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Abstract

Voltage-gated sodium channels (Nav) are essential for initiation and propagation of action 

potentials. Previous in vitro studies reported that exposure to the Nav toxins veratridine and α 

scorpion toxin cause persistent downregulation of Nav mRNA in vitro. However the mechanism of 

this downregulation is not well characterized. Here, we report that the type-II pyrethroid 

deltamethrin, which has a similar mechanism as these toxins, elicited an approximate 25% 

reduction in Nav 1.2 and Nav 1.3 mRNA in SK-N-AS cells. Deltamethrin-induced decreases of 

Nav mRNA were blocked with the Nav antagonist tetrodotoxin, demonstrating a primary role for 

interaction with Nav. Pre-treatment with the intracellular calcium chelator BAPTA-AM and the 

calpain inhibitor PD-150606 also prevented these decreases, identifying a role for intracellular 

calcium and calpain activation. Because alterations in Nav expression and function can result in 

neurotoxicity, additional studies are warranted to determine whether or not such effects occur in 

vivo.
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INTRODUCTION

Pyrethroids are potent neurotoxic insecticides that account for approximately 25% of the 

total annual insecticide use in the world [1–3]. The primary mechanism by which 

pyrethroids exert their neurotoxic effects in insects involves delaying the inactivation of 

voltage-gated sodium channels (Nav) [4]. At sufficient doses, delayed inactivation increases 

the probability of repeated action potential firing, increasing neuronal excitability, and 

ultimately leading to convulsions and death [5]. In vitro mechanistic studies have reported 
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that concentrations of the pyrethroid insecticide deltamethrin over 1 μM result in apoptosis 

that is dependent on interaction of deltamethrin with the Nav, which causes intracellular 

calcium overload and activation of the endoplasmic reticulum (ER) stress pathway [6]. 

However, reports on the effects of lower doses of deltamethrin on neuronal cells are scarce.

Na are integral membrane proteins principally composed of a large (~260 kDa) α subunit 

that forms a central ion-conducting pore and one or more smaller auxiliary β subunits that 

are important modifiers of channel-gating kinetics, cell-surface expression, and cell-cell 

interactions [7]. The mammalian genome contains 10 sodium channel α subunit isoforms 

and four β subunit isoforms, yielding multiple subunit combinations, some of which are 

differentially sensitive to the effects of pyrethroids [8]. In an oocyte expression system, 

deltamethrin exhibited a pronounced effect on sodium currents through Nav1.3 [9] and 

Nav1.6 channels [10]. This may be particularly important to the potential developmental 

neurotoxicity of deltamethrin, as Nav1.3 channel complexes are highly expressed in the 

developing rodent brain [11] and the Nav1.6 isoform is abundantly expressed in the nodes of 

Ranvier, dendrites, and synapses [12].

In previous in vitro studies, compounds such as veratridine and scorpion toxin, that also 

delay the inactivation of Nav, produced Nav mRNA downregulation [13]. However, the 

mechanism of this effect remains to be established. Here, we report that exposure to the 

pyrethroid deltamethrin results in down-regulation of Nav 1.2 and Nav 1.3 mRNA 

expression in vitro. This downregulation of Nav expression was prevented by the Nav 

antagonist tetrodotoxin (TTX), depletion of intracellular calcium by BAPTA-AM, and the 

calpain inhibitor PD150606 prevents Nav mRNA downregulation. Taken in concert, these 

data identify downregulation of Nav mRNA as a consequence of pyrethroid pesticide 

exposure and establish a signaling cascade that regulates mRNA expression of Nav.

MATERIALS AND METHODS

Chemicals

Deltamethrin was purchased from ChemService (99.5% purity and lot 418–66B; West 

Chester, PA). TTX, BAPTA-AM, and protease inhibitor cocktail were obtained from Sigma-

Aldrich (St. Louis, MO). The calpain inhibitor PD 150606 was obtained from Alexis 

Biochemicals (San Diego, CA). Cell culture media and reagents were obtained from 

Mediatech (Herndon, VA). All other reagents were purchased from Sigma-Aldrich unless 

otherwise noted.

Cell Culture

SK-N-AS neuroblastoma cells were obtained from American Type Culture Collection 

(Manassas, VA) and grown in minimal essential media supplemented with 10% heat-

inactivated fetal bovine serum, sodium pyruvate (5 mM), nonessential amino acids (5 mM), 

and penicillin/streptomycin (50 IU/50 μg/mL). Cells were maintained at 37°C with 5% CO2. 

SK-N-AS cells were chosen as an in a vitro model because we have determined that they 

express Nav 1.2 and 1.3 isoforms (data not shown). Previous studies from our laboratory 
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have reported TTX-sensitive sodium influx in response to deltamethrin in SK-N-AS cells 

[6].

In Vitro Exposures

Cells were seeded at 3.0 × 105 per well in a six-well plate and treated 24 h after plating. A 

concentration–effect curve was generated to determine the optimal concentration of 

deltamethrin for Nav mRNA down-regulation. Concentrations used were 100 pM, 1 nM, 10 

nM,100nM,and 1 μM.A stock solution of deltamethrin (10 mM) was prepared in absolute 

ethanol (EtOH), and dilutions were made in cell culture medium such that the final 

concentration of EtOH was less than 0.5% for all experiments. This concentration of EtOH 

had no effect on the parameters measured in these experiments (data not shown).

To determine the mechanism of Nav mRNA down-regulation, cells were pretreated with 

TTX (1 μM in H2O; Sigma), the intracellular calcium chelator BAPTA-AM (5 μM in 

DMSO; Sigma), or the calpain inhibitor PD 150606 (1 μM in DMSO; Alexis Biochemicals) 

20 min prior to treatment with 100 nM deltamethrin for 24 h. Cells were lysed and harvested 

24 h after treatment for RNA extraction using the Qiagen RNeasy extraction kit according to 

the manufacturer’s instructions. cDNA construction and quantitative real-time polymerase 

chain reaction (qPCR) was performed as described below. Human primers are presented in 

Supplementary Table 1 in the Supporting Information. All cell culture experiments were 

repeated at least three times using separate frozen stocks of cells.

Quantitative Real-Time Polymerase Chain Reaction

qPCR was performed as described previously [14]. Briefly total RNA was isolated using 

Qiagen RNeasy mini kits and RNA (1.0 μg) was reverse-transcribed using Superscript II 

(Invitrogen, Carlsbad, CA). qPCR reactions were performed in duplicate using an ABI 

7900HT and SYBR Green (Applied Biosystems, Carlsbad, CA) detection. β-actin was used 

as the normalizing gene, and data were calculated using the 2ΔΔCt method as described 

previously [14]. Primers were designed using the Primer Blast program (NCBI) and are 

given in Supplementary Table 1 in the Supporting Information.

Statistical Analysis

All statistical analyses were performed on normalized raw data. For cell culture 

experiments, assays were repeated a minimum of three times on different days and with 

different vials of frozen stocks of cells. On individual days, experiments were performed in 

duplicate or triplicate and average to form a single experimental unit. Normalized values, 

determined using the 2ΔΔCt method, were analyzed by ANOVA, and Dunnett’s post hoc 

tests were performed to compare treatments to control. Variability across control plates was 

included so that the assumptions underlying an ANOVA were met. For experiments with 

antagonists, 2-way ANOVA followed by the Student-Neuman Keuls post hoc test was 

performed. Statistical significance was determined at level of p ≤ 0.05. Data are presented as 

mean ± SEM.
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RESULTS

Deltamethrin Downregulates Nav Expression In Vitro

To characterize the effects of deltamethrin on the expression of mRNAs encoding Nav1.2 

and Nav1.3, SK-N-AS cells were exposed to deltamethrin for 24 h and a concentration–

effect curve was generated using doses ranging from 1 nM to 1 μM. These isoforms were 

chosen because they represent the predominant isoforms present in the brain during 

development. The highest concentration of deltamethrin (1 μM) was well below that which 

is known to cause cytotoxicity in SK-N-AS cells (10 μM [6]). Exposure to deltamethrin (10 

nM to 1 μM) for 24 h produced concentration–dependent reductions of Nav1.2 (10%–37%) 

and Nav1.3 (13%–26%) mRNA expression (Figs. (Figs 1A and 1B).

Tetrodotoxin Prevents Deltamethrin-Induced Downregulation of Nav Expression

Based on the robust effects of 100 nM deltamethrin on the downregulation of Nav1.2 and 

Nav1.3 mRNA expression observed in SK-N-AS cells following 24 h of exposure, this 

concentration was chosen for subsequent mechanistic studies. We first sought to test the 

requirement of interaction with the Nav by replicating our observations with the Nav agonist 

veratridine. Exposure of SK-N-AS cells to veratridine (5 ?M) for 24 h resulted in a 22% and 

28% reduction in Nav1.2 and Nav1.3 mRNA expression, respectively, which was similar in 

magnitude to that from deltamethrin exposure (Figs. (figs 2A and 2B). Furthermore, pre-

treatment with the sodium channel antagonist TTX completely abolished the effects of 

deltamethrin, suggesting that the down-regulation of Nav by deltamethrin involved a direct 

interaction with sodium channels.

Calpain Activation Is Associated with Decreased Nav Expression In Vitro

Previously, we reported that higher concentrations (>1 μM) of deltamethrin resulted in a 

secondary rise of intracellular calcium and activation of calpain, following interaction with 

Nav [6]. Elevation of intracellular calcium and activation of calpain by a calcium ionophore 

has been demonstrated to downregulate Nav mRNA expression in adrenal chromaffin cells 

[15]. Therefore, we sought to determine the role of calcium and calpain on the expression of 

Nav following exposure to deltamethrin. Pre-treatment of cells with either the intracellular 

calcium chelator BAPTA-AM (5 μM) (Figs. 2A and 2B) or the calpain inhibitor PD 150606 

(1 μM) completely abolished the effects of deltamethrin on Nav mRNA expression (Figs. 3A 

and 3B).

DISCUSSION

Here, we report that deltamethrin exposure caused a significant reduction of Nav α subunit 

mRNAs in SK-N-AS neuroblastoma cells, similar to studies that found α-scorpion toxin and 

veratridine downregulated Nav mRNA in cultured fetal neurons. From a mechanistic 

standpoint, downregulation of Nav mRNA was prevented by TTX pretreatment, 

demonstrating the requirement of interaction with the Nav. It is also important to note that 

interaction of deltamethrin with the Nav was required for this downregulation, as exposure 

to the general depolarizing agent KCl was unable to produce this effect (data not shown). 

Deltamethrin-induced downregulation of sodium channel mRNA was also be prevented by 
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the calcium chelator BAPTA-AM, which was previously shown to be partially effective in 

inhibiting the rapid, short-term down-regulation of Nav by scorpion toxin at the protein [16], 

but not at the mRNA level [13]. Although, mRNA downregulation is the most likely cause 

of the reductions we measured, it is also possible that posttran-scriptional changes, such as 

mRNA degradation, could play a role. Taken together, these results indicate that the 

downregulation of Nav mRNA by deltamethrin is primarily Na+ dependent and secondarily 

Ca2+ dependent.

Based on our finding of the Na+ and Ca2+ dependency of Nav mRNA downregulation, we 

next focused on the potential role of calpain. Calpain, a nonprotea-somal calcium-dependent 

protease, has recently been shown to cleave Nav protein in rat brain homogenates [17] and 

cultured neurons. Here, pretreatment with the calpain inhibitor PD 150606 prevented Nav 

mRNA downregulation in cells exposed to deltamethrin. To our knowledge, this is the first 

time calpain activation has been shown to be a requirement for Nav mRNA downregulation. 

Although the exact mechanism for this effect is not clear, the proteolytic activity of calpain 

is involved in the transduction of neuronal depolarization into changes in gene expression 

through generation or degradation of active transcription factors [18–21]. Indeed, calpain 

has been shown to cleave the immediate early genes c-Fos and c-Jun in vitro leaving the 

DNA-binding domain intact [22, 23]. This binding domain accumulates in the cell allowing 

for transcriptional repression of target genes [22, 23]. Calpain is also able to cleave 

transcription factors in such a way as to preserve their DNA-binding domains but remove 

their transcriptional ability, which would further block transcription of target genes [22, 23]. 

This mechanism is similar to that which has been observed for other transmembrane proteins 

such as voltage-gated calcium channels [20, 21] and some metabotropic glutamate receptors 

[24]. Additionally, protein kinase C, which can regulate Nav mRNA expression, has been 

shown to be cleaved by calpain, resulting in translocation of a regulatory fragment to the 

nucleus where it regulates gene transcription [25]. Further studies are required to identify 

which of these mechanisms, or others, are responsible for the effects observed here.

In summary, this study demonstrates that deltamethrin downregulates Nav mRNA through 

its interaction with the Nav and subsequent increase in intracellular calcium and activation of 

calpain. Because alterations in Nav expression and function can result in significant 

alteration of neurotransmission [26–30], additional studies are warranted to determine 

whether these effects are observed in vivo identify and what physiological consequences 

may arise following such changes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Concentration response for Nav downregulation in SK-N-AS cells. Cells were exposed to 

deltamethrin for 24 h and mRNA expression determined. (A) Nav 1.2 mRNA expression. 

(B) Nav 1.3 mRNA expression. Data represent 2ΔΔCt analysis of qPCR data, normalized to 

control. Significance determined by one-way ANOVA followed by Dunnett’s post hoc test * 

= p < 0.05 compared to control; n = 3–4. Error bars represent ± SEM
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FIGURE 2. 
Downregulation Nav mRNA in SK-N-AS cells by deltamethrin is prevented by the Nav 

antagonist TTX and the intracellular calcium chelator BAPTA-AM. (A) Nav 1.2 mRNA 

relative expression in response to pretreatment of cells with the Nav antagonist TTX and 

depletion of intracellular calcium. (B) Nav 1.3 mRNA expression in response to 

pretreatment of cells with the Nav inhibitor TTX and depletion of intracellular calcium. Data 

represent 2ΔΔCt analysis of qPCR data, normalized to control. Significance determined by 

2-way ANOVA with Student-Neuman Keul’s post hoc test. * = p < 0.05 compared to 

control; n = 3–4. Error bars represent ±SEM
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FIGURE 3. 
Calpain inhibition prevents deltamethrin-induced downregulation of Nav mRNA. 

Pretreatment of cells with the calpain inhibitor PD150606 prevents deltamethrin-induced 

downregulation of (A) Nav 1.2 mRNA and (B) Nav 1.3 mRNA. Data represent 2ΔΔCt 

analysis of qPCR data, normalized to control. Significance determined by 2-way ANOVA 

with Student-Neuman Keul’s post hoc test. * = p < 0.05 compared to control; n = 3–4. Error 

bars represent ±SEM
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