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Abstract:    Selenocosmia huwena and Selenocosmia hainana are two tarantula species found in southern China. Their 
venoms contain abundant peptide toxins. Two new neurotoxic peptides, huwentoxin-III (HWTX-III) and hainantoxin-VI 
(HNTX-VI), were obtained from the venom using ion-exchange chromatography and reverse-phase high performance 
liquid chromatography (RP-HPLC). The mechanism of action of HWTX-III and HNTX-VI on insect neuronal volt-
age-gated sodium channels (VGSCs) was studied via whole-cell patch clamp techniques. In a fashion similar to 
δ-atracotoxins, HNTX-VI can induce a slowdown of current inactivation of the VGSC and reduction in the peak of Na+ 
current in cockroach dorsal unpaired median (DUM) neurons. Meanwhile, 10 µmol/L HNTX-IV caused a positive shift of 
steady-state inactivation of sodium channel. HWTX-III inhibited VGSCs on DUM neurons (concentration of toxin at 
half-maximal inhibition (IC50)≈1.106 µmol/L) in a way much similar to tetrodotoxin (TTX). HWTX-III had no effect on the 
kinetics of activation and inactivation. The shift in the steady-state inactivation curve was distinct from other depressant 
spider toxins. The diverse effect and the mechanism of action of the two insect toxins illustrate the diverse biological 
activities of spider toxins and provide a fresh theoretical foundation to design and develop novel insecticides. 
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1  Introduction 
 

Strong neurotoxins, and other bioactive chemi-
cals that are toxic to insects and mammals, are present 
in spider venoms. The sodium channels in cell mem-
branes are the site of action for many toxins from 
spider venom, and could be potential targets for drug 
development. Previous investigations have indicated 
that partial damage to the central nervous system by 
spider venoms is because of the induced malfunction 

of ion channels (Haigeny et al., 1994; Taylor and 
Meldrum, 1995; Meng and Nie, 2005). Voltage-gated 
sodium channels (VGSCs) are widely present in the 
most excitable tissues, playing multiple roles in im-
portant physiological processes. They are complex 
proteins containing a functional pore-forming 
α-subunit (260 kDa) and up to four auxiliary 
β-subunits (21–23 kDa). The α-subunit and β-subunits 
interact with each other through covalent or non-co-
valent bonds (Catterall, 2000; Yu et al., 2003). 

More than nine mammalian subtypes (Nav1.1– 
1.9 and Navx) and three insect subtypes of VGSCs 
have been successfully cloned and expressed (War-
mke et al., 1997; Goldin et al., 2000; Nicholson, 2007). 
Despite the similarities in electrophysiology, primary 
structure, and allocation of functional domains of 
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VGSCs, the pharmacological properties of insect 
VGSCs are distinct from those of vertebrate subtypes 
(Zlotkin, 1999). 

Two new neurotoxic peptides, huwentoxin-III 
(HWTX-III) and hainantoxin-VI (HNTX-VI), were 
recently isolated from the venoms of two Chinese 
tarantulas, Selenocosmia huwena and Selenocosmia 
hainana, respectively. They are identified to be ion 
channel toxins composed of 33 and 34 residues, re-
spectively, and each includes 6 cystein amino acid 
residues, which are connected by multiple disulfide 
bonds (I-IV, II-V, and III-VI). Preliminary studies 
have indicated that the two toxins reversibly paralyze 
cockroaches for several hours, and HNTX-VI para-
lyzed a rat and blocked the neuromuscular transmis-
sion in the rat (Pan et al., 2002; Huang et al., 2003). 
The mechanism behind these effects remains un-
known. The objective of this study is to determine the 
mechanism of action of HWTX-III and HNTX-VI on 
insect VGSCs.  
 
 
2  Materials and methods 

2.1  Venoms and animals 

The venoms from female adult S. huwena and S. 
hainana were collected based on the method described 
by Shu and Liang (1999). The cockroach Periplaneta 
americana was from our laboratory stock. 

2.2  Toxins and reagents  

HWTX-III and HNTX-VI were purified from 
venoms of Chinese tarantulas S. huwena and S. 
hainana via a combination of ion-exchange chroma-
tography and reverse-phase high performance liquid 
chromatography (RP-HPLC) using the methodology 
adapted from Pan et al. (2002) and Huang et al. 
(2003). The purity of the two toxins was over 98%, as 
assessed by RP-HPLC and mass spectrometry analy-
ses. All reagents used were of analytical grade. 

2.3  Cell isolation procedure  

Dorsal unpaired median (DUM) neurons were 
acutely dissociated from the terminal abdominal 
ganglion (TAG) of the cockroach P. americana. The 
dissociated neuron cells were cultivated in a short- 
term primary culture for 2–3 h. Briefly, mature 
cockroaches were sacrificed using 75% (v/v) alcohol 

and washed in a saline solution (200 mmol/L NaCl,  
4 mmol/L MgCl2, 3.1 mmol/L KCl, 10 mmol/L hy-
droxyethyl piperazine ethanesulfonic acid (HEPES), 
and 50 mmol/L sucrose at pH 7.4). After cleaning the 
enteron, the TAG was excised, digested, and incu-
bated in a saline solution (200 mmol/L NaCl,  
4 mmol/L MgCl2, 3 mmol/L KCl, 5 mmol/L CaCl2, 
50 mmol/L sucrose, and 10 mmol/L HEPES at pH 
7.4), with 0.5 mg/ml collagenase (type IA) and  
0.5 mg/ml trypsin (type III) for 3 min at room tem-
perature. The enzymatic digestion was halted using 
culture medium in culture dishes. The culture medium 
was composed of 200 mmol/L NaCl, 4 mmol/L MgCl2, 
3 mmol/L KCl, 5 mmol/L CaCl2, 50 mmol/L sucrose, 
10 mmol/L HEPES, 5% (w/v) fetal bovine serum,  
50 U/ml streptomycin, and 50 U/ml penicillin (pH 6.8). 
The isolated DUM cells were fostered in a 5% CO2 
incubator at 28 °C for 2–3 h before the experiment. 

2.4  Solution preparation  

The sodium currents from cockroach DUM neu-
rons were recorded using an external solution con-
taining 100 mmol/L NaCl, 4 mmol/L KCl, 2 mmol/L 
CaCl2, 10 mmol/L D-glucose, 10 mmol/L HEPES, 50 
mmol/L choline-Cl, 20 mmol/L tetraethylammonium 
chloride (TEA-Cl), 1 mmol/L 4-aminopyridine (4-AP), 
and 0.02 mmol/L CdCl2·2.5H2O at pH 6.8, and an 
internal solution of 100 mmol/L CsF, 40 mmol/L 
CsCl, 10 mmol/L HEPES, 3 mmol/L MgCl2·6H2O, 
10 mmol/L ethyleneglycol bis(2-aminoethyl ether) 
tetraacetic acid (EGTA) and 10 mmol/L TEA-Cl, at 
pH 7.0. 

2.5  Electrophysiological recordings 

The electrophysiological recordings of HNTX- 
VI and HWTX-III were obtained according to the 
methodology described by Xiao and Liang (2003b). 
Sodium currents were recorded from experimental 
cells using an EPC-9 patch-clamp amplifier (HEKA 
Electronics, Germany) under a whole-cell patch 
clamp configuration at room temperature (22–25 °C). 

2.6  Data analysis  

Experimental data were obtained and statistical 
analysis was conducted using Pulse+Pulsefit 8.0 
(HEKA Electronics, Germany) and SigmaPlot 9.0 
(Sigma, USA). The data in the study are described as 
mean±standard error (SE). The fast inactivation was 
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assayed by calculating the I5 ms/Ipeak ratio, where I5 ms 
is the current measured at the depolarization of 5 ms 
(Alami et al., 2003), and Ipeak is the peak amplitude. 
The statistical significance of the toxin effect was 
determined using paired Student’s t-test with P<0.05 
considered significant. 

The curves were fit with concentration-  
dependent inhibition (%) and steady-state sodium 
channel inactivation (Itest/Imax) obtained from the 
Boltzmann equations given below:  

 
Inhibition (%)=100/[1+exp(C−IC50)/K],       (1) 

Itest/Imax=1/[1+exp(V−V1/2)/K].              (2) 
 

In Eq. (1), IC50 is the concentration of toxin at 
half-maximal inhibition, K is the slope factor, and C is 
the toxin concentration. In Eq. (2), Itest is the peak 
amplitude of INa at −10 mV test pulse from a holding 
potential of −130 to −20 mV, and Imax is the maximal 
peak amplitude. V1/2 is the voltage at half-inactivation, 
and V is the test voltage. 
 
 
3  Results 

3.1  Effects of HNTX-VI and HWTX-III on insect 
sodium currents  

The HNTX-VI and HWTX-III action on insect 
VGSCs was characterized in P. americana DUM 
neurons. Multiple ion channels are expressed in the 
insect DUM neurons, where underlie spontaneous 
electrical activities. All VGSCs in cockroach DUM 
neurons, however, are tetrodotoxin-sensitive (TTX-S) 
isoforms (Szeto et al., 2000). 

The effects of HNTX-VI and HWTX-III on in-
sect DUM neuron Na+ currents are shown in Fig. 1 
(n=6). The sodium currents were induced by a 50-ms 
step depolarization ranging from −80 to −10 mV 
every second. We found that HNTX-VI inhibited 
sodium channel inactivation and reduced control peak 
current amplitudes, while HWTX-III only inhibited 
inward sodium currents and did not alter activation or 
inactivation (Fig. 1a). The efficiency of HNTX-VI on 
inactivation was determined by calculating the 
I5 ms/Ipeak ratio. The I5 ms/Ipeak ratio is an estimate of the 
probability for the channel that is not inactivated after 
5 ms. The HNTX-VI at 10 μmol/L delayed the 
channel inactivation of currents by (67.8±7.7)% (Fig. 

1c). In parallel, HNTX-VI reduced the peak current 
amplitude by (56.1±9.8)%, while the inhibition and 
reduction were facilitated in a dose-dependent man-
ner; their IC50 values were determined to be 0.3 and 5.2 
μmol/L, respectively (Fig. 1b left and Fig. 1c). Fur-
thermore, the reduction of HWTX-III on the current 
amplitude also followed a dose-dependent pattern. 
The IC50 estimated from the concentration-effect 
curve was 1.106 μmol/L (Fig. 1b, right). The rat 
dorsal root ganglion contains all types of mammalian 
subtype sodium channels except Nav1.5 and Nav1.4. 
Therefore, HWTX-III was tested on the sodium 
channels from adult rat dorsal root ganglion neurons; 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1  Effects of HNTX-VI and HWTX-III on insect 
DUM neuron sodium currents 
All current traces were induced by depolarizing the cell 
from a holding potential ranging from −80 to −10 mV. The 
duration of the test pulse was 20 ms. (a) 1 μmol/L of 
HNTX-VI and 100 nmol/L of HWTX-III changed the so-
dium currents in insect neurons; (b) The concentration- 
dependent effect of HNTX-VI and HWTX-III on sodium 
currents in insect DUM neurons; (c) Dose-dependent inhi-
bition of sodium current inactivation by HNTX-VI (mean± 
SE) measured from 5−8 separated experimental cells. The 
points were fit based on Boltzmann Eq. (1). CHNTX-VI and 
CHWTX-III are the concentrations (mol/L) of HNTX-VI and 
HNTW-III, respectively 
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however, no effect was detected (data not shown). 
Furthermore, HWTX-III displayed strong effect on 
insect sodium channel with IC50 about 1 µmol/L. 
Therefore, HWTX-III could be an insect-specific 
neurotoxin. 

3.2  Effects of HNTX-VI and HWTX-III on the 
current-voltage relationship of insect sodium 
channels 

Current-voltage plots were measured using test 
voltage pulses ranging from −80 to +60 mV in a 
10-mV step from a holding potential of −80 mV. As 
shown in Fig. 2 (n=6), 10 µmol/L of the HNTX-VI 
treatment failed to shift the threshold potential of 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

sodium channel activation. This treatment, however, 
also caused an increase in the threshold potential 
around 10 mV in the active voltage of the peak inward 
current and the reverse potential. The data points 
clearly show that peak INa was decreased and I5 ms was 
induced by toxin treatment between −50 and +45 mV 
(Fig. 2b). No significant changes were observed, 
however, in the HWTX-III activation threshold and 
the active voltage of inward peak currents. Similarly, 
there was no membrane reversal potential observed 
(Fig. 2c). HWTX-III showed no effect on the activa-
tion and inactivation kinetics of the insect neuron 
VGSCs, and also no change in the ion selectivity of 
the channels. 

3.3  Effects of HNTX-VI and HWTX-III on steady- 
state inactivation of insect sodium channels 

The effects of these toxins on steady-state inac-
tivation were investigated using standard two-pulse 
protocol as shown in Fig. 3 (n=6). After HNTX-VI 
treatment, the midpoint voltage (V1/2) was shifted 
only by +3.6 mV (−50.7 mV→−47.1 mV), implying 
that a modulation of HNTX-VI on the steady-state 
inactivation potential of the sodium channels was not 
significant. In addition, HNTX-VI at 10 μmol/L 
showed a non-inactivating component at prepulse test 
potential to a depolarization deeper than −55 mV 
(Fig. 3c, left), revealing an incomplete inactivation 
of the insect sodium currents. HWTX-III did not 
affect the steady-state inactivation kinetics of the 
VGSC currents. With HWTX-III at 5 µmol/L, the 
midpoint voltage (V1/2) and slope value (K) were 
(−55.72±0.38) mV and (−5.43±0.46), respectively. 
Similarly, the control treatment also indicated the 
values for V1/2 and K to be (−55.48±0.45) mV and 
(−4.67±0.35), respectively (Fig. 3c, right). These 
results suggest that HWTX-III did not interact with 
the VGSCs in an inactivated state. 
 
 
4  Discussion 
 

Sodium channels are widely distributed within 
insect neuron membranes. They represent an impor-
tant structural factor that controls cellular excitability 
in biological systems. Therefore, sodium channels are 
targeted by a variety of animal toxins to immobilize 
and/or kill their prey. Many animals have evolved a 
venom gland to secrete a wide variety of these toxins. 
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Fig. 2  Effects of HNTX-VI and HWTX-III on the cur-
rent-voltage relationship of sodium channels 
(a) Na+ currents were elicited by a series of 20 ms depo-
larizations ranging from −80 to +60 mV in 10-mV steps 
applied from a holding potential of −80 mV; (b) The I/V 
curves showed the relationships between current traces of 
control and after addition of 10 µmol/L HNTX-VI. I5 ms was 
the current inactivated at 5 ms; (c) The I/V curves show the 
relationship between current traces of control and after 
addition of HWTX-III 
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Our preliminary studies show that cockroaches 

are reversibly paralyzed by HNTX-VI and HWTX-III 
for several hours. Therefore, the activity of these 
toxins is likely to target the sodium channel in the 
insect neuron cells. VGSCs toxins are classified into 
two groups based on their immunological properties: 
blockers and modulators. The blockers include tet-
rodotoxin (TTX), saxitoxin, and μ-conotoxins that 
occlude the channel pore by binding to site 1 to block 
inward sodium currents (Shon et al., 1998). The 
modulators include δ-atracotoxin, sea anemone toxins, 
and scorpion α-toxins that modulate the processes of 
VGSCs kinetics by binding to neuronal sites 2–6 
(Rogers et al., 1996; Nicholson et al., 1998; Richard 
Benzinger et al., 1999). 

The action of HNTX-VI and HWTX-III on 
VGSCs in cockroach Periplaneta americana DUM 
neurons was characterized using the whole-cell 
voltage clamp technique. We found the mechanism of 
action of the two insect toxins on VGSCs to be dif-
ferent. HNTX-VI caused a significant slowdown in 
the Na+ current inactivation and reduction in peak 
current amplitudes on insect DUM neurons (Fig. 1). 
These observations suggested that HNTX-VI might 
modulate the activities of insect sodium channels in a 
manner similar to δ-atracotoxins, which increased the 
recovery rate from channel inactivation by binding to 
neuronal site 3 (Nicholson et al., 1998). In the pres-
ence of HNTX-VI, no significant shift was detected 
on steady-state inactivation kinetics; however, the 
production of a non-inactivating component at pre-
pulse potential was found to be more positive than 
−55 mV, similar to δ-ACTX-Hv1a (Grolleau et al., 
2001), but different from the spider toxin Tx4 (6-1) 
(de Lima et al., 2002). These actions suggest that 
HNTX-VI could be an excitatory spider toxin (Li et 
al., 2004). HWTX-III was found, however, to depress 
the amplitude of the Na+ currents on cockroach DUM 
neurons, which is different in effect from that of 
HNTX-VI. No changes in the activation voltage 
threshold and the membrane reversal potential of 
HWTX-III were observed, indicating that HWTX-III 
did not change the ion selectivity in the channels. 
HWTX-III has no effect on the activation and inac-
tivation kinetics. Therefore, we infer that HWTX-III 
belongs to the class of depressant insect toxins. Fur-
thermore, HWTX-III did not cause significant change 
in the steady-state inactivation curve, indicating the 
activity of HWTX-III to be distinct from other de-
pressant spider toxins, such as HNTX-I (Li et al., 
2003), HWTX-I (Wang et al., 2007), HNTX-V (Xiao 
and Liang, 2003a), and HNTX-III (Xiao and Liang, 
2003b).  

In conclusion, HNTX-VI and HWTX-III are two 
insect toxins that alternate VGSCs. Their action is 
complex, with HNTX-VI slowing sodium channel 
inactivation and HWTX-III selectively blocking in-
sect sodium channels. These two toxins cause diverse 
effects and their mechanism of action demonstrate the 
diversity of spider toxins, providing a theoretical 
foundation for designing and developing more effec-
tive and safer insecticides.  
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Fig. 3  Effects of HNTX-VI and HWTX-III on the steady-
state inactivation of sodium channels 
A conventional two-pulse voltage-clamp protocol was used. 
Sodium currents were elicited by a 50-ms depolarizing po-
tential of −10 mV from various prepulse potentials for 
500 ms ranging from −130 to −20 mV with a 10-mV incre-
ment. (a) Typical current traces were obtained following a 
50-ms test pulse to −10 mV from prepulse potentials of −60, 
−50, −40, and −30 mV; (b) Typical current traces were ob-
tained following a 50-ms depolarization to −10 mV from 
prepulse potentials of −90, −60, −50, and −40 mV; (c) Ratios 
of Itest to Imax were fit using the Boltzmann equation 
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