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ABSTRACT

Mammalian voltage-gated Na™ channels were less sensitive to
pyrethroids than their insect counterparts by 2 to 3 orders of
magnitude. Deltamethrin at 10 uM elicited weak gating
changes in rat skeletal muscle a-subunit Na™ channels (Nav1.4)
after > 30 min of perfusion. About 10% of the peak current was
maintained during the 8-ms, +50-mV pulse and, upon repolar-
ization to —140 mV, the amplitude of the slow tail current
corresponded to less than 3% of total Na* channels modified
by deltamethrin. A background mutation, Nav1.4-1687M (within
D2:S4-S5 cytoplasmic linker), enhanced the deltamethrin-in-
duced maintained current by ~2.5-fold, whereas Nav1.4-1687T,
a homologous superkdr mutation, reduced it by ~2-fold. Re-
petitive pulses at 2 Hz further augmented the effects of delta-
methrin on Nav1.4-1687M mutant channels so that ~75% of
peak currents were maintained. A second mutation, Nav1.4-

1687M/F1278l at the middle of D3-S6, rendered the channel
greatly resistant to deltamethrin. This double mutant channel
remained sensitive to batrachotoxin (BTX), even though nearby
residues S1276 and L1280 were critical for BTX action. We
hypothesize that the deltamethrin receptor and the BTX recep-
tor are situated at the middle but opposite surface of the D3-S6
a-helical structure. Another mutant, Nav1.4-1687M/N784K, ex-
hibited a partial deltamethrin-resistant phenotype but was
completely resistant to BTX. Consistent with the BTX-resistant
phenotype of N784K and the known adjacent kdr mutation at
position L785F, deltamethrin and BTX were probably situated
next to each other upon binding at D2-S6. Evidently, distinct
residues from multiple S6 segments were critical for delta-
methrin and BTX actions.

Pyrethroid insecticides are synthetic analogs of the natu-
rally occurring ingredients found in certain chrysanthemum
flowers (Narahashi, 1992; Zlotkin, 1999). They are widely
used in the control of the insect population for crop protection
and for pest-related diseases. Over the last 2 decades, how-
ever, many wild insect species have become resistant to py-
rethroids. One type of pyrethroid resistance involves the
genetic alternation of the voltage-gated Na™ channel gene.
The knockdown resistant and superknockdown resistant phe-
notypes (kdr and superkdr resistance) among houseflies are
two examples (Bloomquist and Miller, 1986; Pauron et al.,
1989). Sequence analyses of pyrethroid-resistant houseflies
(e.g., Musca domestica; Williamson et al., 1996) and other
insect species (e.g., German cockroaches; Miyazaki et al.,
1996) have identified position L1014F of the insect para Na™
channel gene as the common “defective” site for their kdr
phenotypes. The kdr defect is caused by para-L1014F muta-
tion, whereas the superkdr defect is caused by two mutations
of both para-L1014F and para-M918T.

Wild-type insect Na* channels are readily modified by
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pyrethroids at submicromolar concentrations (Vais et al.,
2000a); their fast inactivation is severely hampered and in-
complete during depolarization. Because the pyrethroid-
modified open Na™ channel cannot be shut off upon mem-
brane repolarization, a tail current that lasts for several
seconds appears at the holding potential. It is feasible to
study pyrethroid effects directly using Drosophila melano-
gaster para Na* channels expressed in Xenopus laevis oo-
cytes (Warmke et al., 1997). The kdr and superkdr mutations
in the para Na™ channel reduce the binding affinity of the
pyrethroid deltamethrin (for structure see Fig. 1) by 20- and
100-fold, respectively (Vais et al., 2000a), and dose-response
studies suggest that the stoichiometry for pyrethroid binding
is about two per para channel. At present, despite serious
efforts, the para Na™ channels have not been expressed in
mammalian expression systems.

The a-subunit Na™ channel protein consists of four re-
peated domains, each with six transmembrane segments
(Catterall, 2000). The physical location of para-L1014F (Mus-
ca domestica) within the a-subunit Na* channel protein is
near the middle of the D2-S6 segment (Fig. 1). The four S6
transmembrane segments may bundle together as an in-
verted teepee and the middle sections of the S6 segments

ABBREVIATIONS: kdr, knockdown resistance; superkdr, superknockdown resistance; BTX, batrachotoxin; HEK, human embryonic kidney.
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probably encircle the internal vestibule of the channel per-
meation pathway (Doyle et al., 1998; Lipkind and Fozzard,
2000; Wang et al., 2000). Recently, a PCR-mapping study
provided genetic evidence that a novel Na* channel point
mutation in the cattle tick Boophilus micropuls is present in
two field strains that are resistant to pyrethroid (He et al.,
1999). This point mutation is located near the middle of the
D3-S6 segment. The insecticide-resistant phenotype of this
point mutation has not yet been studied at the cellular level
and the tick Na™ channel has not been determined in its
entirety.

We and others previously proposed that the middle sec-
tions of multiple S6 segments form a receptor site for batra-
chotoxin (BTX) (Fig. 1B; highlighted; Linford et al., 1998;
Wang and Wang, 1998; Wang et al., 2000; 2001). In addition,
these four S6 segments probably align in close proximity
along the permeation pathway, particularly when the chan-
nel is in its inactivated state (Wang et al., 2001). Pyrethroids
and BTX are Na™ channel activators, which cause Na™ chan-
nels to open more easily and stay open longer than normal
(Hille, 1992). To account for the pharmacological effects in-
duced by both pyrethroids and batrachotoxin (for structure,
see Fig. 1), it seems reasonable to hypothesize that the resi-
due within D3-S6 identified by He et al. (1999) and the
residue from D2-S6 identified in £dr houseflies form a part of
the pyrethroid receptor.

. H .
Deltamethrin Batrachotoxin
B.
Starting Position 1 5 10 15 20 25
Navl.4 D1 S6 417 YMIFF VVIIF LGSFY LIINLI LAVVA MAY
Para D1 S6 405 hMIFF iVIIF LGSFY LI LAiVA MsY
Navl.4 D2 S6 772 CLTVE LMVMV IG VINLF LALLL SSF
PARA D2 56 995 CipfF LatvV IG VLNLF LALLL SnF
Navl.4 D3 S6 1264 MYLYF VIFII FGSHF| TLNLF IGVII DNF
para D3 S6 1492 MYLYF VEFII FGSHF| TLNiF IGVII DNF
Navl.4 D4 S6 1571 GICFF CSYII ISFLI VVNMY IAIIL ENF
para D4 56 1792 GItFl 1SYlv ISELI ViNMY IAVIL ENg
1 5 10 15 20 25
C.

Fig. 1. A, chemical structures of deltamethrin (505 Da) and batrachotoxin
(538 Da). B, sequence alignment of S6 segments from D1 to D4 in rat
Navl.4 and para Na™ channels (D. melanogaster). Underlined bold let-
ters represent residues critical for batrachotoxin action. Boxed bold let-
ters depict residues critical for deltamethrin action. C, relative positions
of S1276, F1277, F1278, T1279, and L.1280 on the Nav1.4-D3-S6 a-helical
structure; view from top to bottom using Alchemy 2000 (Tripos, Inc. St.
Louis, MO).
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We used a mammalian expression system to inquire (1)
whether a corresponding point mutation at D3-S6 in the rat
skeletal muscle Na* channel (Nav1.4-F12781) will render
this mutant resistant to deltamethrin, as predicted from the
above hypothesis, and (2) whether the BTX receptor and the
deltamethrin receptor overlap. Unfortunately, the pyrethroid
potencies in insect and mammalian Na™ channels differ sig-
nificantly (Narahashi, 1992). To exploit mammalian Nav1.4
channels for the insecticide study, we created a homologous
point mutation (Nav1.4-1687M) at the D2:S4—-S5 intracellu-
lar linker, which increases the pyrethroid affinity (e.g.,
Nav1.2 in oocytes, Vais et al., 2000a). Such a point mutation
is unlikely to reproduce all the features of the para isoform.
Our results nonetheless demonstrate that the Nav1.4-1687M/
F12781 mutant channel indeed confers the insecticide-resis-
tant phenotype found in the cattle tick B. micropuls. Our
data also indicate that receptors for BTX and deltamethrin
are structurally distinct, consistent with direct BTX binding
studies reported by Lombet et al. (1988) and Trainer et al.
(1993).

Materials and Methods

Site-Directed Mutagenesis. Transformer Site-Directed Mu-
tagenesis Kit (CLONTECH, Palo Alto, CA) was used to create
Nav1.4 Na* channel mutant clones as described previously (Nau et
al., 1999). Two primers (a mutagenesis primer and a restriction
primer) were used to generate the desired mutant. DNA sequencing
near the mutated region confirmed the mutation. Mutants of Nav1.4-
1687M, Nav1.4-1687T, Nav1.4-1687M-F1278I, and Nav1.4-1687M-
N784K were used along with the wild-type in this study. Mutants of
Nav1.4-1687M-L785K, Nav1.4-L785F, and Nav1.4-L.785H were pre-
pared but failed to express sufficient Na* currents.

Transient Transfection. Human embryonic kidney (HEK) 293t
cells were grown to ~50% confluence in Dulbecco’s modified Eagle’s
medium (Invitrogen, Carlsbad, CA) containing 10% fetal bovine se-
rum (HyClone, Logan, UT), 1% penicillin and streptomycin solution
(Sigma, St. Louis, MO), 3 mM taurine, and 25 mM HEPES (Invitro-
gen) and then transfected by a calcium phosphate precipitation
method in a Ti25 flask. Transfection of Nav1.4-pcDNA1/Amp (10-20
ng) and reporter plasmid CD8-pih3 m (1 pg) was adequate for later
current recording. Cells were replated 15 h after transfection in
35-mm culture dishes, maintained at 37°C in a 5% CO, incubator,
and used for experiments after 1 to 4 days. Transfection-positive cells
were identified by immunobeads (CD8-Dynabeads; Dynal, Lake Suc-
cess, NY).

Whole-Cell Voltage Clamp. Whole-cell configuration was used
to record Na* currents in cells coated with CD-8 beads (Hamill et al.,
1981; Cannon and Strittmatter, 1993). Pipette electrodes contained
100 mM NaF, 30 mM NaCl, 10 mM EGTA, and 10 mM HEPES
adjusted to pH 7.2 with CsOH. The tips of electrodes had a resistance
of 0.5 to 1.0 MQ. All experiments were performed at room tempera-
ture (22 to 24°C) under a low Na™- bath solution containing 65 mM
NaCl, 65 mM choline Cl, 2 mM CacCl,, and 10 mM HEPES adjusted
to pH 7.4 with tetramethylhydroxide. The benefit of using a low Na™
external solution was described by Cota and Armstrong (1989) and
was applied here to further minimize Na* loading caused by persis-
tent opening of BTX-modified and deltamethrin-modified Na™ chan-
nels. Stock solutions of BTX (0.5 mM) and deltamethrin (10 mM)
were dissolved in dimethyl sulfoxide. Deltamethrin (purchased from
Crescent Chemical Co., Hauppauge, NY) was applied externally at a
final concentration of 10 uM. Because of its low solubility, this is the
highest deltamethrin concentration that we could apply. The neuro-
toxin BTX was a generous gift from John Daly (National Institutes of
Health, Bethesda, MD). BTX at a final concentration of 5 uM (~500
times of the known dissociation constant value) was included in the
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internal pipette solution when needed. Whole-cell currents were
measured by a patch-clamp device (EPC-7 or Axopatch 200B), fil-
tered at 5 kHz, collected, and analyzed using pClamp software (Axon
Instruments, Foster City, CA). Leak and capacitance were first sub-
tracted by the Axopatch device and further by the pClamp leak
subtraction protocol (P/—4). Cells were always held at —140 mV to
avoid cumulative fast and slow inactivation in mutant channels
during repetitive pulses. Because of the presence of tail currents
after deltamethrin treatment, no (P/—4) leak subtraction was imple-
mented during repetitive pulses. An unpaired Student’s ¢ test was
used to evaluate estimated parameters (means *+ S.E.M.); P values of
<0.05 were considered statistically significant.

Results

Background Mutation in Rat Skeletal Muscle Na*
Channels (Navl.4) for Insecticide Studies. We first con-
structed a point mutation at position 687 of the S4-S5 intra-
cellular linker within domain D2 in the Nav1.4 Na™ channel
to increase its pyrethroid affinity using HEK293t cells. Fig-
ure 2, A and C, shows families of superimposed Na™ current

A. pl-wild type B.

+10 uM deltamethrin

3nAL

1 ms

=

C. ul-1687M D.

+10 uM deltamethrin

3nA L

1ms

Fig. 2. Activation of Nav1l.4 wild-type and mutant channels with and
without deltamethrin. Cells were first dialyzed with internal solution for
~20 to 30 min. Superimposed Na" current families elicited by 8-ms test
pulses ranging from —70 to +80 mV were shown in A, C, and E, without
deltamethrin. Pulses were delivered every 10 s in 10-mV increments from
a holding potential of —140 mV. The traces in B, D, and F were collected
in the presence of 10 uM deltamethrin. The P/—4 method after the pulse
was not used to collect these data, as the tail current appeared during this
time. Maximal leak currents were generally minimal (<0.3 nA). The
arrows on the traces indicate the drug-induced slow tail current. Mem-
brane conductance (g,,) was calculated from the equation g, = I,/ (E,, —
Ey.), where I, is the peak current elicited by the test pulse, E,, is the
amplitude of the test pulse, and E, is the estimated reversal potential.
Data were normalized with respect to the current evoked by the test pulse
of +40 mV and fitted to a Boltzmann equation: 1/ [1 + exp (Vo5 -V /
k,)]). The average midpoint voltage (V, ;) and slope factor (k,) for mutant
and wild-type channels are listed in Table 1.

traces from Navl.4 wild-type and Nav1.4-1687M mutant
channels at various voltages. The wild-type Na™ currents
were activated around —50 to —60 mV and reversed from
inward to outward around —12 mV under our ionic condi-
tions. After reaching its peak amplitude, the current decays
and reaches the baseline level within the pulse duration.
Little or no maintained current is found near the end of the
8-ms pulse at potentials less than +30 mV. Typical modifi-
cations in wild-type current kinetics by external delta-
methrin at 10 uM are shown after ~45 min of treatment (Fig.
2B). The peak current amplitude remained little changed by
deltamethrin, although the threshold for activation was
shifted by ~—10 to —15 mV. Such a shift in activation is
commonly found for mammalian Na™ channels after insecti-
cide treatment (e.g., Tatebayashi and Narahashi, 1994). A
small fraction of peak Na™ currents became noninactivating
and maintained during the test pulse. Slow-decaying tail
currents appeared after repolarization but were evident only
at higher test pulses (arrows). The amplitude of this slow-
decaying tail current was rather small compared with the
peak current amplitude. The overall current kinetics of
Nav1.4-1687M (Fig. 2C) remained comparable with those of
the Nav1.4 wild-type. The activation was leftward shifted
significantly from those of the Nav1.4 wild-type (by —17.1
mV in V, 5; Table 1, p <0.05) but the steady-state inactiva-
tion parameter was little changed (by —0.7 mV in h, ;). As
expected, the effects of 10 uM deltamethrin in Nav1.4-1687M
mutant channels were greater than those found in wild-type
(Fig. 2D). The relative maintained current in Nav1.4-1687TM
mutant was about 2- to 3-fold larger than that in wild-type.
For comparison, we also replaced the methionine residue
with threonine as in para superkdr mutants. The overall
current kinetics of Nav1.4-I1687T mutant channels were also
comparable with those of wild-type channels (Fig. 2E). The
activation and the inactivation parameters were listed in
Table 1 along with those of wild-type and Nav1.4-1687M
channels. However, unlike Nav1.4-1687M, mutant Nav1.4-
1687T channels became rather resistant to deltamethrin at
10 uM (Fig. 2F). Thus, a point mutation from isoleucine to
methionine, but not to threonine, at position 1687 renders the
Nav1.4 channels more sensitive than the wild-type channels
to deltamethrin.

The modifications of Nav1.4-1687M Na™ currents by 10 uM
deltamethrin were drastically enhanced by repetitive pulses.
Figure 3A shows the comparison of superimposed current
traces of Nav1.4 wild-type, Nav1.4-1687M, and Nav1.4-1687T
mutant channels after repetitive pulses. Pulses applied at 2
Hz did not significantly enhance modifications of wild-type
and Nav1.4-1687T mutant channels (Fig. 3A, left and right),
whereas an identical pulse protocol greatly altered the cur-
rent kinetics of Nav1.4-1687M (middle). First, the noninacti-
vating current increases with each additional pulse until it
reaches a steady-state level at 20 to 30 pulses. Second, tail
currents appeared after repolarization and their amplitude
greatly increased with each additional pulse until reaching a
maximal steady-state level around 20 to 30 pulses. Stimula-
tion with 100 brief conditioning pulses at a higher frequency
induced tail currents in I687M mutant channels that decayed
slowly and took more than 30 s to complete (Fig. 3B; center).
The time constant for the decay of Nav1.4-1687M tail current
was ~10 s, 30-fold slower than that of the wild-type (~0.3 s;
Fig. 3B; left). The tail current for Nav1.4-I687T under the
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same pulse protocol was small, and its time constant was fast
(~0.07 s; Fig. 3B, right). The time constant values of ~0.3 s
and ~0.07 s for the tail current decay in Nav1.4 wild-type
and Nav1.4-1687T mutant channels, respectively, readily ex-
plain the lack of additional modifications by deltamethrin
during repetitive pulses at 2 Hz (Fig. 3A, right and left). Such
a rapid decay in tail currents prevents cumulative effects by
repetitive pulses at 2 Hz (i.e., 0.5 s per pulse).
Batrachotoxin Modifies the I687M Na* Mutant
Channel and Enhances Binding of Deltamethrin. BTX
modified wild-type and Nav1.4-1687M mutant channels in a
similar manner. Repetitive pulses of +50 mV for 21 ms
facilitated the binding of BTX and consequently elicited non-
inactivating maintained currents during depolarization (Fig.
4A and B). Application of 1000 pulses sufficed to modify a
significant fraction of the Na* current (=80%) that becomes
noninactivating during depolarization. A small reduction in
the peak current occurred during repetitive pulses, probably
because of the cumulative effect of the Na* channel slow
inactivation. Unlike deltamethrin, BTX did not induce slow-

TABLE 1

D3-S6 Residue Critical for Pyrethroid Action 623

decaying tail currents upon repolarization to —140 mV in
either wild-type or Nav1.4-I687M mutant channels; only the
fast-decaying tail currents (Fig. 4, dotted arrows) were
present, which corresponded to the rapid closing of open
BTX-modified channels. Thus, point mutation at Nav1.4-
1687M did not affect BTX binding.

To test whether deltamethrin remains effective in binding
with BTX-modified Nav1.4-I687M Na™ channels, we first
included 5 uM BTX in the pipette solution and applied ~600
repetitive pulses to facilitate BTX binding. Because bound
BTX did not dissociate from its receptor site under our ex-
perimental conditions, we subsequently applied 10 uM del-
tamethrin externally after BTX modifications became evi-
dent. Figure 5A shows that deltamethrin remained active in
BTX-modified Nav1.4-1687M channels and elicited tail cur-
rents that clearly were larger in amplitude than those from
wild-type. The control current (trace 1) was taken first, fol-
lowed by traces 2 and 3 upon treatment of 10 uM delta-
methrin for 5 and 6 min, respectively. Notice that the tail
current decayed slowly and a portion of it remained even

Parameters for activation and steady-state inactivation of Nav1.4 wild-type and mutant Na* channels

The values for the voltage dependence of activation V5 and k, (mean * S.E. of the fit) were obtained as described in the legend to Fig. 2. For steady-state inactivation,
standard h.. curves were constructed (Nau et al., 1999). Pulses were administered at 10-s intervals. The midpoint voltage for steady-state inactivation (h, 5) and the slope

factor (k) values are presented as mean += S.E.M.

Channel Types

Nav 1.4-wt

1687TM

1687T 1687TM/N784K 1687M/F12781

-32.1 0.8
11.5 = 0.7
(n=05)
—88.5 +2.4
6.5 +0.3
(n=15)

Activation Vo5 (mV)
k, (mV)
(n =
Steady-State
Inactivation

h 5 (mV)
k, (mV)
(n =

—49.2 * 1.0%
9.6 = 0.9

5)

—-89.2 21
71+02

5)

—41.6 + 1.7*
10.5 = 1.6
(n=6)
-82.1 2.1
6.9+ 05
(n =6)

—54.2 + 1.7*
10.8 = 1.6
(n=05)
-90.8 + 1.8
56 = 0.1*
(n=15)

—40.2 + 1.5%
89+14
(n =6)

—85.1 + 4.6
6.4+ 0.3
(n=4)

*P < 0.05.
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Wild type 1687TM
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0
(:-trace 2

-5001

trace 2 (t = 9.97 s)
7=-1000+

Tail Current (pA)
Tail Current (pA)

Tail current (pA)

-1500

20p & 30p

Tail Current (pA)

A
=3
=1
Tail current (pA)
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g & o
?k

Fig. 3. Modification of Nav1l.4 wild-
type and mutant channels by 10 uM
deltamethrin with repetitive pulses.
A, superimposed traces of Na* cur-
rents in the presence of 10 uM del-
tamethrin after repetitive pulses.
Cells were held at —140 mV and
subjected to 30 depolarizations to
+30 mV for 24 ms at 2 Hz. Notice
that deltamethrin elicited a use-de-
pendent effect in the I687M mutant.
The numbers correspond to the
number of pulses applied. B, Nav1.4
wild-type and mutant tail currents
induced by 10 uM deltamethrin
with (trace 2) and without (trace 1)
a rapid train of 100 pulses (+30 mV
for 3 ms at 10 Hz). The cells were
then held at —140 mV and the tail
currents recorded for 25 s, followed
by a 100-ms test pulse to +30 mV.
Repetitive depolarizations produced
an augmented tail current to vari-
ous extents in all channels (trace 2
versus trace 1). Note that the tail
current of the I687M (r = 9.2 =+
0.84 s, n = 6) mutant decays slowly
relative to the Nav1.4 wild-type (7 =
304 + 16 ms, n = 5) and 1687T (7 =
70 = 5 ms, n = 5) mutant channels.
An inset for trace 2 with a faster
time frame is provided when appro-
priate.

1687T
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before the pulse of trace 3. Little or no increase in slow-tail
current amplitude was found thereafter. Evidently, the
wash-in kinetics of deltamethrin was much faster than that
of wild-type and Nav1.4-I687M mutant channels without
BTX (<10 min versus >30 min). Again, repetitive pulses
(+50 mV for 5 ms at 20 Hz) enhanced both the maintained
current amplitude during the pulse and the tail current am-
plitude after repolarization (Fig. 5B). The time course of the
decay of the slow tail current component was measured un-
der a slower time frame with a time constant of 28.7 s (Fig.
5C). These results together suggested that BTX enhanced the
binding of deltamethrin by slowing its dissociation rate and
that the BTX and the deltamethrin receptors were distinct
and probably separated in situ at two different binding sites.
The enhancement of deltamethrin binding by BTX was there-
fore due to an “allosteric” mechanism. Deltamethrin might
also enhance the binding of BTX reciprocally because the
maintained current amplitude was increased. It is notewor-
thy that the maintained current came from the BTX-modified
channels, the deltamethrin-modified channels, and the chan-
nels modified by both ligands. In contrast, the slowly decay-

A
Wild type

5 ms

Fig. 4. BTX-sensitive phenotype in Nav1.4-1687M mutant channels. Su-
perimposed current traces were recorded from wild-type (A) and 1687M
(B) mutant channels during repetitive pulses at +50 mV for 21 ms at 2
Hz. Cells were held at —140 mV and dialyzed for 15 min before repetitive
pulses. BTX modifies both channel types effectively (n = 5). Dotted
arrows indicate the fast decaying tail current, while the solid arrows
show maintained currents during the repetitive pulse of 30, 100, 300, 600,
and 1000; traces 30p and 1000p are labeled. The straight dotted line
indicates the current baseline.

A

1687TM+BTX

/
Il

p—t
(]
o

4 nA

Fig. 5. Deltamethrin binding in BTX-modified Nav1.4-1687M mutant
channels. A, superimposed current traces in Nav1.4-1687M mutant chan-
nels already modified by BTX were recorded before (trace 1), 5 min after
(trace 2), and 6 min after (trace 3) 10 uM deltamethrin superfusion. Trace
1 was taken after 600 repetitive pulses (as described in the legend to Fig.
4) that were applied to facilitate BTX binding. BTX at 5 uM was included
in the pipette solution. Notice that the tail current appeared readily 5 min
after the application of deltamethrin. This tail current decayed very
slowly at —140 mV and the residual tail current remained even 1 min
after repolarization (trace 3, front). The straight dotted line indicates the
current baseline. B, repetitive pulses of +50 mV for 5-ms at 20 Hz further
enhanced deltamethrin binding; both the maintained current and slow
tail current amplitudes were significantly increased. Currents from pulse
numbers 1, 5, 30, 50, 75, and 100 were superimposed for comparison. C,
a prolonged depolarization for 1 s to +50 mV was applied to generate the
tail current. The maintained Na™ current during the pulse and the tail
current upon repolarization to —140 mV were recorded at a slower time
frame. The decay of the slow tail current was well fitted by a single
exponential function (dotted fit).
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ing tail current (7 = 26.5 + 2.3 sec, n = 5) probably came from
channels modified by both ligands exclusively, whereas the
remaining decaying tail current could come from channels
modified by deltamethrin alone.

Residue F1278 at D3-S6 Is Critical for Deltamethrin
Action. An additional point mutation of Nav1.4-1687M at
the segment D3-S6, Nav1.4-F1278I, drastically hampered
the effects of deltamethrin on Na™ current kinetics. Figure
6A (left) shows the family of superimposed Na™ current
traces from Nav1.4-1687M/F1278] mutant at various volt-
ages before and after 10 uM deltamethrin (left versus right).
The activation and inactivation parameters were measured
and are listed in Table 1 for comparison with wild-type and
with other mutants. Unlike Nav1.4-1687M channels, the phe-
notype of Nav1.4-1687M/F12781 channels after deltamethrin
treatment became comparable with that of Nav1.4-1687T
(Fig. 6A; right). Repetitive pulses using the same pulse pro-
tocol described in Fig. 3 did not enhance modifications of
current kinetics of this mutant by 10 uM deltamethrin (Fig.
6C). There were no visible slow-decaying tail currents even
after 100 brief conditioning pulses under a higher frequency
(Fig. 6D). The fast- decaying tail had an average time con-
stant of 0.06 s, which is not statistically different from ~0.07
s for Nav1.4-1687T (P = 0.65). Quantitative analyses of main-
tained currents before and after repetitive pulses at 2 Hz are
included in Fig. 7. Clearly, Nav1.4-1687M/F1278I channels
showed a rather resistant phenotype to deltamethrin as com-
pared with Nav1.4-1687M channels, demonstrating that the
residue at F1278 was critical for pyrethroid action.
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Fig. 6. Deltamethrin-resistant phenotype in Nav1.4-1687M/F12781 mu-
tant channels. Superimposed Na™ current families were measured as
described in Fig. 2 in the absence (A) and in the presence (B) of 10 uM
deltamethrin. C, superimposed traces of Na* currents in the presence of
10 uM deltamethrin after repetitive depolarizing pulses as described in
Fig. 3A. Cells were maintained at a holding potential of —140 mV and
were subjected to 30 pulses to +30 mV for 24 ms at 2Hz. Notice that
deltamethrin elicits no use-dependent effect in 1687M/F1278] mutant
channels. D, tail currents of the I687M/F12781 mutant induced by 10 uM
deltamethrin with (trace 2) and without (trace 1) a conditioning train of
100 brief depolarizing pulses at ~10 Hz as described in Fig. 3B. No slow
tail currents were present.
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F1278 at D3-S6 Is Not Critical for Batrachotoxin Ac-
tion. To test whether BTX action is affected by the point
mutation at F1278 position, we included 5 uM BTX in the
pipette solution and applied repetitive pulses as described in
Fig. 4 to facilitate BTX binding in Nav1.4-1687M/F12781
mutant channels. Figure 8A shows that BTX readily modifies
the Nav1.4-1687M/F12781 mutant channels. Application of
1000 pulses converted a large fraction of Na™ current into a
noninactivating component during depolarization. Tail cur-
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Fig. 7. Quantitative analyses of Nav1l.4-wild-type and mutant channels
modified by 10 uM deltamethrin. A, in the presence of 10 uM delta-
methrin, the maintained currents were measured near the end of the
depolarization, both before and after repetitive pulsing as described in
Fig. 3A. These values were then normalized with respect to the peak
current of the same trace and plotted against the mutant type. The
number of experiments for each channel type is shown above each bar
graph. B, the percentage (M) of channels modified by 10 uM deltamethrin
was plotted against the number of depolarizing pulses. Cells were sub-
jected to repetitive pulses as described in Fig. 3A. The percentage of
modified channels (M) was calculated from the equation M = [{I,,; /
(Ean — Ex )V, / (B, — Eg)} X 100, where I, is the tail current
amplitude, E,,; is the voltage potential at which the tail current was
recorded (—140 mv), E, is the estimated reversal potential of the Na*
current, and I, is the amplitude of the peak current elicited by the test
pulse. Five, six, five, four, and seven experiments were performed for
Navl.4 wild-type, 1687M, 1697T, 1687TM/784K, and 1697M/1278I, respec-
tively.
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rents in the Nav1.4-1687M/F12781 mutant decayed rapidly
(dotted arrow), as in the wild-type channels. Therefore, the
BTX action in Nav1.4-1687M/F1278] mutant channels re-
mained little affected. It is interesting that the binding of

A 1687TM/F12781+BTX

4 nA
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Fig. 8. BTX-sensitive phenotype in Nav1.4-1687M/F12781 mutant chan-
nels. A, superimposed Na* currents in Nav1.4-1687M/F1278I mutant
channels were recorded during repetitive pulses of +50 mV for 21 ms at
2 Hz as described in the legend to Fig. 4. Nav1.4-1687TM/F12781 mutant
channels remained sensitive to BTX at 5 uM; maintained currents were
evident and became progressively larger during repetitive pulses. Cur-
rents from pulse number 30, 100, 300, 600, and 1000 were shown. B,
superimposed current traces in BTX-modified Nav1.4-1687M/F12781 mu-
tant channels before and after application of 10 uM deltamethrin for 30
min show that the insecticide failed to elicit any slow tail current (dotted
arrow). The pulse protocol was the same as described in Fig. 5A. C, after
30-min superfusion of 10 uM deltamethrin, repetitive pulses of +50 mV
for 5 ms at 20 Hz were subsequently applied in BTX-modified Nav1.4-
1687M/F12781 mutant channels as described in Fig. 5B. Again, no slow
tail current was evident under these conditions.

BTX did not reverse the mutant channel from its delta-
methrin-resistant phenotype. Figure 8B shows that little or
no slow tail current in the BTX-modified Na™ channels ap-
pears after 10 uM external deltamethrin application even
after continuous drug perfusion of the cell for 30 to 45 min
(dotted arrow). Further repetitive pulses also failed to elicit
any slow tail currents upon repolarization (Fig. 8C). These
phenotypes were repeated in four separate experiments and
contrasted sharply with the phenotype found in Navl.4-
1687M (described in Fig. 5), further confirming that the BTX
receptor and the deltamethrin receptor were distinct and
that BTX could not rescue the F1278I mutational defect in
deltamethrin binding.

N784K at D2-S6 Modulates Deltamethrin Action. We
attempted to study the known kdr mutation at the D2-S6
homologous site, L785F, in Nav1.4-1687M channels. Unfor-
tunately, we repeatedly failed to detect sufficient currents in
HEK293t cells transfected with the Nav1.4-1687M/L785F
mutant or with the Nav1.4-1687M/L785K mutant. An adja-
cent site, N784, was reported to be critical for BTX action;
lysine substitution of N784 rendered the mutant channel
completely resistant to 5 uM BTX (Wang et al., 2001). We
found that the Nav1.4-I687TM/N784K mutant expressed suf-
ficient Na™ currents for insecticide studies (Fig. 9A). This
mutant channel was also completely resistant to 5 uM BTX;
repetitive pulses of 1000 at 2 Hz failed to modify the current
kinetics. The activation and inactivation parameters were
measured and are listed in Table 1. Figure 9B shows that the
Nav1.4-1687M/L784K channels are nevertheless modified by
10 uM deltamethrin. Repetitive pulses further enhanced the
modification significantly (Fig. 9C). Quantitative analyses of
maintained currents before and after repetitive pulses
showed that sensitivity of this mutant to deltamethrin fell
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Fig. 9. Partial deltamethrin-resistant phenotype in 1697M/N784K mu-
tant channels. Superimposed Na™ current families of 1687M/N784K mu-
tant channels in the absence (A) and presence (B) of 10 uM deltamethrin
were recorded as described in Fig. 2. C, superimposed traces of Na™
currents in the presence of 10 uM deltamethrin were recorded during 30
repetitive depolarizations to +30 mV for 24 ms at 2Hz as described in Fig.
3A. Cells were held at —140 mV. The numbers labeled correspond to the
number of pulses applied. D, I687M/784K mutant tail currents induced
by 10 uM deltamethrin with (trace 2) and without (trace 1) a conditioning
train of brief pulses (+30 mV for 3 ms) at ~10Hz as described in Fig. 3B.
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between those of the ul1-I687M mutant and the Navl.4-
1687TM/F12781 mutant (Fig. 7). In addition, the tail current of
the Nav1.4-I687TM/F1278] mutant induced by repetitive
pulses appeared to decay faster than that of the Nav1.4-
1687M mutant (Fig. 9D; 7 = 5.5 s versus 10.0 s). This pheno-
type remained the same with or without 5 uM BTX in the
pipette solution. These results together demonstrated that
residue N784K modulated the binding of deltamethrin but
did not eliminate it, consistent with the notion that N784 was
adjacent to but not necessarily a part of the deltamethrin
binding site.

Discussion

This report describes three principal findings. First, an
1687M background mutation of rat skeletal muscle Nav1.4
Na™ channels increases their deltamethrin sensitivity in
HEK293t cells, whereas the 1687T mutation has the opposite
effect. Second, an additional F1278] mutation at segment
D3-S6 renders Nav1.4-1687M/F12781 channels resistant to
deltamethrin. Third, a lysine substitution of residue N784 at
segment D2-S6 significantly reduces the deltamethrin effects
on Nav1.4-1687M/N784K channels. Implications of these re-
sults are discussed below.

Are Navl.4 Channels Expressed in HEK293t Cells
Applicable for Insecticide Studies? Deltamethrin ap-
pears as a weak gating modifier of the Nav1.4 channel in
HEK293t cells; even at 10 uM, its effects on the Navl.4
wild-type channels are unremarkable (Fig. 2). The main-
tained current during depolarization is ~10% of its peak
current amplitude; this level of modification is comparable
with rat brain channels expressed in Xenopus laevis oocytes
(Vais et al., 2000a). The induced tail current after repolar-
ization to the holding potential is also small in amplitude and
corresponds to ~3% of the total channels. In addition, the
time to reach the steady-state modification requires more
than 30 to 40 min of continuous drug perfusion. The low
solubility of deltamethrin and its long wash-in time make the
dose-response study impractical in Nav1.4 channels. Repet-
itive pulses at 2 Hz to improve deltamethrin binding with the
open Na™ channel are also fruitless.

However, a background mutation, Nav1.4-1687M, greatly
improved the level of gating modification by deltamethrin.
Such a strategy was used previously by Vais et al. (2000a) for
the Nav1.2 channel expressed in oocytes. With this mutation,
the maintained current corresponds to ~28% of the peak
amplitude, and the induced tail current corresponds to ~7%
of Nav1.4-1687M channels modified by deltamethrin. Repet-
itive pulses increase the maintained current to ~75% and the
tail current to ~25% of total channels modified. The discrep-
ancy between the amount of deltamethrin-modified Nav1.4-
1687M channels in maintained and in tail currents is discon-
certing but can be explained. Vais et al. (2000b) found that
the tail current was rectified when the voltage was more
negative than —80 mV, probably because of the blockade of
tail current by external calcium ions. At —140 mV holding
potential, deltamethrin-induced tail currents would be
greatly rectified in our assay and underestimated. Nonethe-
less, the end result indicates that I687M mutation causes an
~8-fold increase in the gating modification of the Nav1l.4
channels by deltamethrin. With this level of modification,
Nav1.4-1687M channels became useful for insecticide studies
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in HEK293t cells, including the mapping of the deltamethrin
receptor. In Xenopus laevis oocytes, homologous substitution
of the rat Nav1.2-1874 M channel caused a 80% gating mod-
ification by 1 uM deltamethrin (5 ms pulses at ~60 Hz; Vais
et al., 2000a). Beside experimental protocols, this quantita-
tive difference could be caused by distinct Na™ channel iso-
forms and/or different expression systems.

Does the D3-S6 Segment Form a Part of the Insecti-
cide Receptor? The double mutations of Nav1.4-1687TM/
F12781 reversed the Nav1.4-I687M channel from a delta-
methrin-sensitive to a deltamethrin-resistant phenotype.
Quantitative analyses of maintained and tail currents reveal
that Nav1.4-1687M/F12781 mutant is less sensitive to delta-
methrin than the Nav1.4 wild-type and is as resistant as
Nav1.4-1687T, a superkdr mutation. The fact that the
Nav1.4-1687M/F12781 mutant confers the deltamethrin-re-
sistant phenotype directly supports the genetic analysis of
tick insecticide-resistant Na™* channel by He et al. (1999). We
noticed that point mutations often change the channel gating
parameters in varying degrees (Table 1). Whether such gat-
ing changes also contribute to insecticide resistance in vivo is
unclear. Final confirmation of this insecticide-resistant phe-
notype in tick Na™ channels is needed.

Although residue Nav1.4-F1278 is critical for insecticide
action, this result may be interpreted in two different ways.
First, residue F1278 may indirectly affect the insecticide
binding in the Nav1l.4 channel. Second, residue F1278 may
form a part of the insecticide receptor. Residue F1278 is at
position 15 within D3-S6, and residue L.785, a kdr allele, is at
position 14 within D2-S6 (Fig. 1). If L785 forms a part of the
insecticide receptor (Vais et al., 2000b), it is probable that
residue F1278 aligns closely with residue L785 (Lipkind and
Fozzard, 2000). Such close alignment may allow delta-
methrin to interact directly with both residues. In fact, this
in situ space between D2-S6 and D3-S6 may not be optimal
for the insecticide binding. Repetitive pulses may widen or
reorient this in situ space during gating transitions and
increase the insecticide binding with the open form of the
channel. The suggestion of the existence of a domain-inter-
face receptor for insecticides that includes segments of D2-S6
and D3-S6 is appealing. Specifically, it provides the struc-
tural basis for deltamethrin action under Hille’s modulated
receptor hypothesis (Hille, 1992). A domain-interface recep-
tor situated along the “moving” S6 segments (Yellen, 1998;
Perozo et al.,, 1999) may explain the complicated conse-
quences of deltamethrin poisoning. For example, the reason
for the appearance of maintained current and induced tail
current could be the stabilization of multiple S6 segments in
their open configuration by deltamethrin binding.

Is the Insecticide Receptor Separated from the BTX
Receptor at D3-S6? Residues at D3-S6 probably form a part
of receptor for BTX (Wang et al., 2000). The BTX receptor
seems to include two residues at position S1276 and 1.1280.
The a-helical S6 model indicates that these residues face the
opposite side of residue F1278 (i.e., ~100° per residue or 3.6
residues per a-helical turn; Fig. 1C). Not surprisingly, there-
fore, deltamethrin interacts with BTX-modified Navl.4-
1687M channels and its binding seems to be enhanced by
BTX. This enhancement is reflected in the slower tail current
decay and in the faster wash-in time (30—40 min versus <10
min). This result demonstrates that BTX enhances the insec-
ticide binding. The reverse was also reported (Lombet et al.,
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1988; Trainer et al., 1993). In addition, BTX binds readily
with the Nav1.4-1687M/F1278I channel but fails to rescue its
deltamethrin-resistant phenotype. Thus, distinct residues in
D3-S6 may form a part of receptors for BTX and for delta-
methrin and these two receptors are situated at the opposite
face of the D3-S6 «-helical structure (Fig. 1C).

Is the Insecticide Receptor at D2-S6 Segment Adja-
cent to the BTX Receptor? The kdr allele, residue Nav1.4-
L1785 within D2-S6, is located next to N784, which was iden-
tified as a part of the putative BTX receptor (Wang et al.,
2001). If BTX and insecticide receptors are located closely
enough within D2-S6, could a mutation at N784 affect the
deltamethrin binding? We found that Nav1.4-1687M/N784K
displays a partially resistant phenotype (Fig. 7). This result
supports that the insecticide receptor at D2-S6 is adjacent to
the BTX receptor. Unfortunately, we failed to express mutant
Nav1.4-1687M/L785F or Nav1.4-1687M/L785K and therefore
cannot determine their BTX and deltamethrin phenotypes.
Our previous report, however, demonstrated that the L785K
mutant remained sensitive to 5 uM BTX (Wang et al., 2001),
suggesting that the kdr allele is not a part of the BTX recep-
tor. For comparisons, the time constant of the deltamethrin-
induced tail current decay follows this order (mean = S.E.M.,
n = 4-6): Nav1.4-I687M (9.2 *= 0.8 s) > Nav1.4-1687TM/
N784K (4.7 = 0.6 s) > Nav1.4 (0.30 = 0.02 s) > Nav1.4-1687T
(0.07 = 0.01 s) =~ Nav1.4-I687M/F1278I (0.06 = 0.02 s). In
addition, BTX slows the time constant of Nav1.4-1687M from
9.2 to 28.7 s. These values probably reflect the dissociation
rate of deltamethrin from its receptor at the holding potential
and may represent the best indicator for their relative po-
tency toward Nav1.4 mutant channels.

Finally, two recent reports suggest that residue I/v433 may
form part of an insecticide receptor within D1-S6 (Fig. 1B;
Zhao et al., 2000; Lee and Soderlund, 2001). This position has
been proposed as part of the BTX receptor. However, the
effect of kdr allele on insecticide action is more profound than
that of the para-V421 M (Nav1.4-1433, Zhao et al., 2000).
This phenotype, therefore, is similar to that found in Nav1.4-
1687M/N784K. Consequently, it remains unclear whether
this position is contiguous or is a part of the insecticide
receptor.

In summary, we hypothesize that the residue at the
Nav1.4-F1278 position forms a part of the insecticide recep-
tor, which is located at the opposite surface of the a-helical
D3-S6 structure away from the putative BTX receptor. Sub-
stitution of F to I could disrupt its binding with deltamethrin
directly. However, an indirect mutational effect could also
account for these results. In addition, as a part of the puta-
tive BTX receptor, residue N784K at the D2-S6 segment
modulates the deltamethrin binding, probably because this
residue is adjacent to position 785 (a kdr allele), which may
form a part of the “interdomain” insecticide receptor along
with residue F1271 at D3-S6. It is noteworthy that a separate
insecticide receptor within a different S6 segment is equally
possible. This would agree with the finding that superkdr
mutations reduce the number of deltamethrin binding sites
per channel from two to one (Vais et al., 2000b). In any event,
the similar pharmacological profiles for insecticides and BTX
as Na* channel activators are probably derived from their
linkage with respect to S6 movements during gating, as
proposed previously for BTX action (Wang et al., 2000; 2001).
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