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ABSTRACT

MOLECULAR AND FUNCTIONAL ANALYSIS OF A NOVEL CATION CHANNEL
IN DROSOPHILA MELANOGASTER

By

Tianxiang Zhang

Voltage-gated ion channels (VGICs) play essential roles in regulating
neuronal activities, such as initiation and propagation of action potentials and
synaptic transmission. Different families of VGICs play different roles in
modulating these activities and in turn differentially contribute to the neuronal
excitability and function. The Drosophila Sodium Channel 1 (DSC1) gene was
identified almost two decades ago. Based on the deduced amino acid sequence,
DSC1 was predicted to encode the first voltage-gated sodium channel in insects.
An in situ RNA hybridization study of DSC17 transcripts showed that DSC1 is
expressed mainly in the nervous system of pupae and adult flies. An
immunohistochemical study indicated that the DSC1 protein is present in both
central and peripheral nervous systems of adult flies. Contrary to the prediction of
a sodium channel, electrophysiological characterization in Xenopus oocytes

revealed that a DSC1 orthologue in cockroach, BSC1, encodes a novel
voltage-gated cation channel that is more permeable to Ca2+ ions than to Na" . It
is not known whether the DSC1 channel shares the novel ion selectivity of the

BSC1 channel, nor is the specific role of the DSC1 channel in the insect nervous

system clear.



My dissertation research focuses on the molecular and functional
characterization of the DSC1 gene. | found that the DSC1 transcript undergoes
alternative splicing and potential RNA editing. Several alternative exons contain a
premature stop codon that results in truncated proteins. Similar to the BSC1

channel, the DSC1 channel is also a voltage-gated cation channel which is

permeable to Na+, Ca2+. and Ba2+ ions. Analyses of two DSC7 mutant lines,

generated by precise gene knockout via homologous recombination, showed an
important role of the DSC1 channel in modulating insect behavior in response to
environmental stresses. Specifically, the locomotor activities of the DSC1
knockout flies exhibit hypersensitivity to heat shock and starvation. These
phenotypes are associated with altered electrophysiological properties of the
giant fiber system (GFS). Pharmacologically, DSC7 knockout flies also show
enhanced susceptibility to a class of sodium channel activating insecticides,
pyrethroids, but not to a sodium channel blocker insecticide
N-decarbomethoxyllated JW062 (DCJW), or a y-aminobutyric acid (GABA)-gated
chloride channel inhibitor (fipronil). The enhanced susceptibility of DSC7 knockout
flies is also associated with altered electrophysiological properties of the GFS.
Taken together, these results provide evidence for an important role of the DSC1

channel in modulating insect neuronal excitability under environmental stresses.
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CHAPTER 1
GENERAL INTRODUCTION



To communicate with the outer world and to maintain the homeostasis of the
inner environment, higher metazoans develop a neural system to receive
stimulations and make corresponding reactions. Although neurons from different
parts of the neural system may have different conformations and functions, they
do have a common basic character — they use action potentials to propagate
signals.

An axon action potential is a brief, spike-like depolarization that propagates as
an electrical wave along dendrites or axons of a neuron. During 1940s and 1950s,
Alan Hodgkin and Andrew Huxley performed a series of experiments and
demonstrated that action potentials are the result of different ions moving through
the cell membrane. They also proposed that the movement of ions is mediated by
a channel-like structure on the cell membrane by means of activating (open) and
inactivating (close) in response to changes of the membrane potential (Hodgkin
and Huxley, 1952). The channel like structures were later found to be
transmembrane proteins, termed voltage-gated ion channels (VGIC). These
channel proteins are located not only on neurons, but also on muscle and
endocrine cells. In response to changes in membrane potential, these channels
mediate rapid ion flux through a highly selective pore. Based on the ion selectivity,
voltage-gated ion channels can be grouped as sodium channels, potassium
channels, calcium channels, chloride channels. Or they can be just named as
voltage-gated cation or anion channels if the channel is permeable to more than
one type of cation or anion (Catterall, 1992; Catterall et al., 2005).

In this dissertation, research was conducted to study the molecular biology,



electrophysiology, and neurobiology of a novel cation channel, Drosophila Sodium
Channel 1 (DSC1), in Drosophila melanogaster. Because of the sequence
similarity between the sodium channel and the DSC1 channel, this chapter will

start with the literature on voltage-gated sodium channels.

1.1 Voltage-gated sodium channels
1.1.1 Structure and gating properties of voltage-gated sodium channels

In Hodgkin and Huxley's studies, they demonstrated that the movement of
sodium ions through the cell membrane is essential for the generation and
propagation of action potentials. They also characterized three key features of the
structure mediating sodium currents: 1) voltage-dependent activation; 2) quick
inactivation; 3) selective conductance of sodium ions (Hodgkin and Huxley, 1952).
Subsequently, many labs tried to isolate the voltage-gated sodium channel. But,
for a long time, the sodium channel protein could not be isolated and the topology
of the channel protein remained unclear until 1980. By using photo labeling
technique, Beneski et al. first isolated a large polypeptide (260 kDa) and a smaller
polypeptide (36 kDa) from synaptosomal membranes of the rat brain with a
photoactivable derivative of scorpion toxin, a sodium channel specific neurotoxin
(Beneski and Catterall, 1980). At the same time, another group also isolated a
polypeptide of the channel protein with similar size as the larger one mentioned
above from the electric organ of the eel, Electrophorus electricus, by using
radioactive-labeled tetrodotoxin (TTX), a high affinity blocker of sodium channels

(Agnew et al., 1980). The larger peptide was denoted as a subunit while the small
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one was denoted as B subunit.

The understanding of voltage-gated sodium channel advanced a big step in
1984 when Noda et al. (Noda et al., 1984) screened the expression library of the
eel, Electrophorus electricus, with rabbit antiserum to purified El. electricus
sodium channel peptides and isolated the full-length cDNA encoding the sodium
channel a subunit. The deduced amino acid sequence indicated that the a subunit
is a transmembrane protein that consists of 1820 amino acids folded into four
domains (DI — DIV) with six transmembrane segments (S1 — S6) in each domain
(Fig. 1-1) (Catterall, 2000). In segment four of every domain, there are five to eight
positively charged amino acids which are considered to sense the change of the
membrane potential and guide the opening and closing of the whole channel.
These results also support the hypothesis that the a subunit is the pore forming
subunit. Later studies on the a subunit of the rat brain sodium channel showed
that the a subunit was sufficient to mediate sodium current when expressed in
Xenopus oocytes indicating that the a subunit is the pore-forming subunit while
the B subunit works as a auxiliary subunit (Noda et al., 1986).

Depending upon the membrane potential, voltage gated sodium channels
have three functional states: closed (ready to open), activated (opened), and
inactivated. At resting membrane potential, sodium channels are closed. When
the membrane potential is depolarized to certain level, sodium channels open
through a series of conformational changes which is defined as activation. As
soon as sodium channel opens, sodium ions flow from the outside of cell

membrane to the inside due to the concentration gradient of sodium ions. The



kinetics of the sodium current passing through open channels is very rapid,
reaching its peak in less than one millisecond and declining to baseline within a
few milliseconds due to a second conformational change defined as fast
inactivation.

In the past several decades, an extensive effort has been made to understand
the molecular structure and the mechanism of gating of the pore-forming a
subunit. Several substructures such as the selectivity filter, voltage sensor, and
inactivation gate that were identified are essential for the channel function (Fig.
1-1).

Facilitated by site-directed point mutagenesis and crystal structure studies of a
voltage-gated potassium channel, it is a consensus now that all the four domains
contribute to form the pore structure of the channel. The S5, S6, and the P-region
connecting them from each domain form the inner surface of the channel, while
the S1-3 of each domain form the supportive structure and outer surface of the
channel. Currently, the inner surface is divided into two structures, outer pore and
inner pore, which are facing the extracellular and intracellular sides, respectively.
It is well established that the ion selectivity of voltage-gated sodium channels is
determined by the amino acids D, E, K, and A in the pore positions of domains |, I,
Ill, and IV, respectively (i.e., the DEKA motif) (Catterall, 2000) (Fig. 1-1). Four
other amino acids E, E, M, and D, which are also located in the pore position of
domain I-IV, determine the ion selectivity of voltage-gate sodium channel as well
(the EEMD motif, Fig. 1-1) (Terlau et al., 1991). These eight amino residues are

highly conserved in sodium channels of different species (Catterall, 2000).



Substitution of DEKA with EEEE in a rat brain sodium channel changes the
selectivity of a sodium channel to a calcium channel (Heinemann et al., 1992 ).
The amino acids composing the selectivity filter are also the primary binding sites
of TTX (Fig. 1-1) (Noda et al., 1989; Du et al., 2009a).

S4 segments of each domain are critical for voltage sensing. The positively
charged arginine or lysine residues in S4 of each domain work as voltage sensors
responding to the change of the membrane potential (Catterall, 1986; Guy and
Seetharamulu, 1986). Mutation of the voltage sensor can profoundly change the
activation of sodium channels (Stiilhmer et al., 1989; Kontis et al., 1997). S1-S4
are coupled with S6 via the S4-S5 linker helix. This coupling enables channel
opening and closing upon changes in the membrane potential. It is the nature of
the coupling between the S6 and the voltage-sensor domains that decides if the
channel will open or not at a certain voltage level (Ma&nnikké et al., 2002). Three
comparable models have been proposed to explain the coupling of voltage sensor
with surrounding residues and the movement of S4 during activation; the helical
screw model, the transporter model, and the paddle model (B&rjesson and Elinder,
2008). However, none of the models explain all the experimental results. Currently,
the helical screw model has received the most proponents. This model assumes
that the positive residues of S4 pair with negatively charged residues in the
neighboring segments. When the membrane is depolarized, this pairing is
disrupted and the S4 segments move outward causing a conformational change,
which results in opening of the channel pore (Catterall, 1992).

Inactivation is a very important gating property of all voltage gated ion



channels; it closes the channel and prevents it from reopening until there has
been sufficient time for recovery. During this time, which is also termed as
refractory period, the channel will not open no matter how membrane potential
alters. This has two functions. The first one is to determine the frequency of action
potential firing. The other one is to prevent a breakdown of ionic gradients and cell
death during a long depolarization. Many toxins, such as insecticides, and
clinically used drugs function by affecting sodium channel inactivation.

For voltage gated sodium channels, normally, inactivation kinetics can be
divided into two categories, which are named as fast inactivation and slow
inactivation respectively, and each of these can be modulated by cellular factors
or accessory subunits. The mechanism of slow inactivation is still controversial,
but there is a widely accepted ‘ball-and-chain’ or ‘hinged lid’ model for fast
inactivation model, in which a cytoplasmic region (the inactivating particle)
occludes the pore by binding to a region nearby (the docking site) at certain
membrane potential level. The short intracellular linker connecting DIl and DIV is
where the ‘ball’ and the ‘chain’ locate. Three contiguous hydrophobic amino acid
residues, isoleucine, phenylalanine, and methionine (IFM) positioned in the
middle of the linker are the central structure of the ‘ball’ (West et al., 1992).
Recently, a fourth amino acid, threonine, was suggested to be important for fast
inactivation and redefined the inactivation particle as IFMT motif (Rohl et al.,
1999). The docking sites for the inactivating particle include the S4-S5 linkers of
Dill and DIV along with the cytoplasmic portion of DIVS6 (Goldin, 2003). The

docking sites are buried in the channel protein when channels are closed. It is



hypothesized that the conformational change brought up by the movement of S4
exposes the hydrophobic residues of docking site to the IFMT motif to lock it in
and occlude the channel. The conformational change underlining the folding the
‘chain’ was elucidated by studying the bacteria sodium channel (Zhao et al., 2004).
Based on this study, a glycine residue flanking the inactivation particle is
suggested to serve as a ‘hinge’ that facilitates the folding of the ‘chain’ and binding

of to the docking sites with IFMT maotif.

1.1.2 The family of mammalian sodium channel a subunit encoding genes

In mammals, the sodium channel is composed of one a subunit and one or
two B subunit(s) (Fig. 1-1). A variety of different isoforms of the mammalian

voltage-gated sodium channel a subunit have been identified. Based on their

amino acid sequences, these isoforms are grouped into three families, Nay1-Nay3.

Nay1 family has 10 members while Nay2 and Nay3 have 3 and 1 members

respectively. To date, sodium currents have not been recorded from members of

Nay2 and Nay3. However, nine of ten members of the Nay1 family have been

functionally expressed and named as Nay1.1-Nay1.9. These nine mammalian

sodium channel isoforms share more than 50% amino acid sequence similarity.

They vary in the tissue and developmental distribution, biophysical properties and
sensitivity to neurotoxins (Goldin, 2001). Nay1.1, Nay1.2, and Nay1.3 are
expressed in the central nervous system (CNS) and are inhibited by nanomolar

concentrations of TTX. Recently, Nay1.1 was also identified in the rat peripheral
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nervous system (PNS). Nay1.4 is expressed in skeletal muscles while Nay1.5 is
expressed in all striated muscles. Nay1.6 can be detected on both CNS and PNS
while Nay1.7, Nay1.8, and Nay1.9 are detected only in PNS.

In addition to variable tissue distribution, Nay1 isoforms have been verified to

have unique developmental profiles. Nay1.1, Nay1.2, and Nay1.6 are present at

high levels in the adult CNS, but their presence in embryonic stages and neonatal

stages are different. Nay1.1 becomes detectable shortly after birth, whereas
Nay1.2 becomes detectable during embryonic stages. Both of them reach

maximal levels during the adult stage. Nay1.6 is the most abundant isoform in the

adult CNS, but the highest level is in late embryonic and early postnatal periods.

Nay1.3 can only be detected during embryonic and neonatal stages. Transcripts

of Nay1.5 are detectable in neonatal skeletal muscles but are replaced by Nay1.4

in adult skeletal muscles (Goldin, 2001).

The nine isoforms in Nay1.1 family exhibit significant differences in functional

properties. The voltage required for activation and inactivation of these isoforms is
listed in Table 1-1. The combination of channel subtypes in individual cells is a key
determinant of the membrane excitability, conduction velocity, and in some tissues
the resting membrane potential. Alterations in expression or activity of sodium
channel subtypes are associated with several disease states such as epilepsy,

stroke, and pain (Wood et al., 2004; Stafstrom, 2007).
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1.1.3 The sodium channel g subunit.

Compared with the pore-forming a subunit, the B subunit works as an auxiliary
subunit and is not required for the in vitro expression of sodium channels.
Currently, four B subunit (31-B4) encoding genes have been identified (Goldin,
2001; Yu et al., 2003). The size and tissue distribution of the four B subunits are
listed in Table 1-2.

The function of B subunits has two aspects. First,  subunits modulate the
channel gating and in turn modulate the excitability of neurons. The sodium
current mediated by a subunit alone does not exhibit the “fast-gating” kinetic
parameters observed in neurons. Coexpression with B1 and B2 subunits
increases the rate of both activation and inactivation (Isom et al., 1992; Isom et al.,
1995). Interaction between the a subunit and B subunits also regulates the
persistent sodium current (Aman et al., 2009). Second, B subunits are likely
responsible for targeting the sodium channel complex to the node of Ranvier by
interacting with other cell adhesion molecules (Ratcliffe et al., 2001). The B
subunit is composed of an extracellular immunoglobulin-like fold, a
transmembrane a-helix, and a short intracellular tail. The effect of the B subunit is
mediated entirely by the extracellular immunoglobulin-like fold. In neurons, the
interaction between the a subunit and the B subunits is either covalent or
noncovalent. The noncovalently linked B subunits include B1 and B3 (Isom et al.,
1992; Morgan et al., 2000). The loop on the extracellular side of transmembrane
segment DIVS6 was suggested as an interaction point of B1 subunit. On the other

hand, the B2 and B4 subunits covalently link to the a subunits via disulfide bonds
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(Isom et al., 1995; Yu et al., 2003).

1.1.4 The Drosophila voltage-gated sodium channel, Para.

In contrast to the multiple sodium channel genes in mammals, there is only
one functional sodium channel a subunit encoding gene identified in insects
(Dong, 2007), such as para from Drosophila (Loughney et al., 1989). Similar to
mammalian counterparts, the insect sodium channel a subunit has four
homologous domains, each containing 6 transmembrane segments.

In Drosophila, para is the only gene that encodes a functional sodium channel.

In 1971, Suzuki et al. (Suzuki et al., 1971) isolated a temperature- sensitive

paralysis mutant, parats. The phenotype of this mutation is immediate paralysis

when exposed to restrictive temperatures (37°C). This phenotype is due to a
temperature-dependent blockage in the propagation of nerve action potentials

(Siddigi and Benzer, 1976). In 1989, Loughney et al. (Loughney et al., 1989)
mapped the parats locus to 14C6-D1 of the X chromosome and cloned the para

cDNA and genomic DNA as well. The full-length genomic sequence of the para
gene is about 65 kb whereas the para cDNA is 6.8 kb after splicing. In 1997,
Warmke et al. confirmed that para encodes a voltage gated sodium channel and
has all of the expected channel functions and electrophysiological properties
when expressed in Xenopus oocytes (Warmke et al., 1997).

The ortholog of B subunit encoding gene has not been identified in Drosophila.
However, a structurally different subunit, TipE, has been identified to have a

function similar to that of the B subunit (Feng et al., 1995). TipE increases the
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Para sodium current in Xenopus oocytes when coexpressed with the Para protein.
Recently, four tipE like genes, termed as TEH1-4, were identified (Derst et al.,
2006). TEH1 is CNS-specific while TEH2, TEH3 and TEH4 are more widely
expressed. TEH1 substantially increases the sodium current amplitude, while
TEH2 and TEH3 increase the sodium current amplitude to a medium extent.
THE4 has no effect on the sodium current amplitude. The fast inactivation and
recovery from fast inactivation can be altered by coexpression of TEH1, indicating
that TEH1 works as an auxiliary subunit.

Although para is the only gene that encodes functional sodium channels in
Drosophila, electrophysiological studies showed that the properties of sodium
currents detected in various isolated insect neurons are not exactly the same
(O'Dowd et al., 1995; Wicher et al., 2001; Defaix and Lapied, 2005). How do
insects achieve the diversity of sodium channels? Recent research from both our
lab and others demonstrate that the para and other insect sodium channel
transcripts undergo extensive alternative splicing and RNA editing.

To date, seven alternative exons, a, b, e, f, h, i, j plus four mutually exclusive
exons, ¢/d, k/l, have been identified in para transcripts (Loughney et al., 1989;
Thackeray and Ganetzky, 1994; O'Dowd et al., 1995; Thackeray and Ganetzky,
1995; Olson et al., 2008). Detailed study of the para transcripts in embryonic and
adult stages indicated that alternative splicing of para transcripts is
developmentally regulated and varies extensively, resulting in a variety of sodium
channel isoforms with different gating properties (Thackeray and Ganetzky, 1994;
Lin et al., 2009).
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RNA editing is another post-transcriptional mechanism to increase the
diversity of sodium channels in insects (Liu et al., 2004; Song et al., 2004; Olson
et al., 2008). For example, a U-to-C editing event resulting in an F/S1950 amino
acid substitution on the Para channel generates a sodium channel variant with a
unique persistent current. This RNA editing event and its functional consequence
are conserved in the German cockroach sodium channel transcript (Liu et al.,

2004).

1.2 The Drosophila Sodium Channel 1 (DSC1)
1.2.1 Molecular biology of the DSC1

The DSC1 gene was first discovered in the 1980s by probing a Drosophila
genomic DNA phage library with an eel sodium channel cDNA (Salkoff et al., 1987
Ramaswami and Tanouye, 1989). Sequence analysis predicted that DSC1
encodes an ion channel that has more than 50% similarity to the vertebrate
sodium channel protein. The DSC1 channel protein has four homologous
domains each containing six membrane-spanning segments connected by
extracellular or intracellular linkers of various sizes. Sequences that are presumed
to be critical for channel function, such as the voltage sensor, S5 and S6, which
form the inner surface of channels, and the intracellular linker connecting D3 and
D4, show high evolutionary conservation compared to the channels identified in
rat and eel. Because of its overall similarity in deduced amino acid sequence with
mammalian sodium channel, DSC1 was proposed to encode a putative sodium

channel protein. /In situ hybridization showed that DSC1 locates within a single
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site at region 60E on chromosome 2R.

1.2.2 Tissue distribution studies of DSC1 transcripts and protein

In 1994, Chang-Sook Hong and Barry Ganetzky (Hong and Ganetzky, 1994)

examined the spatial and temporal expression patterns of both para and DSC1

transcripts in 12th-, 13th-, 15th- and 17th -stage embryos, 3rd instar lavae, 25

and 72 hr old pupae, and the adult. In embryos, the 5’ un-translated region of para

gene was detected during late stage 12, suggesting the initiation of para
transcription. The transcripts were detected in neurons but not in neuroblasts of
both CNS and PNS during early stage 13 and the following stages. DSC1
transcripts were detected in cells clustered along the ventral nerve cord at early
stage 12 prior to germ band retraction. In PNS, several cells appearing in the
dorsal wall of the foregut are DSC1 transcripts positive. The position of these cells
indicates that they may belong to the stomatogastric nervous system. By stage 15,
DSC1 is expressed in a regular pattern in some cells located along the
longitudinal commissures of the CNS. In the PNS of the same stage, DSC1
transcripts are expressed prominently in the frontal ganglionic region. Also at this
stage, there are several cells in the CNS labeled by DSC1 probe, but they may
not be neurons since they could not be labeled by a neuron-specific anti-HRP
antibody. In third instar larvae, para transcripts were detected in the CNS
including larval brain, ventral ganglia, and the PNS, such as eye discs and leg
discs. In the CNS, para expression was limited to mature neurons that regulated

the behavior of the larva. The para expression pattern in ventral ganglia reflects
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the continued expression of para in embryonically derived neurons. In the PNS,
para transcripts detected in photoreceptor cells in eye discs and some sensory
neurons in leg discs. However, in this stage, DSC1 transcripts were identified only
in the laminar region of the optic lobes. Interestingly, the expression pattern of
both para and DSC1 in the CNS were completely overlapped in the pupal and
adult stages. Transcripts of these two genes were present in brain, thoracic
ganglion, visual system, and antennal neurons. However, the expression of para
and DSC1 was distinctive in the developing pupal wing. At 25 hours after
pupariation, only transcripts of para, but not DSC1, were detected in some
sensory neurons along the anterior margin of the wing and in campaniform
sensilla along the third wing vein.

Castella et al. (Castella et al., 2001) used a DSC1 polyclonal antibody and a
neuronal specific monoclonal antibody, 22C10, to study the tissue distribution of
DSC1 channels in the nervous systems of adult D. melanogaster. DSC1
expression was detected exclusively in neurons, but not in other excitable cells
such as muscle cells. In the CNS, DSC1 is mainly distributed in synaptic regions
and axonal tracts in the brain and in thoracic ganglions. However, DSC1 was not
detected in the cell body of neurons, which is a main difference from Para. This is
not consistent with the in situ hybridization study by Hong and Ganetzky (Hong
and Ganetzky, 1994), which showed that the DSC1 transcripts were localized in
the cortical cell bodies. In the PNS, the distribution of the DSC1 protein is
strikingly wide. DSC1 signal was very weak in compound eyes but strong in the

antennal sensilla and nerves. DSC1 was also detected on sensory neurons and
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motor neurons of the proboscis, thoracic muscles, legs, anal plate, and the penis

apparatus.

1.2.3 Functional studies of DSC1 channels

To study the function of the DSC1 channel Germeraad et al. (Germeraad et al.,
1992) examined sodium currents from primary cultured embryonic neurons of a
DSC1 homozygous deficiency line using the voltage-clamp technique. Their
results suggested that these DSC1 absent neurons expressed sodium currents
similar to those from the wild type neurons, indicating that para is the major
sodium channel encoding gene in embryonic neurons.

One study suggested a functional role of the DSC1 channel in olfaction
(Kulkarni et al., 2002). A P-element insertion line, smi60E, exhibits a three-fold
shift in the dose response for avoidance of benzaldehyde, a repellent odorant to
Drosophila, toward higher odorant concentrations. The P-element insertion was
mapped to the second intron of the DSC7 gene. To verify the olfactory defect
phenotype is due to the P-element insertion, smi60E was crossed with 6 EP
insertion lines, which are mapped 58 bp downstream of the P-element insertion
site at the same intron of the DSC17 gene. The heterozygous offspring failed to
complement the olfactory defect, indicating the association of the P-element
insertion and the olfactory defect. There is another gene, L41, at the insertion site.
Southern blot analysis showed a 66% reduction in the DSC1 transcripts and 41%

reduction in the L4171 transcripts. When the P-element was excised, the olfactory
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impairment could be rescued even though the transcription level of L47 was not
restored, suggesting that the olfactory defect is not associated with L47.

Although DSC1 was isolated two decades ago, the function of the DSC1
channel remains undetermined. Liu et al. (Liu et al., 2001) cloned a DSC1
ortholog, BSC1, from Blattella germanica. The amino acid sequences between
the predicted DSC1 and BSC1 proteins share 81%, 78%, 80%, and 88% identities
in the transmembrane domains |-V, respectively. Furthermore, BSC1 transcripts
are found to be alternatively spliced in a tissue-specific and developmental
stage-specific manner.

The BSC1 channel was successfully expressed in Xenopus oocytes and was

found to function as a cation channel that is permeable to Na+, K+, Ca2+, and

BaZ* (Zhou et al., 2004). Interestingly, both Co* and Cd®" block the BSC1
channel, similar to their effects on voltage-gated calcium channels (Hille, 1992).

The BSC1 channel is permeable to monovalent cations (i.e., Na+, K+) in the

absence of external Ca2+. The permeability ratios were Pga/Pk = 30 and Pga/PNa

= 22 for the BSC1 channel, indicating that the BSC1 channel is more permeable

to Ca2+IBa2+ than to either Na' or K*. That is much lower than the permeability
ratio for L-type Ca2+ channels (PBa/PNa = 470 and Pca/PNa = 1170) and much

higher than the ratio for sodium channels (Pca/PNna = 0.1) (Hille, 1992).

In addition to the unique ion selectivity, the BSC1 channel is also different from
voltage-gated sodium channels with respect to the kinetics of activation,

deactivation, and inactivation. The BSC1 channel is a high-voltage-activated
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channel with a half-maximal activation voitage of 50 + 8 mV. Both activation and
inactivation of the BSC1 channel are slower than those of sodium channels,
resulting in a large tail current upon repolarization. It took a 40-ms depolarization
to fully activate the channel, and there was no significant inactivation observed
when BSC1 currents were recorded with 40-ms depolarization puises from -50 to
80 mV from the holding potential of -100 mV. However, complete inactivation was
evident when a long depolarization pulse (500 ms) was applied.

As described in Chapter 1.1.1, single amino acids located in the P-regions of
four domains determine the ion selectivity of sodium channels and calcium
channels. These amino acids are D, E, K, and A in sodium channels and E, E, E,
and E in calcium channels, respectively. Comparison of the sequence of BSC1

with voltage-gated sodium and calcium channels shows that the BSC1 channel
has D, E, E, and A at the same positions, respectively. The permeability to Ba2+ of
the BSC1 channel is reduced when the second E was substituted with K.
Moreover, the permeability to Na+ was enhanced with the same amino acid
substitution, indicating that the E residue in domain Ill is important for the

selectivity of the BSC1 channel toward Ba2+ or Ca2+. Phylogenetic analysis of the
relationship between the BSC1 channel and other voltage-gated sodium and
calcium channels suggests that BSC1 and DSC1 channels belong to a novel

family of ion channels that are closely related to calcium channels as they are to

sodium channels (Zhou et al., 2004).
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1.3 Pyrethroid insecticides act on the voltage-gated sodium channel
1.3.1 Pyrethrum and pyrethroids

Pyrethrins are a series of natural compounds found in pyrethrum extract from
chrysanthemum flowers. The insecticidal properties of pyrethrins were discovered
two centuries ago (McLaughlin, 1973; Casida, 1980). They are esters of
chrysanthemic acid (Fig. 1-3). However, because of its instability under the sun,
the pyrethrum extract and pyrethrins are mainly used in control of household
insect pests, such as mosquitoes and houseflies, not used as an agricultural
insecticide. With an increasing demand for organically grown products, use of
pyrethrum extract has also increased.

The synthetic analogs of the pyrethrins, termed as pyrethroids, are a group of
environmentally friendly, highly effective and selective insecticides which are used
globally for pest control. The first several pyrethroids were discovered from 1940
to 1970 (Elliott and Janes, 1978, Elliott, 1980). A few of these compounds, such
as allethrin, tetramethrin, and resmethrin, exhibited excellent insecticidal activity.
However, similar to pyrethrins, they are not very stable in the environment. The
successful synthesis of permethrin in 1973 by Elliott and coworkers (Elliott et al.,
1973) announced the first potent and photostable pyrethroid, opening a new era
of synthetic pyrethroid research and development. Following permethrin, several
pyrethroids, such as cypermethrin and deltamethrin, were synthesized and
proven to be highly potent and effective for pest control (Hall, 1978). Nowadays,
numerous photostable pyrethroids have emerged that exhibit an extreme

efficiency as agricultural insecticides (Elliott and Janes, 1978; Elliott, 1980) (Fig.
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1-3).

1.3.2 Classification based on chemical structure and symptoms

Based on whether there is an a-cyano-3-phenoxybenzyl alcohol structure in
the molecule, pyrethroids are grouped into two groups, named as type | and type
Il pyrethroids. (Fig. 1-3). Type | pyrethroids do not contain the
a-cyano-3-phenoxyenzyl alicohol structure while type |l pyrethroids do.
Interestingly, type | and type Il pyrethroids can cause different poisoning
symptoms (Gray and Soderlund, 1985; Soderlund and Bloomquist, 1989;
Bloomquist, 1993). At doses toxic to mammals, type | pyrethroids cause a
whole-body tremor, or T syndrome (Verschoyle and Aldridge, 1980) while type |l
pyrethroids produce choreoathetosis (sinuous writhing) and profuse salivation,
indicating an intoxication to the CNS (Verschoyle and Aldridge, 1980). Differential
poisoning syndromes caused by type | and type |l pyrethroids also occur in
insects, but they are less distinct than those observed in mammals (Soderiund
and Bloomquist, 1989; Bloomquist, 1993). Actually, the type | and type Il
classifications are not absolute in either insects or mammals, and certain
compounds show effects intermediate between the two classes (Soderlund and

Bloomquist, 1989).

1.3.3 Mode of action

The symptoms of pyrethroids intoxication suggest a disruption of the nervous

system. The earliest electrophysiological study on the mechanisms of pyrethrum
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insecticides was carried out using extracellular electrodes to record compound
nerve action potentials in insect and crayfish ventral nerve cord preparations
(Lowenstein, 1942; Welsh and Gordon, 1947). Isolated nerve fibers exposed to
pyrethrins generate repetitive discharges in response to a single stimulus. These
findings were confirmed in the first intracellular recording studies (Narahashi,
1962b, a), in which low concentrations of allethrin prolonged the falling phase of
the nerve action potential in cockroach giant fiber preparations and induced
repetitive discharges, whereas high concentrations of the same compound
reduced the amplitude of the action potential, eventually blocking nerve
conduction. These results were also the first to indicate that the voltage-gated
sodium channel is one of the primary targets of allethrin in modulating the nerve
action potential. Following studies on invertebrate giant axons (Clements and May,
1977; Lund and Narahashi, 1983) and frog sciatic nerve (Vijverberg et al., 1982)
have shown that type | compounds produce repetitive discharges similar to those
described for pyrethrins and allethrin, whereas type Il compounds do not produce
repetitive discharges, but lead to stimulus-dependent nerve depolarization and
blockage of the action potential.

Voltage clamp technique brought the research on the mode of action of
pyrethroids to a new level. With this technique, studies using various nerve
preparations have shown that the repetitive firing and depolarization caused by
pyrethroids resulted from prolonged opening of sodium channels (Soderlund and
Bloomquist, 1989; Vijverberg and van der Bercken, 1990; Narahashi, 1992;

Bloomquist, 1993). Pyrethroids slowed or delayed the inactivation of sodium
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channels resulting in a prolonged open state. Pyrethroids also produced a slowly
decaying sodium current, known as tail current, that continues to flow after the
membrane is repolarized. At the cellular level, the delayed shutting of
pyrethroid-modified sodium channels leads to a persistent inward current to flow
after an action potential, resulting in repetitive firing (type | pyrethroids) and
depolarization the nerve membrane (type Il pyrethroids) (Soderlund and
Bloomquist, 1989; Vijverberg and van der Bercken, 1990; Narahashi, 1992;
Bloomquist, 1993). Voltage-clamp experiments also showed different decay
kinetics of the tail current induced by type | and type Il pyrethroids. The decay of
tail currents induced by type Il pyrethroids is at least one order of magnitude
slower than those induced by type | pyrethroids. These quantitative differences in
tail-current decay kinetics between type | and type Il pyrethroids may account for
their different actions on the nervous system (Dong, 2007).

The patch-clamp technique is another powerful tool for studies of the mode of
action of pyrethroids. This method allows more detailed analysis of pyrethroid
modification of sodium currents at the single-channel level. Analysis of single
sodium channel currents in the presence of pyrethroids revealed a population of
channels with slowed kinetic transitions between different channel states
(Narahashi, 1992; Bloomquist, 1993). Channels modified by pyrethroids display
normal single-channel conductance but exhibit a prolonged open state with
altered activation kinetics (Narahashi, 1992; Bloomquist, 1993). Single-channel
and tail-current analysis indicate that the open state of the sodium channel is

more apt to be modified by pyrethroids than the closed state due to lower affinity
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for this state (Narahashi, 1992). The higher affinity for open channel could, at
least in part, explain the stimulus-dependent effects of the pyrethroids (Narahashi,
1992).

Wide use of pyrethroids in pest control stems not only from their high
efficiency, but also their relatively lower toxicity to mammals. Pyrethroids exhibit
a highly selective toxicity to insects over mammals. Potency evaluation in vitro
showed that allethrin was 1000-fold more potent on cockroach sodium channels
than rat TTX- sensitive sodium channels (Narahashi et al., 2007). Another
important factor affecting pyrethroid activity is temperature. Pyrethroids are much
more potent at low temperatures than at high temperatures. The enhanced
sensitivity of sodium channel to pyrethroids is due to increase in the time constant
and the amount of charge during the tail current (Song and Narahashi, 1996;
Motomura and Narahashi, 2000). This temperature dependence becomes an
important factor for pyrethroids safety because there is a 10°C difference in body
temperature between mammals and insects.

Voltage-gated sodium channels are the primary target of pyrethroids.
Nevertheless, there are several lines of evidences suggesting that pyrethroids
also affect other ion channels (Ray and Fry, 2006), such as voltage-gated calcium
channels (Shafer and Meyer, 2004), and chloride channels (Burr and Ray, 2004).
However, it is still premature to draw a solid conclusion that these channels are

also important to the acute neurotoxicity of pyrethroids.
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1.4 The giant fiber (GF) system
1.4.1 The cellular composition and function of the GF system

Giant nerve fibers are a group of neurons, which are associated with animal
escape response in many invertebrates and some lower vertebrates, including D.
melanogaster (Trimarchi and Schneiderman, 1995c; Trimarchi and Schneiderman,
1995b; Trimarchi and Schneiderman, 1995a). The classic case is when there is a
predator approaching; the shadow of the predator stimulates the visual system of
the insect and initiates a powerful jump with the middle legs. Once the fly is
airborne, flight usually follows (Trimarchi and Schneiderman, 1995¢c). The entire
circuit, including giant fiber neurons, interneurons, motor neurons, and muscle
cells, is termed as the GF system and is schematized in Fig. 1-4.

In Drosophila, the somas of giant fiber neurons are located in the brain with
their large axons extending to the thorax, where the terminals of the giant fiber
axon form synaptic connections with two different neurons: a large motorneuron
that innervates the tergotrochanteral muscle (TTM) and a peripherally synapsing
interneuron (PSI). The PSI axon crosses the midline and synapses with motor
neurons, which innervate the dorsal longitudinal muscle (DLM). The GF neurons
on each side are connected by the giant commissural interneurons (GCls) that
ensure the right and left sides respond simultaneously. Three groups of thoracic
muscles, the TTM, DLMs, and dorsoventral muscles (DVMs) (not shown in Fig.
1-4), provide the major forces for jump and flight. Visually evoked jump-flight
behavior is mediated by the GF system (Trimarchi and Schneiderman, 1995b;

Trimarchi and Schneiderman, 1995a) and is assumed to be an escape reflex.
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1.4.2 The synaptic connectivity among identified neurons of the GF system

As illustrated in Fig. 1-4 B, the GF-TTMn and GF-PSI synapses are mixed
electrochemical synapses. However, the neurotransmitter of these
mixed-synapses is not very clear. The neurotransmitter of the synapse between
the PSI and DLM motor neurons is acetyicholine (Gorczyca and Hall, 1984), while
glutamate is the transmitter at neuromuscular junctions in the GFS (Kosaka and

Ikeda, 1983; Koenig and Ikeda, 2005).

1.4.3 The giant fiber system recording

In the laboratory, the GF pathway can be triggered from different neurons by
giving electronic stimuli through electrodes poking into either compound eyes or
thorax (Fig. 1-4 C). The activity of the GFS can be reflected by recording muscle
potentials from either the TTM or DLM (Tanouye and Wyman, 1980). The time
interval between the stimulus and the first muscle potential is termed the
response latency. It reflects the time required for the stimulation signal to conduct
from activated neurons to the innervated muscle where the recording electrode is
located. Based on the length of latency, the responses can be grouped into two
classes, long latency (LL) and short latency (SL) responses. When a relatively
low-strength stimulus (i.e., low voltage) is applied, a muscle potential with longer
response latency is usually elicited. As the strength of the stimulus becomes
higher, the muscle response with shorter response latency is triggered. The
difference between these distinct response latencies is due to the involvement of

afferent neurons presynaptic to the giant fiber neuron (Fig. 1-4 C). The afferent
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neurons are involved in the long latency response, but will be bypassed when
higher strength stimuli are applied. Therefore, the giant fiber neurons are
activated directly resulting in a shorter response latency. Based on the difference,
the GFS can be referred as long latency and short latency pathways. The lowest
voltage by which the long latency response is elicited is termed the long latency
threshold and the lowest voltage to elicit the short latency response is called the
short latency threshold. When a pair of identical pulses separated by a variable
interval is delivered, the longest interval at which a muscle potential is elicited by
the first pulse but not by the second one is termed the refractory period, which is
an indication of the stability of the GF circuit. Both long and short latency
pathways exhibit distinct refractory period. Usually, the long latency refractory
period (LLRP) is around 40 ms and has big variations (around 10 ms or more),
while the short latency refractory period (SLRP) is less than 10 ms and varies

much less than the LLRP.
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Table 1-1. Tissue distribution and gating properties of nine mammalian
voltage-gated sodium channel a subunits (Goldin, 2001; Catterall et al., 2005).

Isoform Species Primary Tissue Activation (mV) Inactivation
Distribution (mV)
Nay1.1 Rat CNS, PNS -33 -72
Guinea pig
Nay1.2 Rat CNS -24 -53
Human
Na,1.3 Rat CNS -23to -26 -65 to -69
Nay1.4 Rat Skeletal -30%0r-26°  -50.1° or -56°
Human muscle
Nay1.5 Rat Denervated -47 -84
Human skeletal mucle, _gg® -100°
heart muscle _27f 6 1f
Na,16 Rat CNS,PNS g9 55"
Human 17h 5 1I
Mouse Nt ) m
Guinea pig -26 -97.6
-37.7
Nay1.7 ﬁat PNS -31" -65°
uman (o q
Rabbit 45 78
-60.5
-39.6°
Na,1.8 Rat PNS 160 -21" ~-30"
Mouse
Dog
Na,1.9 Rat PNS 47 to -54" 44 to -54'
Mouse
Human

a rat a subunit in Xenopus oocytes

b human a subunit in CHO cells

¢ human a subunit in Xenopus oocytes with 200-ms depolarizations using macropatch

voltage-clamp

d human a subunit in CHO cells with 5§00-ms depolarizations

e with phenylalanine as the major anion in the intracellular solution

fwith aspartate as the major anion in the intracellular solution

g mouse a subunit in xenopus oocytes with cut-open oocyte voltage-clamp

27



Table 1-1 (continued)

h

mouse a subunit with 1 and B2 in xenopus oocytes with cut-open oocyte voltage-clamp
mouse a subunit with inactivation removed and b1 and b2 in xenopus oocytes with
cut-open oocyte voltage-clamp

rat a subunit in Xenopus oocytes with macropatch voltage-clamp

mouse a subunitin Xenopus oocytes with 500-ms depol<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>