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Abstract

Cycloxaprid is a novel cis-neonicotinoid, mainly acting on the nicotinic acetylcholine receptor; however, it is not clear
whether cycloxaprid can act on voltage-gated ion channels. In this study, the effects of cycloxaprid on the sodium, calcium
and potassium channels in central neurons acutely dissociated from Helicoverpa armigera Hiibner (Lepidoptera: Noctuidae)
were investigated by the whole-cell patch clamp technique. With the application of cycloxaprid, the half voltage (V, 5) of
activation and inactivation of sodium channels exhibited an obvious hyperpolarizing shift around 4-16 mV and 4-14 mV,
respectively. The window currents of sodium channels increased by 35.04—88.89%. The time course of recovery from
inactivation was also significantly prolonged by 0.25-0.43 ms. The V|, 5 of activation and inactivation of calcium channels
exhibited a marked hyperpolarizing shift around 6-9 mV and 13—-19 mV, respectively. The window currents of calcium
channels increased by 13.82-28.97%. The time course of recovery from inactivation for calcium channels was prolonged by
0.76-16.85 ms, although not significantly. Comparatively, the peak currents and the V 5 of activation of potassium channels
showed no significant change. These results indicate that sodium and calcium channels of H. armigera are potential target
sites of cycloxaprid.

Keywords Cycloxaprid - Helicoverpa armigera - Voltage-gated calcium channel - Voltage-gated potassium channel -
Voltage-gated sodium channel

Introduction

The cotton bollworm, Helicoverpa armigera (Hiibner) (Lep-
idoptera: Noctuidae), is one of the most severe cosmopoli-
tan agricultural pests (Tian et al. 2021). It is widely distrib-
uted in Asia, Africa, Europe, and other regions (Reddy and
Manjunatha 2000) and can attack more than 200 wild and
crop species, including a range of fruits, vegetable crops,
and tree species (Sarate et al. 2012). Although many pest
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management practices have been implemented, its control
depends almost exclusively on insecticides (Wang et al.
2021).

At present, the insecticides occupying the largest mar-
ket share in the pesticide field globally are neonicotinoids,
which mainly act on the nicotinic acetylcholine receptor
(nAChR) (Jeschke and Nauen 2008; Jeschke et al. 2011;
Ohno et al. 2009). These pesticides have a wide insecticidal
spectrum, high insecticidal activity, and environmental
friendliness (Casida 2018; Matsuda et al. 2001). Yet because
of the excessive usage of neonicotinoids and the lack of
alternative pesticides, several species, including the cotton
aphid (Aphis gossypii) (Shi et al. 2011; Wang et al. 2007),
whitefly (Bemisia tabaci), brown planthopper (Nilaparvata
lugens) and peach-potato aphid (Myzus persicae) (Bass et al.
2011; Liu et al. 2005), have developed resistance to them.

Ion channels are targets of many pesticides and are
strongly correlated with insecticide resistance (Ahmad et al.
1989; Dong 2007). Recent studies have shown that several
neonicotinoids can affect sodium, calcium and potassium
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channels, which are considered as potential targets for neo-
nicotinoids and are related to insecticide resistance (Guan
et al. 2020; Liu et al. 2021). Liu et al. (2021) found that the
peak currents of sodium channels and calcium channels of
H. armigera were significantly inhibited by nitenpyram and
that both the half voltage of activation and inactivation of
sodium and calcium channels moved in the hyperpolariza-
tion direction. In addition, the window currents of sodium
and calcium channels were significantly increased. Further-
more, Guan et al. (2020) found that guadipyr could effec-
tively affect the gating properties of calcium and potassium
channels.

Cycloxaprid (Cyc) is a novel synthesized neonicotinoid
pesticide developed by East China University of Science
and Technology (Li and Dewey 2011; Pan et al. 2014; Shao
et al. 2011). Structurally, Cyc is the only cis-nitromethylene
neonicotinoid, the nitro substituent of Cyc is in the cis-
configuration, but that of all other neonicotinoids (such as
imidacloprid, thiamethoxam, acetamiprid, nitenpyram, and
guadipyr) is in the trans-configuration (Shao et al. 2011).
Because of its unique structure, Cyc has insecticidal advan-
tages compared with other pesticides. Field trials have
shown that Cyc has a wide insecticidal spectrum (Cui et al.
2012, 2016; Jin et al. 2020), high efficacy, no cross-insecti-
cide resistance (Fang et al. 2018; Shao et al. 2010) and low
toxicity to mammals and pollinators (Annely et al. 2016; Cui
et al. 2016). However, it is not clear whether Cyc can also
act on the sodium, calcium and potassium channels in H.
armigera. The purpose of this research was to explore, using
the whole-cell patch clamp technique, whether the voltage-
gated sodium, calcium and potassium channels in the central
neurons of H. armigera are potential targets for this new
type of pesticide, Cyc, to further elucidate its insecticidal
mechanism.

Materials and methods

Insect and preparation of acutely dissociated central
neurons

The cotton bollworm, H. armigera were originally collected
from field in Hebei province of China in August of 1992,
which were divided into two populations in laboratory. One
population was selected for four circulations via single pair
elimination method with specific insecticide to gain highly
sensitive generations to insecticide as the sensitive strain.
The sensitive insects were purchased from Institute of Plant
Protection, Academy of Agricultural Science of China in
1997, and was continuously raised indoors without any
treatment. The larvae were fed on a semi-artificial diet
after cooked thoroughly in laboratory with the following
materials: 150 g cornmeal, 50 g soybean meal, 15 g yeast
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power, 5 g agar powder, 0.5 g sorbic acid, 1.25 g citric acid,
5 g vitamin C, 0.75 g multivitamin, 3 mg erythromycin,
and 525 mL distilled water. Adults were fed on a mixture
solution of glucose, honey and vitamin E. Both larvae and
adults were reared at 27 + 1 ‘C and at a relative humidity of
65-80% with a 12 h light/12 h dark photoperiod. Addition-
ally, it should be noted that the pupal stage required com-
plete darkness.

The third instar larvae of H. armigera were starved for
12 h in advance, and then sterilized in 75% ethanol for
2-3 min and washed 2-3 times with a sterilized insect saline
solution composed of (in mM) NaCl (100), KCI (4), CaCl,
(2), MgCl, (1), Hepes (10), d-mannitol (130) and glucose
(5), pH was adjusted to 7.0 with 1 M NaOH (Wu et al.
2021). The dorsal side of the larva was carefully dissected
to remove the ventral nerve cord, which was rapidly dropped
into the sterilized insect saline solution. In addition, extra fat
tissues and the neural sheath of ganglia were removed with
homemade stripping needles. The processed ventral nerve
cord was incubated in 0.125% trypsin for 8 min, and then
transferred to a sterile plastic culture dish filled with about
200 pL culture medium containing (in mg/mL) glucose
(0.7), fructose (0.4), succinic acid (0.06), TC-yeast extract
(2.8), imidazole (0.06), TC-100 insect medium (1.37), Hepes
(10) and lactalbumin hydrolysate (2.8), and then gently dis-
sociated with fire-polished Pasteur pipette (Wu et al. 2021).
The isolated neurons were incubated at 27 +1 °C for 2 h
before electrophysiological experiments.

Cycloxaprid was purchased from Dr. Ehrenstorfer GmbH
(Augsburg, Germany). It was dissolved in dimethylsulfox-
ide (DMSO) to obtain a 20 mM stock solution. The stock
solution were diluted in extracellular solution to achieve the
required concentrations for the electrophysiological experi-
ments. The final concentration of DMSO in extracellular
medium did not exceed 0.1%.

Whole-cell patch clamp tests

All experiments were performed at 25 +2 °C. After incuba-
tion in the culture medium for approximately 2 h, cells were
carefully rinsed 2-3 times with the extracellular solution.
Glass microelectrodes were fabricated with P-97 micropi-
pette puller (Sutter Instrument, Novato, CA) and polished
with MF-830 micro forge (Narishige Amityville, NY). After
being filled with intracellular solution, the patch electrodes
had a resistance of 2-3 MQ. The extracellular solution for
recording the sodium currents contained (in mM) NaCl
(130), KC1 (4), CaCl, (2), MgCl, (2), Hepes (10), glucose
(10), 4-AP (1, 4-aminopyridine) (5), TEA-CI (tetraethylam-
monium chloride) (20) and CdCl, (0.5), adjusted to pH 6.8
with 1 M NaOH. When necessary, d-tubocurarine chloride
pentahydratem (99.50%, Glpbio, Montclair, USA, 10 pM)
was added to the extracellular solution for verifying the
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absence of nAChRs channel currents. The intracellular
solution for recording sodium currents contained (in mM)
CsCl (40), CsF (100), MgCl, (2), EGTA (10) and Hepes
(10), adjusted to pH 6.8 with 2 M CsOH. The extracellular
solution for recording calcium currents contained (in mM)
NaCl (100), CsCl (4), BaCl, (5), MgCl, (2), Hepes (10),
glucose (5), 4-AP (5), TEA-CI1 (20) and 1 pM TTX (tetro-
dotoxin, Sigma, St. Louis, MO), adjusted to pH 6.8 with
1 M NaOH. The intracellular solution for recording calcium
currents contained (in mM) CsCl (120), MgCl, (2), Na,-ATP
(5), EGTA (11) and Hepes (5), adjusted to pH 6.8 with 2 M
CsOH. The extracellular solution for recording potassium
currents contained (in mM) NaCl (148), KCl (5), CaCl, (2),
MgCl, (1), Hepes (10), Glucose (5), CdCl, (0.5) and 1 pM
TTX, adjusted to pH 6.8 with 1 M NaOH. The intracellular
solution for recording potassium currents contained (in mM)
KCI (150), MgCl, (2), Na,-ATP (0.2), EGTA (10) and Hepes
(10), adjusted to pH 6.8 with 1 M KOH. The final osmolar-
ity of all solutions were 330-340 mOsm. Whole-cell patch
clamp recordings were conducted with an EPC-10 amplifier
(HEKA, Lambrecht, Germany) and filtered at 5 kHz. Data
acquisition and cell stimulation were performed using Patch-
Master software, and leak currents were corrected using the
P/4 procedure. Insecticides were applied through a custom-
fabricated passive perfusion manifold.

Data were analyzed using the software Clampfit 10.2
(Molecular Devices, San Jose, CA) and Origin 9.0 (Origin-
Lab Corp., Northampton, MA). Statistical analysis were
conducted with SPSS 20 software (Statistical Product and
Service Solutions, IBM Co., Armonk, NY), and statistical
significance was judged via the P-value calculated by one-
way analysis of variance. If the P-value was <0.05 compared
with the control, it was considered statistically significant.

Results

Verification of the absence of nAChRs channel
currents

Nicotinic acetylcholine receptors (nAChRs) are ligand-
gated ion channels permeable to sodium, potassium,
and calcium ions. In insects, they play a major role in
excitatory synaptic transmission and are the primary tar-
get site for neonicotinoid insecticides. To detect the pres-
ence of nAChRs channel currents, a conventional pulse
protocol eliciting sodium currents was employed to exam-
ine the effects of TEA-CI and d-tubocurarine on nAChRs
channel currents. TEA-CI can block both muscle-type and
neuronal-type nAChRs currents. D-tubocurarine can also
inhibit nAChRs channels. As illustrated in figures in sup-
plementary materials, after the application of TEA-CI (Fig-S
1) or d-tubocurarine (Fig-S 2), both the amplitude of peak
currents and current—voltage curves exhibited no visible dif-
ference. The results indicate that no nAChRs current was
induced in the patch clamp recordings, the inward currents
have not been contaminated by nAChR currents.

Effects of cycloxaprid on sodium channels of H.
armigera

Verification of the voltage-gated sodium currents

After the establishment of whole-cell recording mode, the
control sodium currents were verified. The currents could
be completely inhibited by 1 pM TTX indicating that the
recorded currents were induced from TTX-sensitive sodium
channels (Fig. 1a).

Fig. 1 Effects of tetrodotoxin a 40 ms b
(TTX) (a) and cycloxaprid -15mV
(Cyc) (b) on the voltage-gated Control 250 pA
sodium channel currents 10 ms
120 mv
TTX (1 uM)
e — Cyc 10 uM
Control 250 pA

10 ms o
Cyc 100 uM oM g
‘/\\N” Q)
o N LA

Cycloxaprid
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Table 1 Normalized peak currents of sodium channels before and
after the application of cycloxaprid (Cyc)

Condition Peak currents (pA/pF)? n®
Control -102.01£7.29 21
Cyc, 0.1 pM —97.69+9.23 7
Cyc, 1 pM —101.38+12.62

Cyc, 10 yM —103.72+£13.47 8
Cyc, 100 pM —-117.48+13.42 12

*Values are means +standard errors of separate determinations with
different cells and are normalized to the capacitance (in pF) measured
for each cell

"Number of central neurons applied
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Fig.2 Current—voltage (I-V) curves of sodium channels before and
after the perfusion of Cyc. Points are mean values of all the acquired
data. Error bars show standard error values larger than the data point
symbols
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o
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0.0
0.2

T
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Effects of cycloxaprid on voltage-dependent activation
of sodium channels

Representative whole-cell sodium current traces activated
by depolarizing pulses of — 80 mV to 65 mV for 40 ms in
5 mV steps are shown in Fig. 1b. The peak value of sodium
currents showed no obvious difference (Table 1), but the
current—voltage (I-V) curves showed an obvious hyperpo-
larizing shift at higher concentration of Cyc (Fig. 2). The
sodium currents were activated at approximately — 35 mV
and peaked around — 5 mV. Low concentrations of Cyc
(0.01 pM and 0.05 pM) had no effect on the I-V curves of
sodium channels, but higher concentrations of Cyc shifted
the I-V curves toward negative potential approximately
15-20 mV.

The concentration-dependent modification of Cyc on
the activation kinetics of sodium channels are illustrated in
Fig. 3a, and results of the statistical analysis of these data
are summarized in Table 2. Low concentration of 0.1 pM
Cyc exhibited visible modification effects on the activation
curves of sodium channels. The half activation voltage (V5)
values of sodium channels with the perfusion of 10 pM and
100 pM Cyc were — 32.29 mV and — 30.06 mV, respec-
tively, displaying obvious hyperpolarizing shifts compared
with that of — 15.90 mV for the control (p <0.05). A nega-
tive shift in the activating potential revealed that sodium
channels modified by Cyc could be activated more easily by
the depolarizing potentials.

Effects of cycloxaprid on voltage-dependent inactivation
of sodium channels

The inactivation curves of sodium channels before and after
the infusion of Cyc as well as their statistical significances
are exhibited in Fig. 3b and Table 2, respectively. Low

b 1.0 1
0.8
0.6
_E 044 © Control (n=27)
= ® Cyc0.01uM(n=4)
O Cyc0.05uM (n=4)
024 ¢ Cyc01uM(n=9)
B Cycl1uM(n=9)
004 € Cyc10pM(n=11)
» Cyc 100 uM (n = 15)
-0.2 T T T

T T
-60 -40 -20 0
Membrane Potential (mV)

T
-100 -80

Fig.3 Concentration-dependent modification of the voltage dependence of activation (a) and inactivation (b) of sodium channels by Cyc. Points
are the mean values of all acquired data. Error bars show standard error values larger than the data point symbols
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Table 2 Effects of differ ent. Condition Activation Inactivation

concentrations of cycloxaprid

(Cys) on the voltage-dependent V5" (mV) K n° Vo5 & n°

activation and inactivation of

sodium channels Control —15.90+1.04 2.09+0.46 25 —32.21+0.77 3.93+0.35 27
Cyc, 0.01 pM —15.28+0.64 3.04+0.25 3 —33.41+1.66 4.13+0.49 4
Cyc, 0.05 pM —15.49+1.31 3.64+0.38 3 —33.40+1.34 3.91+0.77 4
Cyc, 0.1 pM —19.97+1.34° 4.18+0.39° 7 —36.52+0.81° 4.44+0.38 9
Cyc, 1 pM —24.36+0.64° 430+0.21° 7 —37.18+0.84° 4.43+041 9
Cyc, 10 ypM —32.29+0.78° 2.34+0.23 8 —42.89+0.56° 4.87+0.28° 11
Cyc, 100 pM —30.06+0.72° 3.04+0.22° 12 —47.12+0.62° 5.13+0.32° 15

#Half activation voltage for voltage-dependent activation of the sodium channels

®Slope factor

“Number of central neurons applied

dHalf inactivation voltage for steady-state inactivation of the sodium channels

®Indicates a significant difference compared with the control (p <0.05, one-way analysis of variance)

concentration of 0.1 pM Cyc started to produce visible mod-
ification effects on the inactivation curves of sodium chan-
nels. The half inactivation voltage (V,, 5) values of sodium
channels infused with 10 and 100 pM Cyc were — 42.89 mV
and — 47.12 mV, respectively, showing an obvious hyperpo-
larizing shift compared with that of — 32.21 mV for the con-
trol (p <0.05). Furthermore, the k values of 4.87 and 5.13
for the sodium channels infused with 10 pM and 100 pM
Cyc were higher than that of 3.93 for the control (p <0.05;
Table 2). These results indicate that the application of Cyc
caused the sodium channels to be inactivated more easily.

Effects of cycloxaprid on window current of sodium
channels

The sodium window current is the intersection area of the
curves for voltage-dependent activation and inactivation,
where sodium channels are predicted to spontaneously acti-
vate but not completely inactivate. As portrayed in Fig-S 3 in
the supplementary materials, the intersectant area increased
by 88.89% for 10 uM Cyc (Fig-S 3a) and by 35.04% for
100 pM Cyc (Fig-S 3b) in comparison with the control,
revealing that Cyc was able to significantly upregulate the
possibility of sodium channels opening under a certain test
potential and that the lower concentration of Cyc was more
conducive to the opening of sodium channels.

Effects of cycloxaprid on the time course of recovery
from the inactivation of sodium channels

The voltage-gated sodium channels could be fully opened
in a very short time, and it took several milliseconds for
them to recover to the resting state and prepare for the next
opening after being inactivated by the depolarization. Fig-
ure 4 illustrates the influence of different concentrations
of Cyc on the time course of recovery from inactivation

1.4

1.2
1.0 oS
5 08
= 56l © Control (n = 25)
o A Cyc01uM(n=9)
0.4 * Cyc1uM(n=09)
- v Cyc 10 uM (n =10)
0.24 m Cyc 100 uM (n=14)
0.0
0.2
T T T T 1

T T T
0.0 0.5 1.0 15 2.0 25 3.0 3.5
Time Intervals (ms)

Fig.4 Effects of Cyc on the time course of recovery from inactiva-
tion of sodium channels. The one-phase exponential decay function
(ExpDecl) was applied to obtain the curve of recovery from inactiva-
tion. Points are the mean values of all acquired data. Error bars show
standard error values larger than the data point symbols

of the sodium channels triggered by the double-pulse
stimulation. As shown in Table 3, the time course (t) of
sodium channels modified by 10 pM and 100 pM Cyc were
elevated by 0.18 ms and 0.35 ms and were statistically
significant (p < 0.05; Table 3), indicating that Cyc could
prolong the time for sodium channels to return to the rest-
ing state after inactivation.
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Table 3 Effects of cycloxaprid Condition Recovery from

(Cyc) on the time course of inactivation

recovery from the inactivation

of sodium channels T/ms n®
Control 0.32+0.01 25
Cyc,0.1pM  0.49+0.03 9
Cyc, 1 ypM 045+0.03 9
Cyc, 10pM  0.50+0.01°¢ 10
Cyc, 100 pM = 0.67£0.02° 14

“Time course of recovery from
inactivation calculated by the
one-phase exponential decay
function (ExpDecl)

"Number of central neurons
applied

“Indicates a significant differ-
ence compared with the control
(p<0.05, one-way analysis of
variance)

Effects of cycloxaprid on calcium channels of H.
armigera

Effects of cycloxaprid on the voltage-dependent activation
of calcium channels

Figure 5a depicts a series of representative whole-cell
calcium current traces activated by depolarizing pulses
of — 80 mV to 65 mV for 300 ms in 5 mV steps, with a
holding potential of — 120 mV. The peak currents of the
calcium channels modified by Cyc decreased significantly
(p <0.05; Table 4), and the I-V curves showed an obvious
hyperpolarizing shift comparing with that of the control
(Fig. 5b). As portrayed in Fig. 5, the calcium currents

a Control

Cyc 100 uM

Table 4 Normalized peak currents of calcium channels before and
after the application of cycloxaprid (Cyc)

b

Condition Peak currents (pA/pF)? n

Control —75.29+5.47 16
Cyc, 10 yM —51.53+6.96° 16
Cyc, 100 pM —22.63+£4.01° 10

*Values are means +standard errors of separate determinations with
different cells and are normalized to the capacitance (in pF) measured
for each cell

"Number of central neurons applied

‘Indicates a significant difference compared with the control
(p<0.05, one-way analysis of variance)

for the control were activated at — 40 mV and reached
the peak around 0 mV, whereas with the application of
Cyc, the I-V curves of the calcium channels moved about
10—-15 mV to the negative potential.

The effects of different concentrations of Cyc on the
activation kinetics of calcium channels and results of the
statistical analysis of these data are displayed in Fig. 6a
and Table 5, respectively. With the perfusion of Cyc, the
curves of the voltage-dependent activation of calcium
channels shifted significantly to the hyperpolarizing direc-
tion in a concentration-dependent manner. The V5 of
activation of calcium channels shifted approximately 6.05
and 9.17 mV, respectively, in the hyperpolarizing direc-
tion with the application of 10 and 100 pM Cyc (Table 5).
A negative shift in the activating potential revealed that
calcium channels modified by Cyc were easier to be acti-
vated by the depolarizing potentials. Additionally, the k
values of the activation curves for calcium channels were
elevated with the infusion of both 10 and 100 pM Cyc
(p <0.05; Table 5).

024 Membrane Potential (mV)
-40 -20

0.0 1

-0.2

0.4

1 —o—control {(n=16)
0.6

—&— Cyc 10 uM (n = 16)
—A— Cyc 100 uM (n = 10)
0.8
-1.0 4
-1.2-

Fig.5 Representative current traces of the activation of calcium channels before and after the application of Cyc (a) and the corresponding cur-
rent—voltage curves (b). Points are the mean values of all acquired data. Error bars show standard error values larger than the data point symbols
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a
1.04
O Control (n = 16)
0.8 B Cyc 10 uM (n = 16)
A Cyc 100 UM (n = 10)
0.6
g
]
@ 044
0.2
0.0+

T T T T T T T T T
-80 -60 -40 -20 0 20
Membrane Potential (mV)

O Control (n = 15)
0.2 ® Cyc 10 uM (n = 15)
A Cyc 100 uM (n = 10)

T T T T T T
-100 -80 -60 -40 -20 0 20
Membrane Potential (mV)

T
-120

Fig. 6 Modifications of voltage dependence of activation (a) and inactivation (b) of calcium channels by Cyc. Points are the mean values of all
the acquired data. Error bars show standard error values larger than the data point symbols

Table 5 Effects of 10 pM and

Condition Activation Inactivation
100 uM Cyc on the voltage
dependence of activation and V5" (mV) K° n® Vs K° n°
inactivation of calcium channels
Control —-24.18+0.19 4.62+0.17 16 —-31.09+1.15 16.78 +£0.94 15
Cyc, 10 pM -30.22+0.18° 5.97+0.16° 16 —43.68+0.51° 16.12+0.50° 15
Cyc, 100 pM —33.35+0.19° 5.92+0.16° 10 —49.88 +1.02° 18.63+1.11° 10

#Half activation voltage for voltage-dependent activation of sodium channels

bSlope factor

“Number of central neurons applied

dHalf inactivation voltage for the voltage-dependent inactivation of sodium channels

°Indicates a significant difference compared with the control (p <0.05, one-way analysis of variance)

Effects of cycloxaprid on the voltage-dependent
inactivation of calcium channels

The inactivation curves of calcium channels before and
after the perfusion of Cyc are exhibited in Fig. 6b, and their
statistical significances are presented in Table 5. After the
application of Cyc, the curves for the voltage-dependent
inactivation of calcium channels shifted significantly to the
hyperpolarizing direction in a concentration-dependent man-
ner. The V5 of inactivation moved approximately 12.59
and 18.79 mV in the hyperpolarizing direction by 10 and
100 pM Cyc, respectively (Table 5), and the k value of the
inactivation curve for calcium channels with 100 pM Cyc
was elevated by 1.85 (p <0.05; Table 5). These results indi-
cate that the application of Cyc caused calcium channels
inactivated more easily.

Effects of cycloxaprid on window current of calcium
channels

Fig-S 4 in the supplementary materials illustrates the
comprehensive effect of the activation and inactivation of

1.0 7
0.8 1
0.6 1
g
044
O Control (n=6)
0.2 - m Cyc10puM (n=6)
A Cyc 100 pM (n=5)
0.0 I

T N T T T T 1 T T

0 20 40 60 80
Recovery Intervals (ms)

T
100

Fig.7 Effects of Cyc on the time course of recovery from the inacti-
vation of calcium channels. The one-phase exponential decay func-
tion (ExpDecl) was applied to obtain the curve of recovery from
inactivation. Points are the mean values of all acquired data. Error
bars show standard error values larger than the data point symbols
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Table 6 Effects of.lO M and Condition Recovery from
100 pM cycloxaprid (Cyc) on inactivation
the time course of recovery
from the inactivation of calcium T4/ms n®
channels
Control 2525+0.21 6
Cyc, 10pM  26.01+£035 6

Cyc, 100 pM  42.10+2.13 5

*Time course of recovery from
inactivation calculated by the
one-phase exponential decay
function (ExpDecl)

"Number of central neurons
applied

calcium channels by Cyc. The intersecting area increased by
13.82% for 10 uM Cyc (Fig-S 4a) and by 28.97% for 100 pM
Cyc (Fig-S 4b) in comparison with the control, revealing
that the frequency of calcium channel opening under the
modification by Cyc was increased in a certain range of
membrane potential and that calcium channels not modified
by Cyc were inactivated or closed.

Effects of cycloxaprid on the time course of recovery
from the inactivation of calcium channels

Figure 7 depicts the influence of Cyc on the time course
of recovery from the inactivation of calcium channels. As
denoted in Table 6, the time course (7) of recovery from
inactivation was prolonged by approximately 0.76 ms and
16.85 ms by 10 and 100 pM Cyc, respectively, but the results
were not statistically significant (p > 0.05; Table 6).

Control

Cyc 10 uM

Table 7 Normalized peak currents of potassium channels before and
after the application of cycloxaprid (Cyc)

Condition Peak currents (pA/pF)? n®
Control 216.42+50.58 10
Cyc, 10 yM 147.72+£25.79 8

#Values are means =+ standard errors of separate determinations with
different cells and are normalized to the capacitance (in pF) measured
for each cell

"Number of central neurons applied

Effects of cycloxaprid on potassium channels of H.
armigera

Effects of cycloxaprid on current-potential curves
of the potassium channels

Representative whole-cell potassium current traces activated
by depolarizing pulses of — 80 mV to 60 mV for 60 ms are
shown in Fig. 8a and current—voltage curves of potassium
channels with the perfusion of Cyc are portrayed in Fig. 8b.
As shown in Fig. 8b, the I-V curve of potassium channels
was activated at approximately — 70 mV. However, com-
pared with the control, the I-V curve of potassium channels
modified by 10 pM Cyc moved up under the stimulation of
a depolarization pulse of approximately — 70 to 30 mV and
moved down under the stimulation of a depolarization pulse
of approximately 30—60 mV. Furthermore, the peak currents
of potassium channels with perfusion of Cyc showed no sta-
tistical difference (p > 0.05; Table 7).

Effects of cycloxaprid on the voltage-dependent activation
of potassium channels

The effects of Cyc on the activation kinetics of potassium

channels are illustrated in Fig. 9, and results of the statisti-
cal analysis of these data are presented in Table 8. Figure 9

2500

—C— Control (n=10)
2000 —m— Cyc 10 pM (n=8)

1500

I (pA)

1000

500

-100 —8‘0 -60 -40 -2‘0 0 20 40 60 80

Membrane Potential (mV)

Fig. 8 Representative current traces of activation of potassium channels before and after the application of Cyc (a) and the corresponding cur-
rent—voltage curves (b). Points are the mean values of all acquired data. Error bars show standard error values larger than the data point symbols
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Fig.9 Modifications of voltage dependence of activation of potas-

sium channels by Cyc. All points are the mean values of all acquired
data. Bars show SE values larger than the data point symbols

Table 8 Effects of 10 pM cycloxaprid (Cyc) on the voltage-depend-
ent activation of potassium channels

Condition Activation

Vo5 k° n¢
Control 23.55+3.18 2495+3.18 10
Cyc, 10 yM 18.62+10.18 31.20+4.44 8

*Half activation voltage for the voltage-dependent activation of
sodium channels

bSlope factor

“Number of central neurons applied

illustrates that with the perfusion of Cyc, the V, 5 of acti-
vation of potassium channels shifted by approximately
4.93 mV in the hyperpolarization direction, but the change
was not statistically significant. The k value declined slightly
(p>0.05; Table 8).

Discussion

Cycloxaprid is a novel synthesized neonicotinoid pesti-
cide (Li and Dewey 2011; Pan 2014; Shao et al. 2011), and
structurally, Cyc is the first cis-neonicotinoid insecticide.
Laboratory and field experiments have revealed that Cyc
had higher toxicity compared with other trans-neonicoti-
noid insecticides against Erythroneura apicalis (Homoptera)
nympha, Aphis gossypii adults, Bemisia tabaci adults and
Aorea scutellaris (Coleoptera) (Tan 2019). Especially, the
insecticidal activity of Cyc against resistant brown planthop-
per was 50 times than that of imidacloprid, a leading trans-
neonicotinoid insecticide (Shao et al. 2010).

Neonicotinoids mainly act on nAChRs, however, we
found that trans-neonicotinoids could also affect the sodium,
calcium and potassium channels (Guan et al. 2020; Liu et al.
2021). To the best of our knowledge, whether Cyc, as the
only cis-neonicotinoid, can also act on the sodium, calcium
and potassium channels in H. armigera is unknown. In this
study, the effects of Cyc on voltage-gated sodium, calcium
and potassium channels were investigated by the whole-cell
patch clamp technique. Obvious differences in the gating
kinetics of sodium and calcium channels perfused with Cyc
were observed in terms of activation, inactivation and recov-
ery from rapid inactivation. Collectively, our results present
clear evidence that Cyc profoundly altered the kinetics of
sodium and calcium channels.

Effects of cycloxaprid on sodium channels of H.
armigera

Plenty of papers have demonstrated that sodium channels are
the principal target of pyrethroids (Bloomquist 1996; Nara-
hashi 2000; Soderlund 2012), and the action of pyrethroids on
sodium channels can be characterized by slowing inactivation
during a depolarizing pulse and delaying deactivation (Soder-
lund 2012), causing hyperexcitability in the nervous system
(Magby and Richardson 2017; Motomura and Narahashi
2001; He and Soderlund 2011). Although pyrethroids and
neonicotinoids have different structures, our previous results
indicated that nitenpyram (a trans-neonicotinoid) could also
shift the curves of voltage-dependent activation and inacti-
vation of sodium channels in the hyperpolarizing direction
and effectively inhibit the peak currents of sodium channels
of H. armigera (Liu et al. 2021), which is consistent with the
results of pyrethroids. Similarly, our results indicated that Cyc
induced hyperpolarizing shifts in the voltage dependence of
sodium channel activation and steady-state inactivation, but
had no effect on the peak currents of sodium channels. This
might be related to the unique cis-configuration of Cyc com-
pared with the trans-configuration of nitenpyram. The area
under the intersection of the curves for the voltage-dependent
activation and inactivation is the window current, reflecting
the opening frequency of the channels. Our data indicated that
Cyc could cause an increase in the magnitude of the window
currents. This means that Cyc could increase the probability of
channel opening across a wide range of membrane potentials.
Wau et al. (2018) explained that the time course of recovery
from inactivation was markedly extended by pesticides, which
was related to the modified sodium channels becoming insen-
sitive to the change of membrane potential, and our results
were quite consistent with theirs. Collectively, the rates of both
activation and inactivation of sodium channels exposed to Cyc
became quicker, indicating that the excitatory cycle of neurons
decreased and H. armigera might be affected from the constant
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tremor, sodium channels of H. armigera are a potential target
for Cyc.

Effects of cycloxaprid on calcium channels of H.
armigera

The calcium channels of neuronal cell membrane were found
to be potential targets for insecticides, which may contribute
to enhancing the toxicity of the insecticide (Breckenridge et al.
2009). Our previous data demonstrated that guadipyr, having
both neonicotinoid and semicarbazone insecticidal activities,
could shift the curves of voltage-dependent activation and
inactivation for calcium channels in the hyperpolarizing direc-
tion and could effectively inhibit the peak currents of sodium
channels of H. armigera in a concentration-dependent manner
(Guan et al. 2020). In this study, the peak currents of calcium
channels decreased significantly and the I-V curves showed
an obvious hyperpolarizing shift in a concentration-depend-
ent manner. Additionally, the marked hyperpolarizing shifts
of voltage-dependent activation and inactivation of calcium
channels by Cyc were observed to fall into a concentration-
dependent pattern, which is quite consistent with the action
mechanism of guadipyr on calcium channels. Synthetically, we
analyzed the activation and inactivation of calcium channels
using the window current, and the results of the increased win-
dow current area of calcium channels modified by Cyc were
consistent with the modification of guadipyr. Furthermore, we
analyzed the time course of recovery from the inactivation of
calcium channels with the infusion of Cyc. However, the “run-
down” phenomenon of the calcium current (I,) in whole-cell
patch clamp recording is common, and because the record-
ing time is prolonged, the I, would be attenuated to differ-
ent degrees (Lu et al. 2019). Our results showed that the time
course of recovery from the inactivation of calcium channels
was significantly extended by Cyc in a concentration-depend-
ent pattern, which was probably affected by I, run-down.

In summary, our results indicate that calcium channels
are potential target for Cyc. However, whether pesticides
affect calcium channels directly or indirectly remains incon-
clusive. Symington and Clark (2004) demonstrated that
deltamethrin could act directly on voltage-gated calcium
channels (Ca,2.2), but Han et al. (2015) speculated that pyre-
throids might first act on voltage-gated sodium channels of
H. armigera and then trigger Na* influx, causing the cell
membranes to continuously depolarize to activate voltage-
gated calcium channels. Specific conclusions still need to be
verified by experiments.

Effects of cycloxaprid on potassium channels of H.
armigera

Voltage-gated potassium channels play an important role
in regulating neuronal excitability and other physiological

@ Springer

functions, and gating characteristics of potassium chan-
nels could be affected by pesticides (Fu et al. 2007). Liu
et al. (1990), Wang et al. (2006) studied the modulation
of cypermethrin on sodium and potassium channels in
the neurons of Periplaneta fulginosa by means of volt-
age clamp technique. They found that cypermethrin could
block potassium channels and reduce the peak value of
the potassium currents. Guan et al. (2020) explained
that guadipyr could change the half activation voltage of
the potassium channels of H. armigera and shift it to a
depolarization position, causing the potassium channels
to become activated at a higher potential. However, our
results showed a hyperpolarizing shift of the voltage-
dependent activation of potassium channels of H. armig-
era with 10 pM Cyc, and although the peak currents of
potassium channels decreased with the infusion of 10 pM
Cyc, the changes were not statistically significant. This
result may be related to the structure of Cyc, which also
suggests that Cyc has a smaller effect on potassium chan-
nels of H. armigera.

Regarding the insecticidal mechanism, we demonstrated
that Cyc could influence the activation and inactivation
kinetics of sodium and calcium channels, and inhibited the
peak currents of calcium channels effectively. Voltage-gated
sodium, calcium and potassium channels form the functional
basis for the generation and propagation of action poten-
tials in neurons. The sodium and calcium channels conduct
inward currents, potassium channels conduct outward cur-
rents. The opening of sodium and calcium channels results
in the depolarization of cells, and promotes the excitability
of cells. The opening of potassium channels hyperpolarizes
the cells, leads the cells to a resting state. Cyc inhibited the
peak currents of calcium channels, caused an obvious hyper-
polarizing shift of inactivation for both sodium and calcium
channels, but exhibited little or no effect on potassium chan-
nels under experimental conditions. This indicates that Cyc
may undergo more extensive modification in the open state
of sodium and calcium channels, accelerating the inactiva-
tion process of these two kinds of channels, has no effect on
outward channels.
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