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Abstract

Fipronil is a phenylpyrazole insecticide introduced for pest control, but it can also affect non-target insects such as honeybees. In insects,
fipronil is known to block GABA receptors and to inhibit ionotropic glutamate-gated chloride channels, but the behavioral effects of low
doses are not yet fully understood. We have studied the effect of sublethal doses of fipronil on the behavior of the honeybee (Apis mellifera)
under controlled laboratory conditions. The drug was either administered orally or applied topically on the thorax. A significant reduction of
sucrose sensitivity was observed for the dose of 1 ng/bee 1 h after a thoracic application. No significant effect on sucrose sensitivity was
obtained with acute oral treatment. A lower dose of fipronil (0.5 ng/bee applied topically) impaired the olfactory learning of the honeybees.
By contrast, locomotor activity was not affected. Our results suggest a particular vulnerability of the olfactory memory processes and sucrose

perception to sublethal doses of fipronil in the honeybee.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Fipronil is a second-generation phenylpyrazole insecti-
cide widely used in veterinary medicine. It has excellent
therapeutic and persistent activity against ticks and fleas
when topically administered to domestic animals (Hainzl
and Casida, 1996). As fipronil is also effective at low
doses against numerous terrestrial insects such as insect
pests of crops (Balanca and de Visscher, 1997), it is also
used as a pesticide. However, fipronil is highly toxic to
non-target insects and the LD 50 on honeybees is very low
(Tingle et al., 2003: 4 ng/bee, Decourtye, 2002: 6.2 ng/
bee). Besides the well-documented toxicity of fipronil to
insects, little is known about the physiological and
behavioral effects on honeybees of sublethal doses of
fipronil, which bees may encounter during their foraging.
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This is a major concern as in the South of France there has
been a depopulation of hives that could not be accounted
for by high mortality, but which occurred after seasons
where bees were foraging on sunflowers whose seeds were
coated with fipronil. Therefore testing on non-target
species is particularly important to determine the suitability
of fipronil-based products for registration in different
countries or habitats and the potential associated risks to
non-target wildlife.

Fipronil is a potent inhibitor of the gamma-aminobutyric
acid (GABA)-gated chloride channel (Cole et al., 1993). It
triggers hyper-excitation, convulsions and paralysis that
cause insect death. Indeed, GABA 1is an important inhibitory
neurotransmitter in invertebrates (Rauh et al., 1990; Sattelle,
1990). GABA-like immunoreactive neurons are widely
distributed in the bee brain (Bicker, 1999) and are also
clustered within the thorax ganglion of the hymenopthera
and orthoptera (Witten and Truman, 1998; Wildman et al.,
2002). GABA receptors have been identified in the visceral
muscle of the cockroach (Moss and Miller, 1988). In locust
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muscles, GABA receptors resembled those of the motor
neuron cell body in their different sensitivity to the
vertebrate GABA antagonists picrotoxin and bicuculline
(Fraser et al., 1990). Hence, blocking GABA receptors in
insects with fipronil could impair locomotor activity.

Several lines of evidence indicate that GABA mediates,
in vertebrates, the processing of taste information at each
level from the periphery to the cerebral cortex (Yamamoto
et al., 1998) and is also involved in olfaction in
invertebrates (Bazhenov et al., 2001). In honeybees,
picrotoxin disrupts discrimination of molecularly similar
odorants but not of dissimilar odorants (Stopfer et al.,
1997), whether the treatment occured before conditioning or
before testing (Hosler et al., 2000), and similarly fipronil
intoxication of the honeybee could impair olfactory
perception. We advance the hypothesis that fipronil at
sublethal doses can affect gustatory perception, olfactory
learning and motor function in the honeybee. These
functions are essential to the bees as they are necessary in
foraging behavior. Indeed, sucrose sensitivity is important
for making foraging decisions (Pankiw and Page, 1999) and
organizing the division of labor within the hive (Page and
Erber, 2002). Moreover, in the course of foraging, a
learning process occurs during which floral features (i.e.
odor, color, and shape) are associated to the nectar reward
(Menzel, 1999).

Sucrose sensitivity assays, olfactory conditioning of the
proboscis extension response (PER) and recording of
locomotor activity can be used to assess the sub-lethal
effect of pesticides on the honeybee (Lambin et al., 2001,
Decourtye et al., 2004a,b). The purpose of this study was to
examine under laboratory conditions the effects of acute
sublethal doses of orally absorbed or topically applied
fipronil on (1) locomotor activity, (2) sucrose sensitivity and
(3) olfactory learning.

2. Material and methods
2.1. Animals

The experiments (locomotor activity, PER induced by
antennae sucrose stimulation and olfactory learning) were
carried out from September 2003 to February 2005. Worker
honeybees were caught through a hole at the top of the hive
set in an apiary warmed to 27 °C. Bees were kept for less
than 1 h with ad libitum sucrose solution (40% wt/v) in
small Plexiglas boxes until being used for a single experi-
ment. For PER to sucrose and the olfactory learning
experiments, bees were individually anaesthetized by cool-
ing. Then they were fixed into a small tube with a drop of
wax-colophane mixture (9 g and 4 g, respectively) laid on
the dorsal part of the thorax and the tube’s wall. For
locomotor experiments, bees caught from the hive were
maintained in the Plexiglas box until they were individually
tested for motor activity. Then the test bees received oral or

topical application of fipronil and were kept starved in a 5-
ml syringe for 1 h until the test for motor activity. The
experimental procedures were in compliance with the
European laws on the use of animal subjects.

2.2. Treatment

Fipronil (Cluzeau Info Labo, Sainte-Foy-La-Grande) was
dissolved in acetone and diluted either in water for topical
application or in sucrose solution for oral treatment. The
doses tested were sublethal and inferior or equal to LD 50/5.
The final concentration of acetone in sucrose and watery
solutions was equal to 0.1% (vol./vol.). The oral treatment
consisted in administering (using a 20-ul pipette) 10 pl of
sucrose solution (40% wt/v) containing vehicle (0.1%
acetone) or fipronil at 0.1, 0.5 or 1 ng/bee to each honeybee.
An additional experiment with fipronil at 0.01 ng/bee orally
administered was conducted for PER to sucrose and
olfactory learning investigations following a pilot experi-
ment suggesting an effect only for the lower doses. The
animals did not react to the presence of acetone or fipronil
and ecagerly drank the sucrose solution. For topical
application, 1 pl of vehicle (0.1% acetone) alone or
containing fipronil (0.1, 0.5 or 1 ng/bee) was applied to
the thorax of the bee with a 2-ul pipette.

2.3. Locomotor activity

Locomotor activity was analyzed as previously
described (Lambin et al., 2001). The motor activity can
be recorded using an open-field like apparatus allowing
observation of bee vertical displacements. This test does
not reflect the flying ability of the animals, however it is
relevant to access motor function of walking bees because
pesticides often disturb this function. The effect of fipronil
on locomotor activity was studied 60 min after a single
topical application or oral dose. Bees were individually
introduced into a 5-ml syringe where they were subjected
to a starvation period of 60 min. The animals were then
restrained by pushing the plunger of the syringe and they
received topical or oral administration of fipronil. Honey-
bees were tested in a PVC open-field-like apparatus
(length: 30 cm, height: 30 cm, depth: 4 cm) stood vertically
and illuminated from above. The glass front allowed
observation and the PVC back area was divided into 30
squares (6 horizontal levels of 5 cm high); with each level
divided into squares of 5x 5 cm. The syringe containing
the bee was introduced at the bottom right-hand side, a trap
door was opened and the bee was allowed to move inside
the box for a 3-min observation period. Bees walked from
the bottom to the top of the open-field, and some of them
tried to fly by remaining in contact with the walls. The
position of the animal in a square was recorded every 5 s
with a computer. Variables assessed for each animal were
the total length walked, the duration of immobility, the
number of ascents from one level to a higher one and the
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time spent in each of the six levels of the apparatus. These
last two parameters were chosen as indicators of geotaxis
or phototaxis.

2.4. Sucrose sensitivity

The PER can be used to assess sucrose sensitivity (for
a review, see Scheiner et al., 2004). Extension of the
proboscis is reflexive in response to antennal stimulation
with solutions of sucrose. In the current experiments, the
PER was used to evaluate the bees’ sensitivity to
ascending concentrations of sucrose solution (ACSS) and
to examine the dose-dependent component of oral and
topical applications of fipronil on sucrose responsiveness.
For each concentration of sucrose solution, the proportion
of animals releasing a PER was calculated. Each animal
was tested twice with the ACSS: 60 min prior and 60 min
after treatment. Prior to each ACSS, the bees consumed
10 pl of sucrose solution; they were then starved for two
periods of 1 h separated by 10 pl of sucrose consumption.
This protocol gave the same duration of starvation for
topical and oral experiments; in this latter case fipronil
was given in the 10 pl sucrose solution. The effect of
thirst on sucrose sensitivity was controlled, by allowing
bees responding to water to drink water (10 pl) 1 h before
the presentation of ACSS. Concentrations of sucrose
solution increased in a log;o series of —1.5, —1.0,
—0.5, 0.0, 0.5, 1.0, and 1.5 corresponding to sucrose
concentrations of 0.03%, 0.1%, 0.3%, 1%, 3%, 10% and
30% (w/v). Solutions were applied to the antennae with a
I-min inter-trial interval. Only bees presenting no
response to water 1 min before the lowest sucrose
concentration were included in the statistical analysis of
the PER to sucrose.

2.5. Olfactory learning and memory

This kind of learning can be studied under controlled
laboratory conditions by using olfactory Pavlovian con-
ditioning of the PER (Bitterman et al., 1983; Menzel, 1999),
which is relevant to the situation bees encounter during their
foraging trips (Gerber et al., 1996). Oral or topical
treatments were performed 3 h prior to conditioning because
3 h starvation is necessary to enhance the motivational state
of the animals.

Classical olfactory conditioning was carried out as
previously described by Gerber et al. (1998) and Deglise
et al. (2003). The five-trial paradigm with an inter-trial
interval of 1 min, which leads to long-term memory, was
used. In this experiment, honeybees were trained to
associate the conditioned stimulus (CS) represented by a
coffee odor with an unconditioned stimulus (US) repre-
sented by a drop of sucrose (40% wt/v) applied to the
antennae. The CS and the US lasted 3 s, and the US delivery
started one second before the end of the CS. The bees were
allowed to feed only during the fifth trial of the training

phase. In the testing trials, the CS was presented alone 1 h,
24 h and 48 h after the learning session. The proportion of
animals releasing a conditioned PER was calculated during
learning and retrieval. Daily experiments including bees
subjected to fipronil (0.1, 0.5, 1 ng/bee for topical
application and 0.01, 0.1, 0.5, 1 ng/bee for oral admin-
istration) and control bees were repeated at least 3 times
with at least four bees for each condition. Bees were fed
with sucrose solution twice a day with at least a delay of 1 h
after learning or retrieval.

2.6. Data analysis

For the locomotor activity, the nine variables recorded
were transformed with natural logarithms or square roots to
reach a normal distribution. Analysis of variance (ANOVA)
was conducted to analyze the results, using the factor
treatment (oral or topical with the four concentrations). As
the pairwise Scheffé or Tukey post-hoc tests did not yield
any significant result, we used contrast comparison to
compare the oral administration group with the topical
administration group.

The PER rates to the different sucrose solutions were
compared within the eight treatment groups using a
McNemar test (with binomial distribution). For the olfactory
learning performances comparison the Fisher exact test was
used to compare the different doses. When the p-values
were significant, we performed pairwise comparisons
between all groups. As this involves multiple comparisons
(which could artificially decrease the a risk), the p-values
obtained were corrected using the technique of Holm. All
the tests were two-tailed. A difference was considered to be
significant when the p-value obtained was lower than 0.050.
ANOVA and Mc Nemar tests were performed with SPSS12
(SPSS Science, Chicago, USA). Fisher’s exact test was
performed with R2.0 (R Development Core Team, 2004); R
provides algorithms to compare more than two groups with
Fisher’s exact test.

3. Results
3.1. Locomotor activity

When introduced in the vertical open-field, honeybees
tend to migrate upward against the force of gravity to the
light source. This behavior could be defined as negative
geotaxis or positive phototaxis. During the 3 min of
observation, we evaluated the number of ascents performed
(i.e. passing from one level to another higher level; data not
shown), the distance covered (Fig. 1A), the duration of
immobility (Fig. 1B) and the time spent within each one of
the six levels of the apparatus (Fig. 1C).

The first three parameters were significantly different
across the different treatments (one-way ANOVA, number
of ascents: F'7 103=2.360, p=0.028; immobility duration:
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Fig. 1. Locomotor activity of honeybees 1 h after fipronil thoracic application or oral absorption. Results represent the distance covered (A), the duration of
immobility (B) and the time spent in each level (C). Columns and vertical bars represent means+ SEM. Number of animals used are: topical, 0.1 ng: 14; topical,

0.5 ng: 13; oral, 0.5 ng: 14; other groups: 15.

F7, 108=2.459, p=0.022; distance covered: F'; 193=2.936,
p=0.007). On the other hand, there were no differences
between the time spent within each level (one-way
ANOVA, level 1: F; 105=1.573, p=0.151; level 2:
F7, 108~ 1349,p:0235, level 3: F7, 108:0-659: p:O706,
level 4: F‘7v 108:0'544» p:0799, level 5: F7’ 108:1.188,
p=0.316; level 6: F7 1903=1.405, p=0.211). To assess the
origin of the differences, we compared each treatment with
all the others, using Tukey or Scheffe pairwise post-hoc
tests, but no differences were seen. Therefore, we
performed contrasts comparison, i.e. comparing one group
of means versus another group. A significant difference
was revealed between orally-treated and topically-treated
animals, whatever the fipronil concentration used (contrasts
test: number of ascents: T'jog=—3.285, p=0.0014; immo-
bility duration: T0g=3.589, p=5.0 x 10~%; distance cov-
ered: Tiog=—3.875, p=1.8x10"%).

These results indicated that fipronil had no effect on
locomotor activity whatever the route of its administration.
Fipronil did not affect the honeybees’ ability to move inside
the apparatus. However, the method of pesticide application
employed (oral or topical) had an effect on the animals’
behavior. Putting a drop of solution a bees’ thorax induced a

reduction in mobility compared with the locomotor activity
of the animals that drank the same volume of solution. A
mechanical constraint has been evoked to explain this
observation.

3.2. Sucrose sensitivity

One hour before treatment, the responsiveness to water
was tested in control and fipronil-treated bees; animals that
presented a PER to water before the first ACSS were not
taken into account for sucrose sensitivity analysis. In the
control groups, the sucrose sensitivity was not modified by
acetone 1 h after an oral administration or a topical
application (McNemar tests, p>0.050, Fig. 2A—B). Orally
absorbed fipronil had no significant effect on sucrose
responsiveness to the 4 doses tested (McNemar tests,
p>0.050, Fig. 2A). However, a nearly significant decrease
was observed for the 1% sucrose solution after treatment
with 0.01 ng of fipronil (McNemar tests, p=0.070) and for
the 0.3% sucrose solution after treatment with 0.5 ng of
fipronil (McNemar tests, p =0.063). By contrast, 1 h after 1
ng of fipronil was topically applied, a significant decrease of
the PER to sucrose solutions was observed for the 0.1% and
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Fig. 2. Sucrose—concentration response curves of oral (A) and topical (B) fipronil treated bees. Bees were tested twice: 1 h before treatment (black line) and 1 h
after treatment (dotted line). Abscissa indicates sucrose concentrations (0.03%, 0.1%, 0.3%, 1%, 3%, 10%, 30%) in logarithmic scale.*p <0.05 McNemar test,
compared to before treatment.
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0.3% sucrose solutions (McNemar tests, p=0.039 and
p=0.039, respectively). For sucrose concentrations higher
than 0.3% no more modification of sucrose responsiveness
was observed (McNemar test, p>0.050, Fig. 2B). For lower
doses of fipronil, no significant decrease of sucrose
sensitivity was observed (McNemar test, p >0.050), though
0.1 ng of fipronil induced a nearly significant decrease of
the PER for the 30% sucrose solution (McNemar test,
p=0.063, Fig. 2B).

Adog

08+

PER rate

3.3. Olfactory learning and memory

Orally absorbed fipronil induced no significant impair-
ment of learning and retention performances (Fig. 3A). A
moderate but not significant decrease of performance was
observed at the fourth acquisition trial with the fourth dose
tested (Fisher exact test: p>0.05). One hour after training,
the 0.01 ng group exhibited a non-significant decrease in
retention. Retention tested 24 h and 48 h after learning was

1 2 3 4
Learning trials

CJ0ng (23)
-0

PER rate

5 1h

24h
Retrieval

48h

30,01 ng (18) E90,1ng (19) EH0,5ng (19) HW 1ng (19)
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CJ0ng(19)
-o- -

E01ng(16) EH05ng(16)
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5 1h

24h

48h

Retrieval

B 1ng (17)
-

Fig. 3. Olfactory learning performances of bees 3 h after an oral (A) or topical (B) fipronil treatment. Retention performances of the same animals were tested 1
h, 24 h and 48 h after learning. The control and fipronil treated groups were run in parallel. *: The four groups are different (p <0.050, Fisher exact test); **:

The four groups are different (p <0.010, Fisher exact test).
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not significantly impaired in the treated groups (Fisher exact
test: p>0.05).

Topical treatment induced an effect on learning according
to the dose used. Indeed, as can be seen in Fig. 3B, the 0.5
ng dose impaired the animal’s performance whereas 0.1 ng
or 1 ng did not differ from control group. This is particularly
clear in the 5th learning trial, where the four groups (control,
0.1 ng, 0.5 ng and | ng) are different (Fisher’s exact test,
p=0.006). The 0.5 ng dose differed from control group
(Fisher’s exact test, p=0.019, adjusted by Holm’s method)
whereas the other doses did not significantly differ when
compared to each other or to the control (Fisher’s exact test,
p>0.050, adjusted by Holm’s method). The same holds true
during retrieval tests performed 1 h after learning, i.e. 4 h
after treatment (Fisher’s exact test, p=0.011; 0.5 vs. control,
p=0.023, adjusted by Holm’s method; other pairwise
comparisons, p>0.050, adjusted by Holm’s method) or 48
h after learning; i.e. 51 h after treatment (Fisher’s exact test,
p=0.021; 0.5 vs. control, p=0.047, adjusted by Holm’s
method; other pairwise comparisons, p>0.050, adjusted by
Holm’s method). Though performance was similar among
the four groups, 24 h after retrieval or during acquisition
(Fisher’s exact test, p>0.050) the same pattern of perform-
ance was observed. Thus, topical application of 0.5 ng
fipronil impaired the formation of the memory trace, but
lower or higher doses did not significantly affect learning
processes.

At the end of the experiment, all the bees were tested for
the PER induced by sucrose stimulation of the antennae.
No significant impairment of the PER to sucrose (40%)
was observed over a 48-h period. This indicated that
topical and oral fipronil treatments neither affected motor
response nor sucrose (40%) perception during the 48-h
period observation.

3.4. Mortality

During the three experiments, the number of dead bees
was counted. The significant effects of fipronil on the PER
to sucrose 1 h after a thoracic application and on olfactory
memory tested up to 27 h after treatment were not
associated with differential mortality among the different
groups. Indeed, the treatment with fipronil topically applied
or orally administered did not lead to additional mortality
during this observation period. However, 48 h after topical
treatment, the mortality was significantly different across the
three groups (Fisher exact test: p<0.05). Moreover, no
difference was found between the different fipronil treated
groups on the mortality rate (Fisher exact test: p>0.05)
whereas no mortality was observed in acetone control
group. Hence, fipronil treated groups exhibited higher
mortality than the control group 48 h after a thoracic
application.

Forty-eight hours after oral treatment fipronil induced an
increase of mortality compared to control group (58% vs.
21%, Fisher exact test: p=0.04). The dose of 0.5 ng leads to

a non-significant (Fisher exact test: p>0.05) increase of
mortality (19%) 48 h after oral absorption.

The LD 50 proposed by Decourtye (2002) was obtained
by feeding groups of 20 bees with 200 pl of glucose syrup
containing different doses of fipronil. By comparison with
this oral contamination of group of bees, individual
contamination seems to be more toxic. Although our
experiments are not designed to calculate a LD 50 but a
lethal time for a given dose, they indicate that the LD 50 for
fipronil absorbed by harnessed bees is lower than 5 ng/bee.

4. Discussion

This report presents a behavioral analysis of the effect of
fipronil on locomotor activity, sucrose gustatory sensitivity
and on olfactory learning and memory in the honeybee.
Results described here concerned acute oral and contact
exposure of adult honeybees to fipronil. We were interested
in the sublethal effect of the pesticide because subtle effects
on bees’ physiology or behavior may affect the honeybee
population. The fipronil effects observed in our study were
complex because they depended on the function studied, the
dose tested and the way the pesticide was administered (oral
vs. topical). Oral administration, which implicates digestive
metabolism, induced less or lighter effects. Also, there was
no clear dose—effect relationship on learning and memory
functions.

4.1. Locomotor activity

Locomotor activity of the honeybee was not affected by
fipronil at the doses given and for the short periods of time
tested. We have previously observed with the same open-
field test that the insecticide imidacloprid induced opposite
effects on motor activity depending on the dose (Lambin et
al., 2001). Sixty minutes after a 2.5 ng imidacloprid topical
application, honeybees lost their ability to move in the open-
field whereas 1.25 ng induced an increase of locomotor
activity.

The absence of an effect of fipronil on locomotor activity
was surprising because GABAergic signaling networks
within the central nervous system play an important role
in modulating locomotor activity in insects. Indeed, GABA
is present at the peripheral inhibitory neuromuscular
junction of locust extensor-tibiae muscle fibers (Usherwood
and Grundfest, 1965). In addition, feeding adult female flies
with a yeast-sucrose medium containing GABA transport
inhibitors, resulted in diminished locomotor activity, deficits
in geotaxis, and the induction of convulsive behavior with a
secondary loss of the righting reflex (Leal and Neckameyer,
2002). As fipronil’s main target is GABAergic signaling, we
first hypothesized that fipronil would have an effect on
locomotion. It might be supposed that a longer delay
between treatment and test would lead to a significant
impairment of locomotor activity. Another explanation
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could be that the dose necessary to achieve this impairment
is too close to the lethal dose. In this case, it would not be
possible to observe any effect on motor function without
affecting the survival of the animal (which was the purpose
of the present study and is relevant to the situation
encountered in the South of the France).

4.2. PER to sucrose

The data presented indicated that the fipronil effects on
the sucrose-elicited PER were greater after topical applica-
tion than after oral administration. The significant decrease
of the PER for animals that received a topical application of
1 ng fipronil was observed for low sucrose concentrations.
Hence the perception of a sugar solution of low concen-
trations was reduced by this treatment.

The responsiveness of bees to sucrose is an important
indicator of honeybee foraging decisions. By offering
increasing concentrations of sucrose and determining the
concentration that elicits proboscis extension, one can
determine the response threshold of an individual bee
(Scheiner et al., 2004). Using this technique Page et al.
(1998) determined that pollen and nectar foragers perceive
the concentration of sucrose differently. Pollen foragers
have lower sucrose response thresholds than nectar foragers
(Pankiw and Page, 1999). Workers with the lowest response
threshold became water foragers, followed with increasing
response thresholds by pollen foragers, nectar foragers, bees
collecting both pollen and nectar, and finally those returning
to the colony empty (Pankiw et al., 2001). Following our
results, it can be suggested that pollen foragers would be
more affected by fipronil than nectar foragers, because they
have a low sucrose response. As sucrose sensitivity is a
critical parameter in organizing the division of labor (Page
and Erber, 2002), fipronil could be harmful for hives as
sublethal doses would prevent a proper organization of hive
work.

In addition, we cannot exclude an effect of fipronil on
amino acid gustatory perception of the bees. Indeed, some
insects (i.e. beetles) possess sensory receptors that respond
to GABA (Mullin et al., 1994). These receptors could be a
target for fipronil.

4.3. Effect of fipronil on learning and memory

Our behavioral results indicated that fipronil at a
sublethal doses (topical 0.5 ng per animal) modified the
acquisition and retention performances tested in the
conditioned PER paradigm. The impairment of retention
observed 4 h after the treatment (1 h after acquisition) was
most likely due to the impairment of memory formation
rather than retrieval. This effect on retention performance
was neither associated to a decrease of sucrose sensitivity
nor to a toxic effect of fipronil. This effect could not be due
to a lower sensitivity to sucrose; in the opposite case the
unconditioned stimulus would be powerless. In fact, we

have shown that the topical dose of 0.5 ng per animal was
without effect on the PER to sucrose and no significant
mortality was observed with this dose over 24 h. Further-
more, one can exclude an impairment on olfactory
perception, as this would have been observed consistently
for all learning trials and retrieval tests, which was not the
case for any of the doses.

Insect ionotropic GABA receptors are the target of
numerous insecticides especially fipronil. In crickets,
GABA levels increased in the haemolymph during learning
(Jaffe et al., 1992). This suggests an involvement of this
neurotransmitter in the learning processes. Moreover,
electrophysiological recordings indicated that GABA inhib-
ition of the Kenyon cells could play a role on the odor-
evoked oscillation patterns observed in the mushroom
bodies (MacLeod and Laurent, 1996; Stopfer et al., 1997).
It can be postulated that the impairment of learning and
memory performance after fipronil was associated to an
inhibition of ligand-gated chloride channels involved in
GABA transmission. Blocking the actions of fipronil on
glutamate-induced Cl~ currents has been studied in cock-
roaches (Raymond et al., 2000; Ikeda et al., 2003; Zhao et
al., 2004) and honeybees (Barbara et al., 2003). In honey-
bees the glutamatergic transmission seemed also to be
involved in memory processes (Maleszka et al., 2000). The
vertebrate NMDA receptor antagonist: MK-801, and the
glutamate transporter inhibitor: L-trans-2,4-PDC, used both
with pretraining and pretesting injections lead to an impair-
ment of long-term (24 h) memory. However these treat-
ments had no effect on short-term (1 h) memory of an
olfactory task (Si et al., 2004). Thus the effects of fipronil
could be attributed to the multiple cellular targets of this
pesticide, including non-desensitizing glutamate-gated
chloride channels (Zhao et al., 2004). In addition, fipronil
sulfone is rapidly formed from fipronil in biological systems
and plays a major role in its toxicity. Fipronil can also be
converted into the photoproduct desulfinyl fipronil which is
generally more toxic and more potent at the chloride
channel than the sulfone (Hainzl et al., 1998). Fipronil
photoconversion is enhanced with topical application and
limited with oral consumption. This process could explain
the differences in the results observed between these two
kinds of administration.

4.4. Conclusion

Fipronil blocks glutamate-gated chloride channels in the
cockroach (Ikeda et al., 2003) and the honeybee (Barbara et
al., 2003); our results indicated that ligand-gated chloride
channels are involved in learning and memory in the
honeybee. An interesting aspect of these results is the
non-linear effect on behavior of increasing concentrations of
fipronil, a result already observed with imidaclopride, a
neonicotinic insecticide (Lambin et al., 2001). It could be
suggested that fipronil affects different receptors with a
different affinity for each of them. The lowest concentration
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of fipronil could block a first receptor, triggering the
behavioral effects; then a higher concentration would block
another receptor which would antagonize the effects of the
first one. Glutamate and GABA receptors could be potential
candidates. Alternatively, this non-linear effect could also be
triggered by different metabolites of fipronil.

Testing fipronil on honeybees under laboratory condi-
tions was particularly important to determine the suitability
of fipronil-based products for registration, and to evaluate
the potential associated risks to non-target wildlife. How-
ever, the transposition of acute effects observed on
restrained bees to free-flying bees that encountered fipronil
on crops needs two other kind of experiments: (1) chronic
fipronil treatment under laboratory condition, and (2) field
experiments. Our results provide a framework for these
experiments.
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