Pesticide Biochemistry and Physiology 120 (2015) 36–39

Contents lists available at ScienceDirect

Pesticide Biochemistry and Physiology
j o u r n a l h o m e p a g e : w w w. e l s e v i e r. c o m / l o c a t e / p e s t

The Drosophila Sodium Channel 1 (DSC1): The founding member of a
new family of voltage-gated cation channels
Ke Dong *, Yuzhe Du, Frank Rinkevich 1, Lingxin Wang 2, Peng Xu
Department of Entomology, Genetics and Neuroscience Programs, Michigan State University, East Lansing, MI 48824, USA

A R T I C L E

I N F O

Article history:
Received 30 October 2014
Accepted 3 December 2014
Available online 9 December 2014
Keywords:
DSC1 channel
Pyrethroid insecticides
Drosophila melanogaster
Insect
Insect sodium channel

A B S T R A C T

It has been nearly three decades since the identiﬁcation of the Drosophila Sodium Channel 1 (DSC1) gene
from Drosophila melanogaster. The orthologs of the DSC1 gene have now been identiﬁed in other insect
species including BSC1 from Blattella germanica. Functional analyses of DSC1/BSC1 channels in Xenopus
oocytes reveal that DSC1 and BSC1 encode voltage-gated cation channels that are more permeable to Ca2+
than to Na + . Genetic and electrophysiological analyses show that knockout of the DSC1 gene in
D. melanogaster causes behavioral and neurological modiﬁcations. In this review, we summarize major
ﬁndings from recent studies and highlight a unique role of the DSC1 channel, distinct from that of the
sodium channel, in regulating membrane excitability and modulating toxicity of pyrethroid insecticides.
© 2014 Elsevier Inc. All rights reserved.

1. Introduction
Voltage-gated sodium channels are essential for the initiation
and propagation of electrical signaling in the insect nervous system.
They are the primary targets of pyrethroids, a large class of insecticides structurally derived from naturally occurring pyrethrins from
Chrysanthemum plant species [1]. Pyrethroids modify the transitions between opening and closing (i.e., gating) of sodium channels,
resulting in the disruption of the proper function of the nervous
system [2–4]. Pyrethroids are highly insecticidal, but have low toxicity to mammals, and are used as major weapons against a wide
range of arthropod disease vectors and agricultural pests. Unfortunately, due to intensive use, numerous mutations in sodium
channel genes have been selected in various arthropod species and
confer resistance to pyrethroids [5,6]. Development of pyrethroid
resistance demands research to discover new insecticides that act
on new targets and/or enhance the potency of existing pyrethroids.
In addition to having a classical sodium channel gene, such as
para in Drosophila melanogaster [7], most insects also have a sodium
channel-like gene, which was ﬁrst identiﬁed in D. melanogaster and
was in fact named as Drosophila Sodium Channel 1 (DSC1). DSC1 was
isolated by probing Drosophila genomic DNA libraries with an electric eel sodium channel cDNA [8–10]. For a long time, DSC1 was

* Corresponding author. Department of Entomology, Genetics and Neuroscience
Programs, Michigan State University, East Lansing, MI 48824, USA. Fax: 517-353-4354.
E-mail address: dongk@cns.msu.edu (K. Dong).
1
Present address: Louisiana State University, Department of Entomology, Life Sciences Annex, Baton Rouge, LA 70803.
2 Present address: Neusentis, Pﬁzer, Research Triangle, NC 27703.
http://dx.doi.org/10.1016/j.pestbp.2014.12.005
0048-3575/© 2014 Elsevier Inc. All rights reserved.

considered to be a putative sodium channel gene because the overall
topology and sequence of the DSC1 channel are similar to those of
sodium channels, consisting of four homologous repeats, each having
six transmembrane segments [11,12]. However, functional analysis of BSC1, a DSC1 ortholog from Blattella germanica, in Xenopus
oocytes, as will be described below, gave the ﬁrst indication that
BSC1 is not a classical sodium channel, but has high permeability
to Ca2+ [12,13]. Subsequent functional analysis of DSC1 conﬁrmed
this exciting ﬁnding [12], suggesting that DSC1 and BSC1 are founding members of a novel type of voltage-gated cation channels in
insects. Indeed, DSC1 orthologs have been found in other insect
species including all of those with a complete genome sequence
[14–16]. Importantly, recent isolation of two DSC1 knockout lines
in D. melanogaster by ends-out homologous recombination [17]
allowed investigation of the role of the DSC1 channel in insect neurophysiology and neurotoxicology in vivo. Below we summarize
major ﬁndings from these studies.

2. BSC1/DSC1 channels belong to a distinct family of voltagegated cation channels
In our initial electrophysiological characterization experiments, we found that expression of BSC1 in Xenopus oocytes
increased oocyte endogenous Ca2+-activated Cl− currents, indicating that BSC1 channels are permeable to Ca2+, and that Ca2+ inﬂux
through BSC1 channels activated endogenous Ca2+-activated Cl− channels. In order to separate the currents carried by Ca2+-activated Cl−
channels, Ca2+ in the recording solution was replaced with Ba2+, allowing us to isolate inward BSC1 currents with Ba2+ acting as a
surrogate charge carrier [13]. Interestingly, both Co2+ and Cd2+ block
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Fig. 1. Topology of the DSC1 channel consisting of four homologous domains (I-IV) composed of 6 transmembrane segments (1–6). The position of the DEEA selectivity
ﬁlter on the pore-loop region between transmembrane segment 5 and 6 of each domain is indicated by the pink circles. Sodium channels have a DEKA motif instead. Optional exons are shown as blue rectangles. Premature stop codons in optional exons 4A, 11A, 16A, and 17A are indicated by an asterisk (*). The positions of putative A-to-I
and C-to-T RNA-editing sites are indicated by yellow triangles and yellow circles, respectively.

the BSC1 channel, similar to their effects on voltage-gated Ca2+ channels [18]. The BSC1 channel is permeable to monovalent cations in
the absence of external Ca2+. The permeability ratios were PBa/
PK ≈ 30 and PBa/PNa ≈ 22, indicating that Ca2+/Ba2+ are signiﬁcantly more
permeable through the BSC1 channel than either Na+ or K+ [13].
Therefore, the BSC1 channel is distinct from classical Ca2+ channels, which has a PBa/PNa of >1000 [18].
Ionic selectivity in voltage-gated sodium and calcium channels
is strongly inﬂuenced by a ring of amino acids in the pore regions
(i.e., the loop connecting S5-S6 in each of the four domains, Fig. 1)
[19]. All voltage-gated sodium channels, including insect sodium
channels, contain the amino acids D, E, K, and A in the loop connecting S5 and S6 of domains I, II, III, and IV, respectively, whereas
voltage-gated calcium channels contain the acidic residues (E, E, E,
and E) at the corresponding positions [13]. Interestingly, DSC1 and
its orthologs from other species possess an E (as opposed to K) in
domain III. In other words, DSC1 and its orthologs all contain a DEEA
motif [14]. Substitution of the second E in the DEEA motif with K
in BSC1 decreased the permeability to Ba2+, and increased the permeability for Na+, indicating that the E residue in domain III is
important for the selectivity of the BSC1 channel toward divalent
ions such as Ba2+ or Ca2+ [13].
The BSC1 channel expressed in Xenopus oocytes also exhibits
unique gating kinetics [13]. Unlike sodium channels which activate rapidly within a few milliseconds upon depolarization [5], the
BSC1 channel achieves full activation after a 40 ms depolarization.
BSC1 is a high-voltage-activated channel with the half-maximal activation voltage of BSC1 channels around 50 mV, whereas cockroach
sodium channels have the half maximal activation voltage ranging
from −25 mV to −44 mV [20]. The BSC1 channel slowly deactivates, resulting in a large tail current upon repolarization. BSC1 also
inactivates slowly. No signiﬁcant inactivation is observed if BSC1
current traces are recorded with 40-ms depolarization pulses from
−50 to 80 mV from the holding potential of −100 mV [13]. However,
complete inactivation is evident when the depolarization pulse is
extended to 500 ms [13].
Like the BSC1 channel, the DSC1 channel is permeable to Ca2+
and Ba2+, and also to Na+ in the absence of external Ca2+ [12]. The

gating properties of the DSC1 channel are also similar to those of
the BSC1 channel (Fig. 2). These results indicate that DSC1 encodes
a voltage-gated cation channel similar to the BSC1 channel. The DSC1
channel is insensitive to tetrodotoxin, a potent and speciﬁc sodium
channel blocker [12]. Furthermore, TipE-like homologs (TEH1-4) that
modulates the gating properties of the Para sodium channel [5,21]
do not alter the gating of the DSC1 channel (Fig. 2). The DSC1 transcript undergoes extensive alternative splicing and RNA editing
(Fig. 1). Functional consequences of these two post-transcriptional
modiﬁcations remain to be determined.
3. DSC1 knockout ﬂies exhibit neurological defects
A Drosophila P-element insertion line, smi60E, which has reduced
expression of DSC1 due to a P-element insertion in the second intron
of DSC1, exhibits a 2-fold impairment in olfactory response to benzaldehyde [22]. We made complete DSC1 knockout lines using
targeted gene knockout via homologous recombination [17]. Unlike
null mutants of the para sodium channel, which are lethal [7], the
DSC1 knockout ﬂies are viable under standard laboratory rearing
conditions. Similar to smi60E, DSC1 knockout ﬂies exhibited reduced
repellency by benzaldehyde as well as citronellal [17]. Besides the
olfactory defect, two additional defects of the DSC1 knockout mutants
are recently reported [17]. First, unlike para sodium channel mutants,
DSC1 knockout ﬂies do not exhibit temperature-sensitive paralysis. However, upon being returned to room temperature, DSC1
knockout ﬂies had signiﬁcantly slower recovery from heat-induced
paralysis. Second, DSC1 knockout ﬂies exhibit a prominent jumpy
phenotype when disturbed and this defect is intensiﬁed under heat
shock and starvation conditions.
To gain insight into neural/physiological processes that directly or
indirectly affect jumpy response to heat shock and starvation, we examined the activities of a well-deﬁned neural circuit, the giant ﬁber
system (GFS), which controls the jump-and-ﬂight escape reﬂex [17].
In these experiments, electric stimuli at different intensities were delivered to head or thorax; and then the responses from jump or ﬂight
thoracic muscles, respectively, were recorded. We detected speciﬁc
defects in the circuitry of the GFS, which are consistent with a critical

K. Dong et al./Pesticide Biochemistry and Physiology 120 (2015) 36–39

A

B

Normalized Current

1.0
0.8
0.6

Normalized Current

DSC1 1-1
+TEH1
+TEH2
+TEH3
+TEH4

0.4
0.2

C
1.0

1.0

0.8

0.9

0.6

DSC1 1-1
+TEH1
+TEH2
+TEH3
+TEH4

0.4
0.2

Normalized Current

38

DSC1 1-1
+TEH1
+TEH2
+TEH3
+TEH4

0.8
0.7
0.6
0.5

0.0

0.0

0.4
-50

0

50
100
Voltage (mV)

150

0

5

10 15 20
Time(ms)

25

30

0

100

200 300
Time(ms)

400

500

Fig. 2. Coexpression of DSC1 channels with TEH1-4 proteins in Xenopus oocytes. (A) Voltage dependence of activation. Voltage dependence of activation was tested by step
depolarization from a holding potential of −100 mV to a range of potentials from −40 mV to 150 mV in 5 mV increments, followed by a repolarization to −100 mV. Peak tail
currents during the repolarization were normalized to the maximal peak tail current and plotted against depolarizing voltage. (B) Kinetics of activation. Activation kinetics
were determined by depolarization from −100 mV to 80 mV for 0.5–30 ms with 0.5 ms increments, followed by repolarization to −100 mV. Peak tail currents during repolarization were normalized to the maximal peak tail current and plotted versus the time of depolarization. (C) Kinetics of inactivation. Inactivation kinetics were determined
by depolarization from −100 mV to 80 mV for up to 500 ms in 5 ms increments for the ﬁrst 150 ms and 50 ms increments for the remaining 350 ms, followed by repolarization to −100 mV. Peak tail current during the repolarization were normalized to the maximal peak tail current and plotted versus the time of depolarization. Each data
point is shown as mean ± SEM with the number of oocytes between 6 and 13. The procedures for oocyte preparation, cRNA injection and current recording are identical to
those described previously by Zhang et al. [12]. DSC1 1-1 cRNA was co-injected into oocytes with individual TEH1-4 cRNAs in 1:1 molar ratio. DSC1 currents were recorded
using standard two-electrode voltage clamp technique at room temperature. External recording solution consisted of 50 mM Ba(OH)2, 55 mM TEAOH, and 5 mM HEPES. All
recording solutions were adjusted to pH 7.0 with methanesulfonic acid.

function of the DSC1 channel in maintaining the stability of the GFS
and modulating the activities of the giant ﬁber (GF) and the central
neurons presynaptic to the GF, particularly under the conditions of heat
shock and starvation. This ﬁnding corroborates very well with a high
level of DSC1 expression observed in the GF as well as in the sensory
system, such as the antennal nerves and optic lobes, which send sensory
input directly or indirectly to the GF [23]. All results considered, we speculate that the DSC1 channel functions as a “breaker” to keep the insect
nerve ﬁring property in check, especially under stressful conditions, such
as heat shock and starvation, which tend to hyper-stimulate the nervous
system. How the DSC1/BSC1 cation channel exerts stability control over
stress-enhanced neuronal hyperexcitability remains to be worked out.

In addition, because the DSC1 mutants are hyper-susceptible to pyrethroids, development of DSC1 channel blockers may be a promising
approach to enhance the eﬃcacy of pyrethroids, which are major
weapons against numerous agriculturally and medically important arthropod pests, including malaria-transmitting mosquitoes.
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4. DSC1 knockout ﬂies are more sensitive to
pyrethroid insecticides

Resistance Ratio (RR)

Generation of DSC1 knockout ﬂies also prompted us to assess
the susceptibility of these ﬂies to insecticides that act on components in the nervous system [17]. DSC1 knockout ﬂies are not more
resistant to any of the insecticides we tested, which include four
pyrethroids, indoxacarb/DCJW and ﬁpronil (Fig. 3). These results indicate that the DSC1 channel is not a primary insecticidal target of
these compounds. However, DSC1 knockout ﬂies were more susceptible than control (w1118) ﬂies to pyrethroids, but not to DCJW
and ﬁpronil (Fig. 3). This suggests a speciﬁc effect of the DSC1 channel
on modulating pyrethroid sensitivity because indoxacab/DCJW is
a sodium channel blocker insecticide and has a mode of action opposite to pyrethroids (i.e., inhibiting neuronal excitability) [3] and
ﬁpronil causes neuronal hyperexcitability like pyrethoids, but by
blocking the GABA-gated Cl− channel [24]. The speciﬁc effect of DSC1
knockout on pyrethroid sensitivity suggests that DSC1 knockout ﬂies
are more susceptible to neuronal stimulation by sodium channel
activators. Enhanced hypersensitivity of the GFS to pyrethroids in
DSC1 knockout ﬂies further supports the notion that the DSC1
channel normally suppresses the response of the nervous system
to pyerthroid exposure [17].
In summary, we have identiﬁed DSC1 and its orthologs as a novel
family of voltage-gated cation channels in insects. The DSC1-family
cation channel could be targets for a new generation of safer insecticides because they are found only in arthropods, but not in vertebrates.
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Fig. 3. DSC1 knockout ﬂies are speciﬁcally more sensitive to pyrethroid insecticides. The Resistance Ratios (RR) are calculated as LC50 values of DSC1 knockout ﬂies
relative to those of w1118 ﬂies. The RRs that are signiﬁcantly below 1 for permethrin,
bioresmethrin, deltamethrin, and fenvalerate show increased sensitivity of DSC1 knockout ﬂies to pyrethroids. There is no change in the RRs of DCJW or ﬁpronil in DSC1
knockout ﬂies. Figure generated from data in table 1 from Zhang et al. [17].
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