocytes to assess the
action of pyrethroids on individual sodium channel isoforms and defined subunit complexes.
Among the five rat isoforms examined to date, the Na,1.3, Na, 1.6 and Na,1.8 isoforms are
relatively sensitive to pyrethroid modification whereas the Na,1.2 and Na, 1.7 isoforms are
resistant (Smith and Soderlund, 1998; Vais et al., 2000a; Smith and Soderlund, 2001;
Soderlund and Lee, 2001; Choi and Soderlund, 2006; Meacham et al., 2008; Tan and
Soderlund, 2009; Tan and Soderlund, 2010; Tan and Soderlund, 2011). The identification of
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Na,1.6 as a pyrethroid-sensitive isoform is of particular interest because Na, 1.6 is the most
abundantly-expressed sodium channel o subunit in the adult brain (Auld et al., 1988), where
it is preferentially expressed in regions of brain axons associated with action potential
initiation (Hu et al., 2009). Na,/1.6 is also the predominant isoform at nodes of Ranvier and
is expressed in presynaptic and postsynaptic membranes of the neocortex and cerebellum
(Caldwell et al., 2000). This pattern of expression implies that Na, 1.6 sodium channels play
important roles in both electrical and chemical signaling in the brain.

Studies with insect and mammalian sodium channel isoforms in the Xenopus oocyte system
also provide evidence for compound-specific, state-dependent modification of sodium
channels by pyrethroids. With insect channels (reviewed in Soderlund, 2010), Type Il
compounds (e.g., deltamethrin and cypermethrin) produce exclusively use-dependent
modification with little or no detectable modification of channels in the resting state,
whereas Type | compounds (e.g., cismethrin and permethrin) produce significant
modification of resting channels that in some cases is enhanced by repeated channel
activation. With rat Na, 1.2 and Na, 1.6 channels, modification by deltamethrin is almost
exclusively use-dependent whereas modification by tefluthrin (Type 1) involves both resting
and use-dependent effects (Tan and Soderlund, 2010). Tefluthrin also causes both resting
and use-dependent modification of rat Na, 1.3 and Na,1.7 channels in oocytes (Tan and
Soderlund, 2009; Tan and Soderlund, 2011), whereas S-bioallethrin (Type 1) modifies

Na, 1.6 channels exclusively via the resting state (Tan and Soderlund, 2010). The use-
dependent effects of pyrethroids imply that these compounds bind preferentially to channels
in the open state. The significance of use-dependent modification, particularly for insect
channels, has led to the development of a high-resolution molecular model of the inner pore
region of an insect sodium channel in the open configuration that identifies specific
structural elements of the putative pyrethroid receptor (O'Reilly et al., 2006; Usherwood et
al., 2007; Du et al., 2009).

Although the Xenopus oocyte system readily permits the manipulation of channel structure
as an experimental variable, the biophysical and pharmacological properties of channels
expressed in the oocyte membrane environment may not fully reproduce those in native
neurons or mammalian cell expression systems due to species differences in membrane
composition and post-translational modification (Goldin, 2006). The HEK293 cell line,
derived from human embryonic kidney cells by transformation with sheared adenovirus type
5 DNA (Graham et al., 1977), is now widely employed as an alternative to Xenopus oocytes
for the heterologous expression of a variety of proteins, including mammalian voltage-gated
sodium channels (Thomas and Smart, 2005). Despite their origin HEK293 cells exhibit
some characteristics of neurons, expressing more than 60 neuronal genes including
neurofilament proteins and neuroreceptor and ion channel subunits (Shaw et al., 2002;
Thomas and Smart, 2005). Moreover, some clonal populations of HEK293 cells exhibit
small endogenous voltage-gated sodium currents that are associated primarily with the
expression of the human Na, 1.7 sodium channel isoform (He and Soderlund, 2010). To date
there has been no comprehensive study of the action of pyrethroid insecticides on sodium
channels of defined subunit structure expressed in HEK293 cells or any other mammalian
cell expression system.

Here we describe the actions of tefluthrin and deltamethrin on rat Na, 1.6 sodium channels
stably expressed in HEK293 cells in combination with the rat 1 and 2 auxiliary subunits.
Our results show that both compounds produced significant modification of Na, 1.6 channels
in the resting state that altered both the kinetics and voltage-dependent gating of the channel.
Resting modification by deltamethrin, but not tefluthrin, was enhanced by repeated channel
activation. These findings provide evidence that the actions of tefluthrin and deltamethrin on
Nay1.6 channels in HEK293 cells differ from the effects of these compounds on Na,1.6
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channels in Xenopus oocytes and more closely reflect the actions of pyrethroids on channels
in their native neuronal environment.

Materials and methods

Sodium channel subunit cDNAs

Cloned rat voltage-gated sodium channel subunit cDNAs were obtained from the following
sources: Na, 1.6 from L. Sangameswaran (Roche Bioscience, Palo Alto, CA); and, 1 and 2
from W.A. Catterall (University of Washington, Seattle, WA). Each cDNA insert was
subcloned into the vector pcDNA3.1 (Invitrogen, Carlsbad, CA) and the integrity of each
clone was confirmed by DNA sequencing.

HEK-Na,1.6 cell lines

HEK?293 cells (CRL-1573, lot number 7681666) were obtained from the American Type
Culture Collection (ATCC, Manassas, VA) and cultured at 37 °C in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin (all from ATCC) in a humidified atmosphere of 5% C0O,/95% air.
Upon receipt cells were passaged twice and then frozen in DMEM+FBS with 5% dimethyl
sulfoxide (DMSO) for future use; these stocks were considered to be at "laboratory passage
one." One day before transfection, cells (passage five, 0.5x10° cells/100 pl growth medium
without antibiotics) were transferred to a well of a 96-well plate and grown until ~80%
confluent. Cells were transfected using 0.2 pg of plasmid DNA mixture (Nay1.6, B1 and p2
plasmids, 1:1:1 molar ratio) and Lipofectamine™2000 (Invitrogen) according to the
manufacturer’s protocol. Cells were diluted 1:10 into 6-well plates 24 h after transfection,
incubated in culture medium for an additional 24 h, and then selected for 15 days with
culture medium containing G418 (Invitrogen; 800 pg/ml). Clonal colonies (derived from a
single cell; ~50 cells/colony) of G418-selected cells were isolated using cloning rings
(Sigma-Aldrich, St. Louis, MO) and maintained in continuous culture under G418 selection
(400 pg/ml) for electrophysiological characterization. Clonal cell lines giving whole-cell
peak transient sodium currents with amplitudes >2000 pA were saved as frozen stocks for
further use.

Analysis of sodium channel subunit expression

First-strand cDNA from transfected sodium current-positive cell lines, synthesized using the
SuperScript™ CellsDirect cDNA synthesis system (Invitrogen), was employed as the
template in polymerase chain reaction (PCR) amplifications using pairs of oligonucleotide
primers specific for the rat Na, 1.6 o subunit and the rat B1 and 2 subunits (Table 1).
Reactions were initiated by denaturing for 2 min at 94 °C followed by 40 cycles of
amplification (30 sec at 94 °C, 30 sec at 62 °C, 1 min at 72 °C) and final extension for 7 min
at 72 °C. Amplification products (151 — 294 bp) were analyzed by electrophoresis in 2%
agarose gels and visualized by ethidium bromide staining.

Electrophysiology

On the day prior to assay, cells were plated at low density in 35-mm Petri dishes. For
electrophysiological assays, cells (24 — 48 h after plating) were rinsed three times with
extracellular perfusion medium that contained (mM): NaCl (140), KCI (5), CaCls, (2),
MgCl, (1), and HEPES (10) at pH 7.40 (adjusted with 2M NaOH). Whole-cell patch clamp
recordings were conducted at room temperature (23-27 °C) using an Axopatch 200B
amplifier (Molecular Devices, Foster City, CA). Cells were perfused at ~350 pl/min with
extracellular medium using a custom-fabricated passive perfusion manifold and a disposable
plastic recording chamber insert (~240 pul volume; Warner Instruments, Hamden, CT). The
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intracellular solution contained (in mM): NaCl (35), CsF (105), MgCl, (2), EGTA (10), and
HEPES (10) at pH 7.20 (adjusted with 2M CsOH). The final osmolarity of both solutions
was 295 — 305 mOsm. Fire-polished patch electrodes were fabricated from borosilicate glass
capillaries (1.5 mm O.D.; 1.0 mm 1.D.; World Precision Instruments Inc., Sarasota, FL)
using a P-87 puller (Sutter Instruments, Novato, CA) to give a resistance of 1-2 MQ when
filled with intracellular solution. The ground electrode was a bridge of 1% agar in
extracellular medium in a glass pipet. Output signals were filtered at 2 kHz and sampled at
50 kHz (DigiData 1322A; Molecular Devices). Voltage errors were minimized using 70—
80% series resistance compensation. Leak currents were corrected using the P/4 method
(Bezanilla and Armstrong, 1977). Membrane potentials were not corrected for junction
potential (~2.3mV at 23.5°C). Data were acquired using pClamp 10.2 (Molecular Devices)
software. Following the establishment of a stable holding potential (—120 mV) under
voltage clamp, sodium currents were sampled using 40-ms step depolarizations to —15 mV
at a frequency of 0.05 Hz for ~20 min to achieve stable sodium current amplitudes prior to
initiating other protocols. To determine the voltage dependence of activation, cells were
clamped at a membrane potential of —120 mV and currents were measured during a 40-ms
depolarizing test pulse to potentials from —80 mV to 0 mV in 5-mV increments. To
determine the voltage dependence of steady-state inactivation, cells were clamped at a
membrane potential of —120 mV followed by a 100-ms conditioning prepulse to potentials
from —120 mV to 0 mV in 5-mV increments and then a 40-ms test pulse to —15 mV. For
determinations of use dependence, cells were given trains of 1 to 100 5-ms conditioning
prepulses to 10 mV at frequencies of 20 or 66.7 Hz followed by a 40-ms test pulse to —15
mV. In some experiments, tetrodotoxin (TTX, Sigma; 500 nM final concentration) was used
to visualize currents and voltage-clamp artifacts unrelated to sodium channel expression.

Assays with pyrethroids

Stock solutions of deltamethrin (99.5%; Bayer CropScience, Research Triangle Park, NC)
and tefluthrin (98.8%; Syngenta, Bracknell, Berks., UK) in DMSO were diluted in
extracellular medium to achieve final concentrations of 0.01 — 10 uM (deltamethrin) or 0.01
— 100 uM (tefluthrin) and applied through the perfusion system. The final concentration of
DMSO in extracellular medium did not exceed 0.1%, a concentration that had no effect on
sodium currents. Recording chamber inserts employed in experiments were used only once
to prevent cross-contamination of cells. Following the characterization of control currents,
each cell was clamped at —120 mV and sodium currents elicited by 40-ms pulses to —15 mV
were sampled for 3 — 5 min at a frequency of 0.05 Hz to confirm the stability of sodium
current amplitudes prior to experiments with insecticides. The last sampled control current
from this series was used to normalize the amplitudes or conductances of pyrethroid-
modified currents in each cell. Pyrethroids were applied by perfusion in extracellular
medium and the development of pyrethroid modification was monitored until stable (~20
min) by assessing the increase in the sodium tail current observed following 40-ms test
pulses from —120 mV to —15 mV at a frequency of 0.05 Hz. The voltage dependence of
activation and steady-state inactivation and the effects of repeated stimulation on channel
modification were measured as described above. All experiments with pyrethroids employed
10-s intervals between pulses or pulse trains to permit the complete decay of pyrethroid-
modified currents.

Data analysis

Data were acquired and analyzed using pClamp 10.2 (Molecular Devices) and Origin 8.1
(OriginLab Corp., Northampton, MA). For each cell, currents from activation experiments
were converted to sodium conductances and plotted as a function of test potential using the
Boltzmann equation [y = (A1 — Ap) / (1+e*X0)/dXy + A,] to give values for V 5 (potential
causing half-maximal activation) and K (slope factor). Similarly, currents from steady-state
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inactivation experiments with each cell were plotted as a function of prepulse potential and
fitted to the Boltzmann equation. The initial conductance of the pyrethroid-induced sodium
tail current, normalized to the conductance of the peak current measured in the same cell
prior to pyrethroid exposure, was employed to calculate the fraction of pyrethroid-modified
sodium channels (Tatebayashi and Narahashi, 1994). Statistical analyses were performed in
Prism 5.0 (GraphPad Software, La Jolla, CA). Comparisons among three or more mean
values employed one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test
for statistical significance. Comparisons with values of P < 0.05 were considered
statistically significant.

Expression, gating, and kinetics of sodium channels in HEK-Na, 1.6 cells

The experiments described here employed a single clonal population of HEK-Na, 1.6 cells.
These cells expressed peak transient sodium currents (Fig. 1A) with a mean amplitude of 4.1
+ 0. 3nA (n=71) and a mean sodium current density of 184.4 + 11.7 pA/pF. These currents
were completely inhibited by exposure of cells to 500 nM TTX (Fig. 1A). We confirmed the
translational expression of the rat Na,1.6 o subunit and the 1 and B2 auxiliary subunits in
HEK-Na,1.6 cells by RT-PCR (data not shown).

Fig. 1A illustrates a representative sodium current recorded from a HEK-Na, 1.6 cell. These
currents activated and inactivated completely within ~10 ms of depolarization and did not
exhibit any detectable residual or steady-state current at the end of a 40-ms depolarizing
pulse. The decay of peak transient currents was best fit by two first order processes yielding
two time constants, tf,gt and g1, (Table 2), for currents measured as shown in Fig. 1A.

The voltage-dependent gating of sodium channels in HEK-Na,1.6 cells is illustrated in Fig.
1B and the statistical summary of these data is presented in Table 3. The Vg 5 values for
activation and steady-state inactivation of channels in HEK-Na, 1.6 cells were shifted by ~5
mV in the direction of depolarization compared to values measured in another HEK293 cell
line expressing the Na, 1.6 a subunit without auxiliary B subunits (B. He and D. M.
Soderlund, unpublished observations), thereby providing functional confirmation of the
expression of heteromultimeric channel complexes in the HEK-Na,/ 1.6 cell line employed in
these studies. Steady-state inactivation of channels in HEK-Na, 1.6 cells was incomplete,
yielding a small component (~1.5% of the total current) that was resistant to inactivation
following depolarization to potentials between —30 mV and 0 mV.

Kinetic properties of pyrethroid-modified currents

We assessed the effects of tefluthrin and deltamethrin on sodium channels in the resting
state by equilibrating HEK-Na, 1.6 cells with pyrethroid for 20-22 min at —120 mV and
sampling peak transient currents and tail currents using low-frequency depolarizations.
Figure 2 illustrates the concentration-dependent modification of sodium currents by
tefluthrin and deltamethrin under these conditions obtained by the sequential equilibration of
a single cell with increasing concentrations of insecticide. Tefluthrin (Fig. 2A) slowed the
time course of transient current decay during a depolarizing pulse, significantly increasing
Tast and Tg10y Values for peak current decay relative to control values (Table 2) and
producing a late current that persisted throughout a 40-ms depolarization. Tefluthrin also
slowed the rate of channel deactivation following repolarization, producing a slowly-
decaying sodium tail current. The threshold for the detection of tefluthrin-modified currents
was 0.1 uM, and the relative amplitudes of the persistent currents and tail currents induced
by tefluthrin increased with increasing concentration up to 100 pM, the highest
concentration examined.
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Deltamethrin (Fig. 2B) also slowed the rates of channel inactivation and deactivation, but
the deltamethrin-modified current was more persistent than that induced by tefluthrin.
Therefore, we were unable to calculate time constants for the persistent component of the
deltamethrin-modified current during depolarization and the deltamethrin-induced tail
current following repolarization. Deltamethrin also significantly increased tf,qt and tgow
values for peak current decay relative to control values (Table 2), but the rate constants
obtained from these fits describe only the transient component of the current over the first 10
ms of depolarization and do not describe the sustained persistent current. The threshold
concentration for the detection of deltamethrin-modified currents was also 0.1 puM, but
overall the extent of channel modification by deltamethrin from the resting state at all
concentrations examined (reflected in the relative amplitudes of the late current and peak
transient current) was lower for deltamethrin than tefluthrin.

Effects of pyrethroids on voltage-dependent activation

Figure 3 illustrates the concentration-dependent effects of tefluthrin and deltamethrin on the
voltage dependence of sodium channel activation in HEK-Na,1.6 cells and Table 3
summarizes the statistical analyses of these data. Both tefluthrin (Fig. 3A) and deltamethrin
(Fig. 3B) caused a concentration-dependent hyperpolarizing shift in the Vg 5 for channel
activation that was accompanied by a reduction in the slope (increase in numerical slope
factor) of the voltage response curve. Although the trend of both of these effects was
consistent across concentrations, differences in Vg 5 and K values were statistically
significant only for some of the binary comparisons (Table 3).

The concentration dependence of the activation parameters illustrated in Fig. 3 and Table 3
reflects the heterogeneous responses of mixed populations of modified and unmodified
channels because the solubilities of tefluthrin and deltamethrin attainable in aqueous
medium were insufficient to give concentrations that saturated the response (Fig. 2). To
assess gating properties of only the pyrethroid-modified population of sodium channels, we
measured the voltage dependence of the pyrethroid-induced late and tail currents and
compared them to the control (unmodified) current and the pyrethroid-modified peak
transient current. Figure 4 illustrates this approach with 100 uM tefluthrin. Figure 4A shows
normalized current — voltage plots for control peak transient current, peak transient current
measured in the presence of 100 uM tefluthrin, and the late and tail currents induced by 100
pUM tefluthrin. In the absence of insecticide, depolarization to —15 mV gave the largest-
amplitude peak transient currents. Exposure to 100 uM tefluthrin shifted the peak transient
current maximum to —30 mV but shifted the maxima for late and tail currents to —40 mV.
Plots of the conductance transformations of these data (Fig. 4B) show that the peak transient
current measured in the presence of 100 uM tefluthrin underestimated the effect of tefluthrin
on the voltage dependence of tefluthrin modified channels, which is reflected in the voltage
responses of the late and tail currents. Moreover, the slopes of the transformed voltage
response curves for the late and tail currents paralleled the slope for control channels,
implying that the decreased slopes of the curve for tefluthrin-modified peak transient
currents (Fig. 3A and Table 3) reflected the divergent voltage responses of modified and
unmodified channels.

Table 4 gives Vg 5 and K values for late and tail currents induced by 100 uM tefluthrin from
the data in Fig. 4 as well as the corresponding values from similar analyses with 10 uM
tefluthrin and 10 pM deltamethrin. Comparison of the results obtained with 10 pM and 100
pM tefluthrin shows that the voltage dependence of these currents, unlike the peak transient
currents measured at the same time (Fig. 3A and Table 3), did not vary with insecticide
concentration. This result confirms the hypothesis that the late and tail current parameters
describe a single population of tefluthrin-modified channels. We infer from these data that
the V5 for activation of channels modified by tefluthrin in the resting state was shifted in
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the direction of hyperpolarization by ~25 mV. Extension of this analysis to currents
measured in the presence of 10 uM deltamethrin indicated that the corresponding
hyperpolarizing shift for deltamethrin-modified resting channels was ~20 mV.

Effects of pyrethroids on steady-state inactivation

Figure 5 illustrates the effects of tefluthrin and deltamethrin on the voltage dependence of
steady-state inactivation of sodium channels in HEK-Na,,1.6 cells and Table 3 summarizes
the statistical analyses of these data. Both tefluthrin (Fig. 5A) and deltamethrin (Fig. 5B)
caused a concentration-dependent hyperpolarizing shift in the V 5 for steady-state
inactivation. However, the magnitude of these shifts was smaller than those found for
activation and only some of the binary comparisons were statistically significant. Effects of
insecticides on the slope of the voltage response curve for steady-state inactivation were
significant only for 0.1 uM tefluthrin (Table 3).

The results shown in Fig. 5 also illustrate two additional effects of pyrethroids on steady-
state inactivation. First, the voltage dependence of inactivation was reversed at conditioning
potentials between —55 mV and —25 mV. The magnitude of this effect varied with
pyrethroid concentration, thus implying an effect directly related to channel modification.
With tefluthrin, the maximum reversal of inactivation occurred at potentials causing
maximal activation of pyrethroid-modified channels (Fig. 4A). We postulate that the sodium
currents measured during these steady-state inactivation experiments included components
of sodium current resulting from the activation of pyrethroid-modified but non-inactivated
channels during conditioning prepulses to potentials from —55 mV to —25 mV. To correct
for this effect, we omitted the data from —55 mV to —25 mV from the fits of these results to
the Boltzmann equation that resulted in the Vg 5 and K values reported in Table 3. Second,
both tefluthrin or deltamethrin increased the fraction of sodium current that was resistant to
inactivation during strong depolarizing prepulses (e.g., to 0 mV). The magnitude of the
inactivation-resistant current was concentration dependent, increasing from ~1.5% in the
absence of insecticide to ~20% with 100 uM tefluthrin and ~10% with 10 pM deltamethrin

(Fig. 4).

Effects of pyrethroids on sodium window currents

Figure 6 shows the combined impact of pyrethroid-induced hyperpolarizing shifts in
activation and steady-state inactivation on sodium window currents using results obtained
with 1 pM tefluthrin (Fig. 6A) and 1 uM deltamethrin (Fig. 6B). Tefluthrin at 1 pM
produced a large increase in the availability of channels for activation at all potentials above
—65 mV. The effects of deltamethrin at 1 uM were qualitatively similar but less dramatic,
showing a more modest increase in the availability of channels for activation at potentials
above —55 mV. These results show that both pyrethroids, but especially tefluthrin,
significantly increased the probability of channel opening across a wide range of membrane
potentials at which unmodified channels are either unresponsive or inactivated.

Relative importance of resting and use-dependent modification

Evidence for use-dependent effects of both tefluthrin and deltamethrin in assays of Na,1.6
sodium channels expressed in Xenopus oocytes (Tan and Soderlund, 2010) led us to explore
the use-dependent modification of sodium channels in HEK-Na,/1.6 cells. We found no
evidence for an effect of repeated 5-ms depolarizations on the extent of channel
modification caused by tefluthrin at a frequency of either 20 Hz (Fig. 7A) or 66.7 Hz (data
not shown). By contrast, channel modification by deltamethrin increased with repeated
depolarization at either 20 Hz or 66.7 Hz, reaching a steady-state level after approximately
50 prepulses (Fig. 7B). Repetitive depolarizations at a frequency of 20 Hz increased the
extent of channel modification ~2.3-fold at all deltamethrin concentrations.
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The use-dependent enhancement of channel modification by deltamethrin was accompanied
by a corresponding use-dependent reduction in the amplitude of the peak transient current
measured in the test pulse following a train of depolarizing prepulses (Fig. 8). In the absence
of insecticide, peak currents declined rapidly to ~95% of the control current after 10
prepulses and then stabilized. In the presence of deltamethrin, peak currents declined at a
rate and to an extent that correlated well with the use-dependent increase in channel
modification (Fig. 7B). By contrast, repeated depolarization did not reduce peak current
stability in the presence of tefluthrin (data not shown).

Figure 9 shows the concentration dependence of resting (0 prepulses) and maximal use-
dependent (100 prepulses) modification of sodium channels in HEK-Na, 1.6 cells by
tefluthrin and deltamethrin. Tefluthrin was a more potent modifier of resting channels than
deltamethrin, but the two compounds were equally active when use-dependent modification
by deltamethrin is taken into consideration.

Discussion

Properties of rat Na,1.6 sodium channels expressed in HEK293 cells

The HEK-Na,1.6 cell line constructed and employed for these studies expressed the rat
Nay1.6 sodium channel a subunit in combination with the rat 1 and 2 subunit. This
combination is likely to be the most abundant Na, 1.6-containing complex in the adult rat
brain (Shah et al., 2001; Schaller and Caldwell, 2003) and also permits direct comparison of
the results of the present study with our previous study of the action of pyrethroids on the rat
Na,1.6+ p1+ B2 sodium channel complex in the Xenopus expression system (Tan and
Soderlund, 2010). The mean sodium current density in HEK-Na,1.6 cells was more than
tenfold higher than the density of endogenous sodium currents in the parental HEK293 cell
line (He and Soderlund, 2010), thereby ensuring that the currents characterized in this study
are carried predominantly by heterologously-expressed rat Na,1.6 channels rather than by
endogenous human channels.

This study represents the first description of the properties of rat Na,1.6 sodium channels,
and the only description of any mammalian Na, 1.6 isoform coexpressed with the f1 and 2
auxiliary subunits, in a mammalian cell expression system. The activation and steady-state
inactivation curves for channels in HEK-Na, 1.6 cells were shifted by 12-14 mV in the
direction of hyperpolarization compared to curves obtained by expressing the same channel
complex in Xenopus oocytes (Tan and Soderlund, 2010). This difference is likely to reflect
an effect of cell environment on gating because both the subunit composition of the Na, 1.6
sodium channel complex and the electrophysiological protocols were otherwise identical in
these two studies. The voltage dependence of activation of rat Na, 1.6 channels in the HEK-
Na,1.6 cell line was in good agreement with that measured for HEK293 cells expressing the
human Na, 1.6 ortholog in the absence of exogenous [ subunits (Burbidge et al., 2002) but
was shifted by 10-15 mV in the direction of hyperpolarization compared to the mouse
Na,1.6 ortholog expressed in ND7/23 neuroblastoma cells in the absence of g subunits
(Wittmack et al., 2004) or in tsA-201 cells either alone or with the rat 4 subunit (Chen et
al., 2008). No meaningful comparison of inactivation gating is possible among the rat,
human and mouse Na, 1.6 orthologs due to the different inactivating prepulse protocols
employed. Finally, sodium currents carried by rat Na, 1.6 channels in HEK-Na, 1.6 cells also
lacked the pronounced persistent component of sodium current during depolarization
observed for human (Burbidge et al., 2002) or mouse (Chen et al., 2008) Na, 1.6 channels. It
is not clear whether these differences in gating properties among mammalian Na,1.6
orthologs reflect intrinsic differences conferred by the structures of the subunits, differences
due to the presence or absence of B subunits, or differences in the cellular environment.
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Exposure of HEK-Na,1.6 cells to either tefluthrin or deltamethrin at membrane potentials
that favor resting channel conformations profoundly altered both the kinetics and voltage-
dependent gating observed upon subsequent depolarizations. Both compounds produced
persistently open channels, evident in a slowing of the decay of the peak current during
depolarization and the induction of a characteristic sodium tail current following
repolarization. The decay of the peak and tail currents was slower in assays of Na,1.6 in
HEK?293 cells than in assays of these channels in oocytes under otherwise comparable
conditions (Tan and Soderlund, 2010). With tefluthrin the time constants for the decay of
peak and tail currents In HEK-Na, 1.6 cells were 1.7-fold and 4.1-fold greater than those
measured in assays of Na,1.6 channels in oocytes. With deltamethrin channel modification
in HEK-Na, 1.6 cells was essentially irreversible during the time frame of the experimental
protocol, thereby preventing the determination of decay constants. The extreme persistence
of deltamethrin-modified open channels in our assays with HEK-Na,/1.6 cells mirrors the
persistent modification of sodium channels by deltamethrin in both neuroblastoma cells and
cultured neurons (Chinn and Narahashi, 1986; Tabarean and Narahashi, 1998; Motomura
and Narahashi, 2001).

In addition to their effects on channel kinetics, tefluthrin and deltamethrin also modified the
voltage dependence of activation and inactivation of sodium channels in HEK-Na, 1.6 cells.
Both insecticides caused a concentration-dependent hyperpolarizing shift in the voltage-
dependence of channel activation. Using the voltage dependence of the pyrethroid-induced
late and tail currents as indicators of the properties of only the fraction of channels modified
by insecticide, we estimated the magnitude of the shift in activation curves to be ~25 mV
with tefluthrin and ~20 mV with deltamethrin. These findings are consistent with previous
reports of hyperpolarizing shifts on the order of ~10-20 mV in sodium channel activation
curves for tefluthrin on the endogenous sodium channels of HEK293 cells (He and
Soderlund, 2010) and sodium channels in rat GH3 pituitary tumor cells (Wu et al., 2009) and
for deltamethrin and tetramethrin on the TTX-sensitive and TTX-resistant sodium currents
of rat dorsal root ganglion neurons (Tatebayashi and Narahashi, 1994; Tabarean and
Narahashi, 1998). By contrast, assays of cismethrin and cypermethrin action on rat Na, 1.8
sodium channels expressed in Xenopus oocytes revealed only small (~5-mV)
hyperpolarizing shifts in the voltage dependence of pyrethroid-modified late and tail
currents compared to control peak transient currents (Smith and Soderlund, 1998).
Moreover, there were no effects of tetramethrin or deltamethrin on the voltage dependence
of peak transient current activation of rat Na,1.2, Na,1.3, Na,1.6, Na,1.7 and Na,1.8
sodium channels and human Na, 1.3 sodium channels when assayed in the Xenopus oocyte
system (Choi and Soderlund, 2004; Tan and Soderlund, 2009; Tan and Soderlund, 2010;
Tan and Soderlund, 2011).

Tefluthrin and deltamethrin also caused hyperpolarizing shifts in the voltage dependence of
steady-state inactivation of sodium channels in HEK- Na,1.6 cells, but the magnitude of
these effects was much less than the effects on activation. These findings agree with the
reported effects of tetramethrin on the TTX-sensitive and TTX-resistant sodium currents of
rat dorsal root ganglion neurons (Tatebayashi and Narahashi, 1994). Deltamethrin also shifts
the voltage dependence of steady-state inactivation of rat Na,1.8 sodium channels expressed
in Xenopus oocytes in the direction of hyperpolarization (Choi and Soderlund, 2004), but
neither tefluthrin nor deltamethrin affect the inactivation gating of other mammalian sodium
channels expressed in this system (Tan and Soderlund, 2009; Tan and Soderlund, 2010; Tan
and Soderlund, 2011). In addition to their effects on the voltage-dependent gating of sodium
channels in HEK-Na, 1.6 cells, both tefluthrin and deltamethrin caused concentration-
dependent increases in the fraction of sodium current that was resistant to steady-state
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inactivation. This result is consistent with the effects of tefluthrin, deltamethrin and S-
bioallethrin on Na, 1.6 sodium channels expressed in Xenopus oocytes (Tan and Soderlund,
2010), but similar effects have not been reported for other channel isoforms expressed in
oocytes.

Effects of pyrethroids on sodium window currents in HEK-Nay 1.6 cells

The area of overlap between the voltage dependence curves for activation and steady-state
inactivation is the window current (Fig. 2B), which describes the range of membrane
potentials at which channels are predicted to be persistently open and conducting a current
(Attwell et al., 1979). The magnitude of window currents differs among sodium channel
isoforms; large window currents observed with the TTX-resistant Na, 1.8 and Na,1.9
sodium channel isoforms are correlated with the significant persistent sodium currents
produced by these isoforms in voltage clamp assays (Dib-Hajj et al., 2009). Similarly,
mutations in Na, 1.7 sodium channels that are associated with heritable pain disorders and
increased sensory neuron excitability in humans cause hyperpolarizing shifts in the voltage
dependence of channel activation and increases in the sodium window current (Dib-Hajj et
al., 2009; Ahn et al., 2010).

The effects of tefluthrin and deltamethrin on the voltage dependence of activation and
steady-state inactivation combined to cause a significant increase in the magnitude of the
window current carried by sodium channels in HEK-Na, 1.6 cells. The hyperpolarizing shifts
in the activation curves for pyrethroid-modified channels increased the availability of
channels for activation at membrane potentials below the activation threshold for
unmodified channels. Moreover, these compounds prevented the complete inactivation of
channels at more positive potentials. As a result, pyrethroids function in this system as
sodium channel activators by creating a population of channels that open and remain open at
membrane potentials that render unmodified channels refractory to activation. The effects of
these two pyrethroids on channel availability at subthreshold potentials are therefore fully
consistent with a recent study showing that tefluthrin, deltamethrin and other pyrethroids
directly stimulate sodium uptake into cultured mouse cerebrocortical neurons (Cao et al.,
2011).

Use-dependent modification of Na, 1.6 channels in oocytes and HEK293 cells

Most studies of pyrethroid action on sodium channels in mammalian neurons under voltage
clamp conditions (reviewed in Soderlund et al., 2002) were performed by equilibrating
channels with pyrethroids at hyperpolarized membrane potentials and assessing the effects
of pyrethroids upon depolarization. This approach is biased toward the detection of channel
modification in the closed state. The discovery that modification by cypermethrin and
deltamethrin of cloned insect sodium channels expressed in Xenopus oocytes is absolutely
dependent on repeated depolarization (Smith et al., 1998; Vais et al., 2000b) has led to the
conclusion that these compounds bind preferentially to open sodium channels. These
findings have prompted renewed interest in the broader significance of pyrethroid binding to
the open state of sodium channels and have led to the development of a new structural
model for the molecular interactions between pyrethroids and the open state of the house fly
sodium channel pore region (O'Reilly et al., 2006).

Studies with cloned mammalian sodium channels expressed in the Xenopus oocyte system
also identify the importance of use-dependent channel modification for some pyrethroids.
High concentrations of deltamethrin and cypermethrin produce low levels of resting
modification of rat Na,1.2, Na,1.3 and Na, 1.6 channels in oocytes, but repetitive
depolarizations greatly increase the fraction of modified channels (Smith and Soderlund,
1998; Vais et al., 2000a; Meacham et al., 2008; Tan and Soderlund, 2010). Tefluthrin
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produces greater resting modification of these channel isoforms than deltamethrin but the
extent of modification is also enhanced by repeated depolarization (Tan and Soderlund,
2009; Tan and Soderlund, 2010). In assays with Nay1.2 and Na, 1.6 channels in oocytes,
repetitive depolarization increases the apparent sensitivity of channels to tefluthrin
modification by more than 10-fold (Tan and Soderlund, 2010). By contrast, repetitive
depolarization has no effect on the extent of modification of Na,1.6 channels by S-
bioallethrin.

The results of the present study with HEK- Na, 1.6 cells, which are directly comparable to
our previous study of the action of tefluthrin and deltamethrin on Na, 1.6 channels in oocytes
(Tan and Soderlund, 2010), suggest that use-dependent modification is less significant for
channels expressed in HEK293 cells than for those expressed in oocytes. In contrast to their
effects in oocytes, both tefluthrin and deltamethrin produced extensive resting modification
of channels in HEK-Na,/1.6 cells. Moreover, repetitive depolarization had no effect on
tefluthrin modification and enhanced deltamethrin modification to a lesser extent than
observed in oocytes. The differences between oocytes and HEK293 cells in the relative
significance of resting and use-dependent modification imply that the relative affinities of
the pyrethroid receptor on closed and open channels for a given pyrethroid is dependent in
part on the cellular expression context. The greater relative significance of resting
modification that we observed in assays with HEK-Na, 1.6 cells is consistent with the large
body of evidence documenting the resting modification of sodium channels in neurons by
pyrethroids representing the both the Type | and Type Il structural classes (Soderlund et al.,
2002).

Relative pyrethroid sensitivity of Na,1.6 channels expressed in oocytes and HEK293 cells

One disadvantage of the oocyte expression system is that many pharmacological agents have
been found to be less potent on ion channels expressed in oocytes than on channels
expressed in mammalian cells or in their native cellular environment (Goldin, 2006). Studies
with radiolabeled deltamethrin document extensive accumulation in the oocyte during
exposure (Harrill et al., 2005), which may result in overestimates of the amount of
insecticide available for interaction at the target site. However, we found the threshold for
channel modification of Na, 1.6 channels expressed in HEK293 cells by either tefluthrin or
deltamethrin to be approximately 0.1 pM, a value close to that found previously in assays of
these compounds on Na, 1.6 channels expressed in oocytes (Tan and Soderlund, 2010). This
value is also similar to the thresholds for tefluthrin- and deltamethrin-stimulated sodium
uptake into mouse cerebrocortical neurons (Cao et al., 2011) and for deltamethrin
modification of TTX-sensitive and TTX-resistant sodium currents in rat dorsal root ganglion
neurons (Tabarean and Narahashi, 1998).

Taken together these results suggest that concentrations producing half-maximal effects of
pyrethroids on mammalian sodium channels either in heterologous expression systems or in
their native neuronal environment lie in the high nanomolar to micromolar range, depending
on the channel and compound examined and the system and assay employed. Pyrethroids
are therefore not exceptionally potent agents by these criteria. However, pyrethroid
concentrations below the threshold of detectability in voltage clamp or sodium uptake assays
are sufficient to disrupt normal neuronal function. For example, micromolar concentrations
of tetramethrin were required to produce sufficient channel modification (5-25%) in rat
Purkinje neurons to be detected readily under voltage clamp conditions, whereas 100 nM
tetramethrin, a concentration calculated to modify fewer than 1% of sodium channels based
on voltage clamp data, was sufficient to disrupt action potential generation in these cells
(Song and Narahashi, 1996). Whereas conventional indices of the pharmacological potency
of pyrethroids are useful to assess relative sensitivity among channel isoforms or relative
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potency among compounds, they underestimate the functional potency of pyrethroids on
intact neurons.

Conclusions

The results of this study document substantial differences HEK293 cells and Xenopus
oocytes as vehicles for studying the action of pyrethroid insecticides on individual sodium
channel isoforms. The extensive resting modification of Na, 1.6 sodium channels by
tefluthrin and deltamethrin observed in the HEK293 cell system, involving effects not only
on channel kinetics but also on voltage-dependent gating, corresponds closely to effects of
pyrethroids described previously in native neurons. In particular, the resting modification
caused by deltamethrin in our study parallels the action of this compound in mammalian
neuronal preparations but contrasts sharply with the predominance of use-dependent
modification found in numerous studies of the action of deltamethrin on insect and
mammalian sodium channels in the oocyte expression system. At present, the close
correspondence of the effects of pyrethroids on sodium channels expressed in HEK293 cells
to effects on channels in native neurons is limited to data for two compounds and one
channel isoform. Further studies with additional compounds and isoforms in this system are
needed to fully validate the HEK293 cell system as a reliable model with predictive value
for the action of pyrethroids on sodium channels in neurons.

The extensive use of Xenopus oocytes for studies of pyrethroid action on insect and
mammalian sodium channels has accentuated the importance of use-dependent channel
modification. Use-dependent modification has been interpreted as evidence that pyrethroids
bind with higher affinity to open channels than to resting channels (Soderlund, 2010) and
has led to the development of an elegant, high-resolution structural model of the pyrethroid
receptor on an insect sodium channel in the open configuration (O'Reilly et al., 2006;
Usherwood et al., 2007; Du et al., 2009). Whereas our results confirm the importance of
use-dependent modification in the action of deltamethrin, our findings document effects of
both tefluthrin and deltamethrin on the kinetics and gating of Na, 1.6 sodium channels in
HEK293 cells that can only result from channel modification in the resting state. We
conclude that for some pyrethroids the highest affinity conformation of the receptor may
occur in the resting state of the channel rather than the open state. Thus, there is a need to
expand efforts to model the pyrethroid receptor to encompass both the resting and open
conformations of the sodium channel.

Research Highlights
e We expressed rat Na,1.6 voltage-gated sodium channels in HEK293 cells.
e Tefluthrin and deltamethrin caused resting modification of Na, 1.6 channels.
¢ Only deltamethrin exhibited use-dependent enhancement of modification.
e State-dependent effects of pyrethroids are influenced by the cellular context.

e Channels in HEK293 cells exhibit properties similar to native neuronal
channels.
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Fig. 1.

Properties of sodium currents expressed in HEK-Na, 1.6 cells. (A) Representative current
trace recorded during a 40-ms step depolarization from —120 mV to —15 mV before and
after application of TTX (500 nM) in the perfusion medium. (B) Voltage dependence of
activation and steady-state inactivation. For activation, normalized conductance (G/Gpayx)
was derived from the current-voltage relationship obtained using the indicated pulse
protocol by dividing peak transient current (Iyg) by the driving force (V — V,e,) and
normalizing to the maximum conductance observed in each cell. For inactivation, peak
transient currents were measured using the indicated pulse protocol and normalized to the
maximal peak transient current in each experiment (I/I;max). Values for G/Gpax and 1/lyax
were plotted as a function of test (activation) or prepulse (inactivation) potential and curves
were drawn by fitting mean values to the Boltzmann equation. Values are the means of the
indicated number of determinations with different cells; bars show SE values larger than the
data point symbols. The dashed line indicates zero conductance or current.
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Fig. 2.

Concentration-dependent modification of sodium currents in HEK-Na, 1.6 cells by tefluthrin
(A) and deltamethrin (B). Traces for each compound were recorded from a single cell prior
to pyrethroid exposure (control) and following equilibration with increasing concentrations
of pyrethroid. Dashed lines indicate zero current.
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Concentration-dependent modification of the voltage dependence of activation of sodium
channels in HEK-Na, 1.6 cells by tefluthrin (A) and deltamethrin (B). Values for the
conductance of peak sodium current were plotted as a function of test potential and curves
were drawn by fitting mean values to the Boltzmann equation. Values are the means of the
indicated number of determinations with different cells; bars show SE values larger than the
data point symbols. Dashed lines show the curve obtained by fitting mean control values to
the Boltzmann equation (from Fig. 1B).
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T
-40
Potential (mV)

Comparison of the voltage dependence of the peak, late and tail currents induced by 100 uM
tefluthrin. (A) Normalized current — voltage plots for control peak sodium currents and for
the peak currents (as in Fig. 3A), late currents (measured at the end of a 40-ms depolarizing
pulse) and tail currents (measured immediately following repolarization) following exposure
to tefluthrin. VValues are the means of 72 (control) or 14 (+tefluthrin) determinations with
different cells; bars show SE values larger than the data point symbols. (B) Plots of the
conductance transformations of data in Fig. 4A; curves were drawn by fitting mean values to

the Boltzmann equation.
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Fig. 5.

Concentration-dependent modification of the voltage dependence of steady-state
inactivation of sodium channels in HEK-Nay1.6 cells by tefluthrin (A) and deltamethrin (B).
Normalized amplitudes of peak sodium currents were plotted as a function of test potential
and curves were drawn by fitting mean values to the Boltzmann equation. Data points in the
shaded regions were omitted from the fits of data obtained in the presence of pyrethroids
(see text for details). Values are the means of the indicated number of determinations with
different cells; bars show SE values larger than the data point symbols. Dashed lines show
the curve obtained by fitting mean control values to the Boltzmann equation (from Fig. 1B).
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Fig. 6.

Effects of 1 uM tefluthrin (A) and 1 pM deltamethrin (B) on sodium window currents in
HEK-Nay1.6 cells. Each panel shows voltage dependence plots for activation and steady-
state inactivation in the presence of 1 UM pyrethroid taken from data in Figs. 3 and 5.
Dashed lines show the curves obtained by fitting mean control values for activation and
steady-state inactivation to the Boltzmann equation (from Fig. 1B).
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(A) Effects of repeated 5-ms depolarizing prepulses delivered at 20 Hz on the extent of
modification of sodium channels in HEK-Na,1.6 cells by tefluthrin. (B) Effects of repeated
5-ms depolarizing prepulses delivered at 20 Hz or 66.7 Hz on the extent of modification of
sodium channels in HEK-Na,1.6 cells by deltamethrin. Values are the means of the
indicated number of determinations with different cells; bars show SE values larger than the

data point symbols.
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Fig. 8.

Effects of repeated 5-ms depolarizing prepulses delivered at 20 Hz on the normalized
amplitude of peak sodium currents in HEK-Na, 1.6 cells before (control) or after exposure to
deltamethrin. Values are the means of the indicated number of determinations with different
cells; bars show SE values larger than the data point symbols.
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Fig. 9.

Concentration dependence of resting (0 prepulses) and maximal use-dependent (100
prepulses) modification of sodium channels in HEK-Na, 1.6 cells by tefluthrin and
deltamethrin. Data points for 0.1, 1 and 10 pM are taken from the plots in Fig. 7.
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Table 1

Oligonucleotide primers employed in the PCR detection of rat sodium channel subunit transcripts expressed in
HEK-Na, 1.6 cells.

Subunit  Primer sequences Product

Na,1.6 F:5-ACGATTTGAAGGGATGAGGGT-3" 294 bp
R: 5’-TGAAGGTTGCCACTTGAAGAA-3’

Bl F:5’-TACGAGCACAACACCAGCGT-3’ 151 bp
R:5’-AGCAGTACACCATCTCCGCC-3’
p2 F:5’-ACTCCACGGTGGCAGTCATC-3’ 151 bp

R:5’-TCCGTCTTGCCTTCCTCTTC-3’
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