


















converted the cation-selective channel into an anion-selec-
tive channel gated by acetylcholine (Galzi et al., 1992).
The presence of motifs SA at positions –1’ and –2’ and T at
position 13’ (Fig. 2B) marks Phh-LCCH3 as intermediate
in terms of ion selectivity, meaning that the global anion
selectivity of the heteromeric receptor is determined by
the Phh-GRD subunit. In honey bee, Am-LCCH3/Am-RDL
constituted anion-selective channel, whereas Am-LCCH3/
Am-GRD was cation selective (Henry et al., 2020).
The Phh-GRD1/Phh-LCCH3 heteromeric receptor responded

to GABA in a concentration-dependent manner with slightly
higher sensitivity to GABA than the prototype homomeric
Phh-RDL but with almost the same GABA sensitivity as
Dm-GRD/Dm-LCCH3 and Am-GRD/Am-LCCH3 (Gisselmann
et al., 2004; Henry et al., 2020). The EC50 calculated for the re-
ceptor Vd-GRD/Vd-LCCH3 of the mite V. destructor was much
more elevated (35 lM) (M�enard et al., 2018). Absence of cur-
rent in response to other potential ligands confirmed selectivity
of Phh-GRD1/Phh-LCCH3 toward GABA. To our knowledge,
the heteromer GRD/RDL had not been investigated in insects
up until now. In the present study, there was no important dif-
ference in response to GABA between the homomer Phh-RDL
and the heteromers Phh-GRD1/Phh-RDL and Phh-LCCH3/
Phh-RDL, but heteromeric receptors with similar EC50 could

have distinct pharmacology. It is not possible to affirm that
Phh-GRD1/Phh-RDL and Phh-LCCH3/Phh-RDL are really re-
constituted by both subunits and not by Phh-RDL alone. Their
higher sensitivity toward ivermectin is in favor of this hypothe-
sis; however, assays like immune coprecipitation are required
to confirm the existence of heteromers. It has been shown that
the coexpression of LCCH3 could alter the pharmacological
properties of the RDL receptor. For example, Dm-RDL was pic-
rotoxin sensitive and bicuculline insensitive, whereas Dm-
RDL/Dm-LCCH3 was picrotoxin insensitive and bicuculline
sensitive (Zhang et al., 1995). Interestingly, lower IC50 for flur-
alaner and fipronil but higher IC50 for dieldrin were observed
in blocking GABA-activated current when two variants of C.
suppressalis RDL were coexpressed in Xenopus oocytes than
when each variant was expressed individually (Sheng et al.,
2018). This points out the fact that reconstitution of receptors
with different variants of the same subunit further complicates
the expression profile of GABA receptors in arthropods.
Concerning in situ expression, Dm-rdl and Dm-lcch3 were

not found in the same tissues of the nervous system of Dro-
sophila (Aronstein et al., 1996). These two subunits were as-
sembled and functional in Xenopus oocytes, indicating that
the functionality of GABA receptors in this heterologous ex-
pression system does not systematically imply their existence

Fig. 7. Antagonistic effects of fipronil, picrotoxin, and ivermectin on GABA receptors expressed in X. laevis oocytes. Representative current traces
from single oocyte expressing Phh-GRD1/Phh-LCCH3 receptor alone or with coapplication of 10 lM picrotoxin, 1 lM fipronil, and 1 lM ivermectin
(A). Relative current evoked by 100 lM GABA alone (5100%) or with coapplication of 10 lM picrotoxin (PIC, B); 1 lM fipronil (FIP, C); and 1 lM
ivermectin (IVE, D) on oocytes expressing Phh-RDL, Phh-GRD1/Phh-LCCH3, Phh-GRD1/Phh-RDL, and Phh-LCCH3/Phh-RDL (n 5 4–7, as indi-
cated on each figure). No significant differences (P > 0.05) were calculated between the results of the different receptors with picrotoxin (PIC, B)
or fipronil (FIP, C), whereas P value 5 0.0048 for Phh-RDL vs. Phh-LCCH3/Phh-RDL and for Phh-GRD1/Phh-LCCH3 vs. Phh-GRD1/Phh-RDL
and P value 5 0.0002 for Phh-GRD1/Phh-LCCH3 vs. Phh-LCCH3/Phh-RDL with 1 lM ivermectin (IVE, D) (one-way ANOVA followed by Tukey’s
multiple comparisons test).
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in vivo. In the case of Phh-grd, Phh-rdl, and Phh-lcch3, re-
sults of relative expression showed that the three subunits
were present in all developmental stages and in the different
parts of the adults (head, thorax, and abdomen). Similar re-
sults were observed in L. striatellus, C. suppressalis, and A.
mellifera, where grd, lcch3, or rdl subunits were detected
during the whole life cycle and in different parts of the in-
sects (Wei et al., 2017; Jia et al., 2019; Henry et al., 2020),
but mainly in larvae of D. melanogaster (Knipple and Soder-
lund, 2010), whereas rdl was essentially found in the head of
Musca domestica (Kita et al., 2019). The relatively similar ex-
pression pattern of Phh-grd and Phh-lcch3 during develop-
mental stages and in different parts could explain their
tendency to form heteromeric cation-selective receptors that
could play an important physiologic role in the nervous sys-
tem of human louse, one of them being their role as excit-
atory mediators during developmental stages of neuronal
wiring or under pathologic conditions (Henry et al., 2020).
Fipronil and ivermectin antagonized all receptors tested here
and killed human lice (Lamassiaude et al., 2021). Relation-
ship between receptor targeting and pediculicide activity
could be confirmed using RNA interference (RNAi) strategy
as shown for L. striatellus, in which injection of rdl double-
stranded RNA (dsRNA) reduced fipronil-induced mortality
(Wei et al., 2015).
In summary, this work allowed us to clone and charac-

terize Phh-grd and Phh-lcch3 subunits of GABA receptors
from human body louse. These results revealed that Phh-
grd, Phh-lcch3, and Phh-rdl were expressed throughout
the developmental stages and in different tissues. At the
functional level, heteromeric receptors constituted by
Phh-GRD1/Phh-LCCH3, Phh-GRD1/Phh-RDL, and Phh-
LCCH3/Phh-RDL were able to respond to GABA in a con-
centration-dependent manner with variable sensitivities
to picrotoxin, fipronil, and ivermectin. Altogether, these
findings provide major basis for future investigations on
LGICs to understand the mechanisms of action of pedicu-
licides as well as their roles in resistance to insecticides.
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