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Abstract

Selectivity to insects over mammals is one of the important characteristics for a chemical to become
a useful insecticide. Fipronil was found to block cockroach GABA receptors more potently than rat
GABA receptors. Furthermore, glutamate-activated chloride channels (GIuCls), which are present
in cockroaches but not in mammals, were very sensitive to the blocking action of fipronil. The
ICsps of fipronil block were 30 nM in cockroach GABA receptors and 1600 nM in rat GABAp
receptors. Moreover, GluCls of cockroach neurons had low 1Csqs for fipronil. Two types of
glutamate-induced chloride current were obswerved: desensitizing and non-desensitizing, with
fipronil ICsgs of 800 and 10 nM, respectively. We have developed methods to separately record these
two types of GIuCls. The non-desensitizing and desensitizing currents were selectively inhibited by
trypsin and polyvinylpyrrolidone, respectively. In conclusion, in addition to GABA receptors, GluCls
play a crucial role in selectivity of fipronil to insects over mammals. GluCls form the basis for
development of selective and safe insecticides.

Introduction

Selectivity for insects over mammals is a desirable characteristics for an insecticide. It was
previously thought that the ability of mammals to detoxify insecticides more effectively than
insects is a major mechanism responsible for selectivity. This is certainly true for some
insecticides such as malathion [1]. However, it has now become increasingly clear that the
sensitivity of target sites to insecticides is in many cases higher in insects than in mammals.

We previously developed a method whereby the percentage of sodium channels modified by
pyrethroids can be measured [2]. This percentage turned out to be astonishingly small for
pyrethroids: modification of only 0.6% of sodium channels by tetramethrin was enough to
induce hyperactivity in animals [3]. Using this technique, the selectivity of pyrethroids to
insects over mammals could be largely explained on the basis of a 1000-fold difference in
sodium channel sensitivity between insects and mammals [4-6].

Fipronil is a phenylpyrazole insecticide that was introduced commercially in 1993. It exhibits
a high selectivity to insects over mammals: the LDgq values in houseflies and rat were 0.13
and 41 mg/kg, respectively, a 315-fold difference [7,8]. Fipronil is a potent GABA receptor
blocker: the ICsq values in cockroach and rat were estimated to be 30 nM and 1600 nM,
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respectively, a 53-fold difference [9,10]. However, the mechanism of fipronil's selectivity is
not limited to GABA receptors. It turned out that fipronil potently inhibits glutamate-activated
chloride channels (GluCls), which are present in invertebrates such as insects, but not in
mammals [6,11,12]. Because GIuCls are not present in mammals, chemicals that selectively
or potently block them could be excellent insecticides. This chapter summarizes our recent
work on fipronil block of GluCls.

American cockroaches, Periplaneta americana, were used as a representative insect
preparation. The methods of isolation and culture of thoracic ganglion pyriform neurons are
given in detail in our previous paper [12]. The dorsal root ganglion neurons of the rat were also
used, to compare with cockroach neurons, and the methods for isolation and primary cultures
are described in our previous publication [10]. Whole-cell currents induced by application of
GABA or L-glutamate via a U-tube system were recorded by patch clamp techniques as
described before [10,12]. Data acquisition and analysis methods are given in our previous
papers 10,12].

Target site sensitivity as a basis for selectivity

Fipronil

Whereas the selectivity of certain insecticides (e.g. organophosphates) is due primarily to
differences in metabolic detoxication [1,13-16], in many other cases it is due to the higher
sensitivity of targets to insecticides in insects than in mammals, as exemplified by pyrethroids
[3,17].

Allethrin was much more potent on cockroach sodium channels than on rat sodium channels
(Figure 1). Allethrin at 100 nM modified 14% of sodium channels in cockroach neurons,
whereas 100 pM allethrin modified only 4% of sodium channels in rat neurons. Thus, the
difference in allethrin sensitivity is little over 1000-fold. Including some other factors, such as
the temperature dependence of pyrethroid sensitivity of sodium channels, the difference in
LDsps can be accounted for [3].

Fipronil is known to block GABA receptors in mammals [10]. It also inhibits GABA receptor
activity in the cockroach [12]. As described below, cockroach GABA receptors are more
sensitive than rat GABA receptors to the blocking action of fipronil. This selective sensitivity
of the GABAergic system certainly contributes to the selectivity of fipronil to insects over
mammals. However, it has been discovered that an additional factor significantly contributes
to the selectivity: GIuCls, which are present in invertebrates including insects, but absent from
mammals [18,19]. Much of our knowlwdge of GluCls comes from studies on C. elegans,
particularly as a target site of the anthelminthic/insecticide ivermectin [20-22]. Studies of
GIuCls using insects in connection with ivermectin were limited [23,24], but recent work has
focused increasingly on insect GIuCls [11,12,25-28].

Fipronil block of GABA receptors

In order to compare with fipronil actions on cockroach GIuCls, fipronil block of rat and
cockroach GABA receptors is briefly described here. GABA-induced currents of rat were
blocked by fipronil with 1Cggs of 1.66 and 1.61 uM for the closed and open channels,
respectively [10].
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GABA-induced currents were recorded from pyriform cockroach neurons [9]. With symmetric
chloride concentrations in external and internal solutions, inward currents were evoked by
GABA at a holding potential of —60 mV. GABA-induced currents reversed their polarity at
the equilibrium potential for chloride, indicating that the currents were carried by chloride ions.
Similar to GABA-induced currents in rats, the currents in cockroaches were inhibited by
picrotoxinin. By contrast, cockroach GABA currents were unaffected by bicuculline, which
blocks GABA-induced currents in rat. Similar to rat GABAA, receptors, cockroach GABA
receptors were blocked by fipronil in both resting and activated states. The 1Csq values were
similar in both states, being 28 nM and 35 nM for the resting and activated receptors,
respectively. Thus, the affinity of fipronil is more than 50 times higher for cockroach than for
rat GABA receptors.

Glutamate-induced currents are carried by chloride

Two types of currents were evoked in cockroach neurons by application of 100 uM glutamate
via a U-tube: desensitizing and non-desensitizing. Some neurons generated a mixed-type of
current, containing both desensitizing and non-desensitizing components (Figure 2) [25]. In
order to demonstrate that glutamate-induced currents were carried by chloride ions, the reversal
potentials for currents were measured with two different chloride concentrations in the external
solution. With symmetrical chloride concentration at 188 mM in external and internal solutions,
both desensitizing and non-desensitizing GluCls reversed polarity at a membrane potential of
+2.5 mV, which was close to the calculated chloride equilibrium potential of —0.1 mV after
correction for a 3.1 mV liquid junction potential between internal and external solutions.
Furthermore, when the external chloride concentration was reduced to one quarter (47 mM)
of the normal value, using sodium gluconate to replace sodium chloride, the reversal potentials
were shifted by 35.0 mV towards depolarization for both type of GIuCls, which was close to
the calculated shift of 34.5 mV. Thus, it was concluded that both desensitizing and non-
desensitizing GluCls evoked by glutamate were carried by chloride ions [25].

Differential sensitivities of two GluCls to picrotoxinin and bicuculline

The desensitizing and non-desensitizing GluCls were found to exhibit totally different
sensitivities to picrotoxinin, a GABA receptor blocker. While the desensitizing GluCls were
inhibited only 8% by 30 uM picrotoxinin, the non-desensitizing GluCls were inhibited by
picrotoxinin with an ICgq of 4.1 uM (Figure 3) [25]. Neither type of GIuCl was affected by
100 uM bicuculline [25].

Fipronil blocks two GluCls differentially

Whereas fipronil blocked both desensitizing and non-desensitizing GIuCls, the former was
much less sensitive than the latter, with 1Cggs of 800 nM and 10 nM, respectively (Figure 4)
[12]. Fipronil block of non-desensitizing GluCls was use dependent when the currents were
evoked by 100 pM glutamate for 2 s; bath and U-tube applications of 200 nM fipronil inhibited
the currents gradually over a period of 10 min (Figure 5A). However, exposure to the same
concentration of fipronil for the same period of time without glutamate activation resulted in
very little block (Figure 5B). The percentage of block was 90% with, but only 10% without
activation[12]. Thus, it was concluded that fipronil blocked non-desensitizing GluCls in a
highly use-dependent manner, requiring opening of the channels for block.

GluCls and GABA chloride channels are different entities

GABA-gated chloride channels (GABA-CIs) and GIuCls are closely related ligand-gated
chloride channels and there is much overlap of pharmacological properties between the two
channels. Both GluCls and GABA-CIs were sensitive to picrotoxin [29-31], and the amino acid
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sequences of the Drosophila GABA-CIs subunit (Rdl) and the Drosophila GluCls show many
similarities [19].

Four types of experiments were performed to test the hypothesis that GluCls and GABA-Cls
are different entities [25]. First, some neurons responded to glutamate application without
producing responses to GABA and vice versa, and there was no correlation between the
glutamate and GABA responses in the same neurons (Figure 6). Second, in neurons responsive
to both GABA and glutamate, block of GABA-ClIs by dieldrin or by fipronil did not prevent
the glutamate response. Thus, the GABA-induced chloride current and the glutamate-induced
chloride current are generated by separate receptors. Third, a corollary of this conclusion is
that the glutamate-induced current and the GABA-induced current will be additive in the same
neuron. This was indeed the case. Fourth, experiments were conducted to test whether there is
cross-desensitization between the GABA- and glutamate-induced currents. This was not the
case. These four types of experiments are in keeping with the conclusion that GluCls and
GABA-ClIs function independently.

Separation of desensitizing and non-desensitizing GluCls

Conclusions

Itis difficult to separately record desensitizing and non-desensitizing currents from cockroach
neurons. In order to facilitate experiments, several pharmacological means have recently been
developed to separate desensitizing and non-desensitizing GluCls [32]. Bath application of
trypsin at a concentration of 0.5 mg/ml for 10 min completely eliminated the non-desensitizing
GIuCl component, leaving the desensitizing component intact (Figure 7). This effect of trypsin
was enzymatic and irreversible.

Papain at 0.5 mg/ml or bovine serum albumin at 0.5 mg/ml had no effect on either desensitizing
or non-desensitizing GIuCls. The desensitizing GluCls could be selectively and reversibly
blocked by either 0.5 mg/ml soybean trypsin inhibitor or 5% polyvinylpyrrolidone (Figure 8).
Therefore, trypsin and soybean trypsin inhibitor or polyvinylpyrrolidone can be used to
selectively record desensitizing or non-desensitizing GIuClI currents, respectively.

1. The high sensitivity of insect GABA receptors and glutamate-activated chloride
channels to fipronil is responsible for the selectivity in insects over mammals.

2. The glutamate-activated chloride channels, which are present in insects but not in
mammals, are an excellent target for selective and safe insecticides.
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Allethrin modulates the activity of tetrodotoxin-sensitive sodium channels >1000 times more
potently in cockroach neurons than in rat dorsal root ganglion neurons. See text for further
explanation. Rat data from Ginsburg and Narahashi [4] and cockroach data from Narahashi

[5].
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Fig. 2.
Two components of glutamate-activated chloride currents in cockroach neurons. Desensitizing
(left), non-desensitizing (middle), and mixed types (right) [32].
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Fig. 3.

Differential sensitivities of the desensitizing and non-desensitizing GluCls to the blocking
action of picrotoxinin. Dose-response relationships for picrotoxinin inhibition show an 1Cgg
of 4.1 £ 1.0 uM for the non-desensitizing component, and only 8.2 + 2.9% inhibition of the
desensitizing component by 30 uM picrotoxinin [12].
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Fig. 4.

Dose-response relationships of fipronil block of the desensitizing and non-desensitizing
GluCls. The peak currents and the steady-state currents were measured for the desensitizing
and non-desensitizing currents, respectively. The ICsg values are 801 + 207 nM and 10.0 + 0.9
nM for the desensitizing and non-desensitizing currents, respectively [12].
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Fig. 5.

Use-dependent block of non-desensitizing GIuCls by fipronil. Two protocols were used. A.
Currents were induced by 2-s applications of 100 uM glutamate at an interval of 30 s. Fipronil
at 100 nM was bath-perfused and co-applied with glutamate for 10 min. B. Similar to A but
no glutamate was applied during a 10 min bath perfusion of 100 nM fipronil. A test pulse of
glutamate was applied to determine unblocked GluCls [12].
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Lack of correlation between glutamate-induced and GABA-induced currents in individual
neurons. In 28 different neurons tested, no significant correlation was obtained (p>0.05) with
a correlation coefficient of only 0.043 [25].
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Trypsin eliminates the non-desensitizing component of the GIuCl current, leaving the

desensitizing component intact, but heat-inactivated trypsin loses this ability [32].
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Fig. 8.
Polyvinylpyrrolidone reversibly blocks the desensitizing GIuClI current without affecting the
non-desensitizing GIuCl current [32].
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