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Abstract Fipronil is a neurotoxic insecticide that inhibits

the gamma-aminobutyric acid receptor and can affect gus-

tative perception, olfactory learning, and motor activity of

the honeybee Apis mellifera. This study determined the

lethal dose (LD50) and the lethal concentration (LC50) for

Africanized honeybee and evaluated the toxicity of a sub-

lethal dose of fipronil on neuron metabolic activity by way of

histochemical analysis using cytochrome oxidase detection

in brains from worker bees of different ages. In addition, the

present study investigated the recovery mechanism by dis-

continuing the oral exposure to fipronil. The results showed

that mushroom bodies of aged Africanized honeybees are

affected by fipronil, which causes changes in metabolism by

increasing the respiratory activity of mitochondria. In

antennal lobes, the sublethal dose of fipronil did not cause an

increase in metabolic activity. The recovery experiments

showed that discontinued exposure to a diet contaminated

with fipronil did not lead to recovery of neural activity. Our

results show that even at very low concentrations, fipronil is

harmful to honeybees and can induce several types of inju-

ries to honeybee physiology.

Pollinators are crucial for the pollination of agricultural

crops and natural areas around the world (Klein et al.

2007). Honeybees are considered excellent pollinating

insects in agroecosystems because they visit many flowers

on the same day (Kremen et al. 2007). Moreover, the bee

Apis mellifera Linnaeus 1758 (Hymenoptera: Apidae) is

interesting from an economic perspective because it pro-

vides products of great value, such as honey, propolis,

royal jelly, wax, and apitoxin (bee venom).

During the last decades, agriculture has changed to meet

the increasing demand to produce food. There has been

expansion of cultivated areas in monoculture and increases

use of pesticides. This is evidenced by the annual con-

sumption of [300,000 tons of insecticides formulated in

Brazil. The amount of active ingredient consumed annually

is approximately 130,000 tons, representing an increase of

700 % during the last 40 years, whereas agricultural area

increased only 78 % (Spadotto et al. 2004). The abusive use

of pesticides is subjecting pollinator insects to stress as

evidenced by a constant decrease in the density of honeybees

around agricultural fields in many parts of the world, thus

causing economic losses (Neumann and Carreck 2010).

Among the insecticides, fipronil, which belongs the

phenylpyrazoles group and has the molecular formula

C12H4Cl2F6N4OS, stands out as harmful. In Brazil, it is

used to treat seeds and soil against subterranean pests and

is sprayed mainly to prevent the attack of leaf cutter ants

and to protect wood against termites. Fipronil acts on the

nervous system of insects by attaching to gamma-amino-

butyric acid (GABA) receptors. These receptors control the

flow of chloride ions through ion channel cell membranes
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Centro de Ciências Agrárias, Campus de Araras,

UFSCar-Universidade Federal de São Carlos, Rodovia

Anhanguera, Km 174, Araras, São Paulo 13600-970, Brazil

E. C. M. Silva-Zacarin
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and can inhibit the central nervous system (CNS). Binding

of fipronil to GABA receptors induces hyperpolarization

(Narahashi et al. 2007). GABA receptors are located in

several neuropiles of the honeybee brain (Schäfer and

Bicker 1986) that are relevant to the modulation of learn-

ing, memory, and sensory perception (El Hassani et al.

2005; Aliouane et al. 2009; Bernadou et al. 2009). More-

over, it has been shown that the insecticides fipronil and

neonicotinoids may be involved in colony collapse disorder

in the United States (Stokstad 2012).

It is clear that fipronil affects metabolism in the brain;

however, it is unknown how low doses of this compound

affect neural activity. The metabolic activity of the brain

can be studied using the histochemical technique for

detection of cytochrome oxidase (CO), a terminal enzyme

of the electron transport chain in the mitochondrial res-

piration process. This technique is based on the principle

that neural activity induces metabolism in neurons, and

this can increase cellular respiration and, consequently,

enzymatic activity of the mitochondria. Alterations in CO

activity in the CNS occur concomitantly with memory

deficits in the bee (Decourtye et al. 2002). Moreover, the

histochemical detection of CO activity in invertebrates is a

valuable tool with which to identify the cerebral structures

involved in memory processes (Agin et al. 2001; Déglise

et al. 2003). For example, Decourtye et al. (2002) verified

an increase in CO activity from the calyces of mushroom

bodies after A. mellifera worker bees were exposed to

imidacloprid.

Due to the importance of the use of fipronil in Brazilian

crops, the goal of this study was to investigate the acute

toxicity (topical and oral) of fipronil and to evaluate the

effects of a sublethal dose of this phenylpirazole insecticide

on neuron metabolic activity in intoxicated newly emerged

and aged honeybees through histochemical technique for

the detection of CO enzyme. In addition, using the same

parameters for analysis, we studied the capacity for

recovery of neuron metabolic activity after exposure to

fipronil.

Material and Methods

Chemicals

The pesticide fipronil (95 %) was obtained from Dalian

Raiser Pesticides (China), sucrose from Amresco (Brazil),

and HistoResin from Leica (Brazil). Sodium chloride

(NaCl), sodium phosphate dibasic (Na2HPO4), potassium

phosphate monobasic (KH2PO4), paraformaldehyde, cyto-

chrome C, and 3,3’-diaminobenzidine were purchased from

Sigma-Aldrich (Brazil).

Honeybees

Honeybees were obtained from queen-right colonies of

Africanized A. mellifera at the experimental apiary of the

Departamento de Biologia, Universidade Estadual Paulista,

campus Rio Claro/SP, Brazil. To obtain newly emerged

worker bees, three sealed brood combs from three different

colonies were put in a BOD incubator at a temperature of

34 ± 2 �C and relative humidity of 70 ± 10 %, and adult

bees were collected after emergence. We collected 240

newly emerged honeybees for bioassays, and another 500

bees were marked on the thorax with ink and returned to

the colony for later capture when they reached 20 days old

(aged honeybees).

Acute Toxicity Assay: Topical Application

The lethal dose 50 (LD50) of fipronil by way of topical

application on newly emerged honeybees was determined

by dose–response assay. Several concentrations of fipronil

(0.5–5.0 ng a.i./lL) were prepared in acetone, and 1 lL of

one of the solutions was applied to the thorax of one bee;

each concentration group comprised 75 honeybees. The

control group received only 1 lL acetone. Immediately

afterward, each group of 75 bees was divided into 3 cages

with 25 honeybees each and kept at 32 ± 2 �C and

60 ± 10 % relative humidity and fed candy paste ad libi-

tum. Twenty-four hours after intoxication, the number of

dead honeybees per treatment was recorded and the data

subjected to statistical analysis.

Acute Toxicity Assay: Ingestion

The lethal concentration 50 (LC50) of fipronil by way

of ingestion to newly emerged honeybees was determined

as previously described (see Acute Toxicity Assay:

Topical Application) but with some modifications. Stock

solution of fipronil was made in 100 % acetone and then

diluted in a sucrose and H2O mixture (1:1) with a final

range of fipronil from 5 to 0.05 ng fipronil/lL. The final

solution contained B1 % acetone. Groups of 75 honey-

bees/treatment (25/cage) were kept in experimental cages

and subjected to a starvation period of 2 h. Afterward,

the honeybees were collectively fed a fipronil-contami-

nated syrup, and the total volume was adjusted to the

number of honeybees so that each bee could consume

10 lL of diet containing different concentrations of

fipronil. The number of dead honeybees was recorded and

data subjected to statistical analysis 24 h later. The con-

trol treatment received the same volume of diet without

fipronil.
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Honeybee Intoxication Assay

Honeybee intoxication assay with a sublethal dose of

fipronil was performed using the LD50 value for newly

emerged honeybees (see Acute Toxicity Assay: Topical

Application) as a reference value and not the LC50 value,

but these values were similar. To intoxicate the honeybees,

a stock solution of fipronil (1,000 ng a.i./lL) was prepared

in acetone; from this solution, several dilutions were pre-

pared using a sucrose and H2O mixture (1:1) as solvent,

obtaining a solution with 0.001 ng fipronil/lL diet.

A group of 60 newly emerged and aged honeybees was

equally divided into three disposable cages. The honeybees

were collectively fed with a fipronil-contaminated syrup,

and the total volume was adjusted to the number of hon-

eybees so that each honeybee could consume daily 10 lL

sucrose solution containing 0.001 ng a.i./lL diet (i.e.,

200 lL diet enriched with fipronil/cage). Therefore, each

bee ingested 0.01 ng/lL fipronil/d (1/100 of LD50). Every

day the number of dead honeybees was counted and the

total volume of syrup adjusted to the number of live

honeybees. Two experimental controls were used in these

experiments: (1) control without acetone in which honey-

bees were fed only with sucrose and H2O (1:1) mixture;

and (2) control with acetone in which in the sucrose and

H2O (1:1) mixture contained the solvent acetone at the

same concentration used when the honeybees were fed

fipronil (0.0001 % of acetone). The food was provided on

plastic on the bottom of the experimental cages and cov-

ered with plastic mesh. Water was furnished ad libitum by

way of impregnated cotton. The cages were kept under

climate control of 32 ± 2 �C and 60 ± 10 % relative

humidity.

Samples of newly emerged and aged honeybees were

collected to assess neuron metabolic activity alterations

induced by fipronil at 3, 5, or 8 days after the beginning of

exposure by way of continuous supply of contaminated

food (Table 1). The recovery effect of honeybees against

fipronil was also studied. In the first experiment, the diet

containing fipronil was furnished until day 3 and then

substituted for diet without insecticide. Honeybees were

collected on days 5 or 8. In the other experiment,

Table 1 A. mellifera age,

treatment, and day of sample

collection for neuron metabolic

activity assays

Age Type of exposure Date of sample collection

Newly emerged Control without acetone (C-3D) Day 3 after initial exposure

Control with acetone (CA-3D)

0.01 ng fipronil/bee/day (F-3D)

Aged Control without acetone (C-3D)

Control with acetone (CA-3D)

0.01 ng fipronil/bee/day (F-3D)

Newly emerged Control without acetone (C-5D) Day 5 after initial exposure

Control with acetone (CA-5D)

0.01 ng fipronil/bee/day (F-5D)

Aged Control without acetone (C-5D)

Control with acetone (CA-3D)

0.01 ng fipronil/bee/day (F-5D)

Newly emerged Control without acetone (C-8D) Day 8 after initial exposure

Control with acetone (CA-8D)

0.01 ng fipronil/bee/day (F-5D)

Table 2 A. mellifera age,

treatment, and day of sample

collection for neural activity

assays including recovery time

Age Type of exposure Date of sample collection

Newly emerged Exchange on day 3 of fipronil

diet (0.01 ng/bee/day) for

control diet without acetone

Day 5 after initial exposure

Aged (Rec-5D)

Newly emerged (Rec-8D) Day 8 after initial exposure

Newly emerged (Rec-8D2) Exchange on day 5 of fipronil

diet (0.01 ng/bee/day) for

control diet without acetone

Day 8 after initial exposure
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honeybees were fed with contaminated diet until day 5 and

then fed diet without fipronil, and samples were collected

on day 8 (Table 2). The schedules of these assays are listed

in Tables 1 and 2.

For histochemical analysis, eight live honeybees were

randomly collected from each cage. In this experiment, aged

honeybees were used only at days 3 and 5 after exposure but

not after day 8 due to the difficulty in obtaining sufficient

samples of bees of this age under experimental conditions.

Histochemical Analysis of Neuron Metabolic Activity

This technique was performed according the method

described by Wong-Riley (1979) and Armengaud et al.

(2000) with some modifications. For each experimental

group, the honeybee samples were dissected in buffered

saline solution (20 mM Na2HPO4/KH2PO4 [pH 7.4] ?

130 mM NaCl), and brains were fixed in 4 % ? 100 mM

sodium phosphate buffer [pH 7.4] for 90 min. After this

period, the material was immersed for 12 h in 100 mM

sodium phosphate buffer [pH 7.4]. Then material was incu-

bated in CO solution (100 mM phosphate buffer [pH 7.4]

containing 0.02 % cytochrome C, 0.06 % diaminobenzi-

dine, and 4.5 % sucrose) for 30 min. Afterward, the samples

were dehydrated in increasing concentrations of ethanol (70,

80, 90, and 95 %) for 30 min each, incubated in embedding

resin for 3 days, and then embedded in historesin. Finally,

the material was cut into 7 lm–thick sections and analyzed

using a photomicroscope BX 51 (Olympus America).

Densitometry analysis (expressed as grey level) was

performed in 29–38 sections from eight honeybees each

from the control and treated groups. We employed a mag-

nification of 209 using the photomicroscope. Quantification

was performed using computer-aided densitometry of CO

histochemistry staining intensity employing Image Pro Plus

image analysis software (Media Cybernetics, v.6.0) . The

densitometry analysis was performed for mushroom bodies

and antennal lobes. In addition, some sections of the brain

were stained with hematoxylin and eosin (HE) to serve as a

general view of the structures analyzed.

Statistical Analysis

Data from the acute toxicity test (oral and topical appli-

cation) were subjected to a dose response–type statistical

analysis using a log-logistic model from the package ‘‘drc’’

(Ritz and Streibig 2005) compiled with the statistical

software R (2012). With the best-fitted model, the values of

LD50 or LC50, as well as the 5 % confidence limits and the

chi-square values, were calculated.

For densitometry analysis, the grey levels of the different

brain structures were compared among treatments using one-

way analysis of variance (p B 0.05). When the F value was

significant, Fisher’s least significant difference test was used

to grade the different treatment groups (p B 0.05).

Results

Acute Toxicity Assay

Acute toxicity assay showed that LD50 and LC50 values from

newly emerged honeybees are very similar. For topical appli-

cation, the LD50 value was 1.06 ng fipronil/bee (CL95 % =

0.97 to 1.15; degrees of freedom [df] = 13, v2 = 18,386)

(Fig. 1); for oral administration, the LC50 was 1.27 (CL95 % =

1.13 to 1.41; df = 16,v2 = 18,474) (Fig. 2). Due to the similar

values between the LD50 and the LC50, we adopted the first

value (LD50) as a reference dose, and then we calculated a

sublethal dose of 0.01 ng fipronil/bee (1/100 of the LD50).

Analysis of Neuron Metabolic Activity

Positive marking of histochemical analysis for CO was

observed as small dots in the cell because the CO is a mito-

chondrial enzyme. Figure 3 shows in detail the weakly marked

Fig. 1 Acute toxicity assay by

contact in which newly emerged

A. mellifera were exposed to

different doses of fipronil to

calculate the LD50
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Kenyon cells (i.e., basal activity of the enzyme) (Fig. 3a) and

positive marking (Fig. 3b) for CO histochemistry.

In order not to mask the results obtained by CO mark-

ing, we did not perform any counter-staining; because of

this, the cerebral structures appeared very clear. Therefore,

we used a histological section stained with HE to show the

brain structures analyzed and the precise location of the

markings obtained. The histological section shown in

Fig. 4a gives an overall view of the brain of A. mellifera

and shows the location of mushroom bodies and antennal

lobes, i.e., the cerebral structures analyzed in this study. In

Fig. 4b, it is possible to observe the Kenyon cell subtypes

that compose the mushroom bodies: the inner compact,

noncompact, and outer compact cells. This figure also

shows the mushroom body calyx, which contains axons

and dentrits of neurons (neuropil area). The other brain

structures analyzed in this study, i.e., the antennal lobes

formed by glomeruli, are shown in Fig. 4c.

The analysis of CO histochemistry in mushroom bodies

of newly emerged bees showed Kenyon cells weakly

marked by the reaction of CO activity in the mushroom

bodies, depicting the basal activity of this enzyme, in all

groups studied. Therefore, for all of the groups (control

with acetone, control without acetone, continuous exposure

to fipronil, and recovery treatment), we did not detect

increased CO activity in Kenyon cells. This shows that the

neural activity of bees at this age is not affected by the

presence of the insecticide.

After exposure of aged honeybees to fipronil for 3 days,

brains of bees in the control groups showed Kenyon cells

weakly marked by the reaction of CO activity. However,

for the group exposed to fipronil (Fig. 4d), Kenyon cells

located in the interior of the calyces of the mushroom

bodies were strongly stained, evidencing alterations in

neural activity. Figure 4d shows that marked cells are seen

mainly in the central region of the mushroom bodies.

Considering their morphology and localization, these cells

must belong to the Kenyon cell class because they are

subtypes of the inner compact cells. On day 5, bees in the

control groups showed weakly marked Kenyon cells.

However, in the group exposed to fipronil and the group

subjected to recovery treatment, there was increased

detection of CO activity in cells. It is possible to observe

cells that are strongly stained by CO reaction, and

regarding localization and morphology, that are part of the

subtype of inner compact Kenyon cells.

Fig. 2 Acute toxicity assay by

oral administration in which

newly emerged A. mellifera
were exposed to different doses

of fipronil to calculate the LC50

Fig. 3 Photomicrography of Kenyon cells of A. mellifera treated for

3 days with fipronil and subjected to a histochemical technique for

CO detection. a Cells weakly marked reflecting the basal activity of

the enzyme in newly emerged honeybees. b Cells positively marked

for CO histochemistry in aged honeybees. Scale = 100 lm
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Mushroom bodies neuropil areas (Fig. 4f) of newly

emerged and aged honeybees were positively marked for

CO histochemistry.

In all bees evaluated in these experiments, the antennal

lobes of newly emerged and aged honeybees subjected to

the detection of CO presented weakly stained neurons,

probably reflecting the basal expression of this enzyme.

Thus, even with continuous exposure to fipronil and after

the recovery period, there were no alterations in neural

activity of the antennal lobes. We observed similar patterns

Fig. 4 Photomicrography of a brain of A. mellifera stained with HE

(a–C) and subjected to a histochemical technique for CO detection

after exposure to fipronil (d–f). a General view showing the

localization of the structures analyzed: mushroom bodies (mb) and

antennal lobes (al). b Detail of the mushroom bodies showing that

Kenyon cells (kc) can be divided into three subtypes: inner compact

(cc1; highlighted circles), noncompact (nc), and outer compact (cc2).

Note the calyx (ca; a neuropil region also highlighted with a circle).

c Detail of the antennal lobes showing the glomeruli (gl). d Aged

honeybees treated for 3 days with fipronil. Note that positively

marked cells (arrowheads) are present in the central region of

mushroom bodies. e Detail of mushroom bodies of aged honeybees

from the recovery treatment in which exposure to fipronil was ended

on day 3 and samples collected on day 5 showing positive markings in

neuropil regions (arrowheads). f Antennal lobes of aged honeybees

treated for 5 days with fipronil. Note weakly stained neurons,

probably reflecting basal expression of the enzyme. Scale = 100 lm

(D = 200 lm)
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of CO activity, without increase, in both newly emerged

and aged honeybees (Fig. 4e).

Densitometry Analysis of CO Histochemistry

The results obtained for densitometry analysis confirm the

results described for histochemical analysis. Newly

emerged honeybees from the control groups, the fipronil-

treated groups (Fig. 5), and the recovery-treatment groups

(Fig. 6) showed Kenyon cells and neuropil region with

basal activity of CO; there were no significant differences

among the groups.

CO densitometry analysis of mushroom bodies of aged

honeybees revealed significantly increased densitometry in

mushroom bodies of honeybees treated with fipronil for

3 and 5 days (Fig. 5) as well as bees subjected to the

recovery treatment (Fig. 6). The results show increased CO

activity in these groups as evidenced by histochemical

analysis.

A summary of densitometry analysis on antennal lobes

of newly emerged and aged honeybees treated with fipro-

nil, as well as the groups subjected to the recovery treat-

ment, are shown in Figs. 7 and 8, respectively. The results

did not show significant differences of CO activity in

antennal lobes among individuals and treatments.

Discussion

The purpose of this study was to assess the toxic effect of

fipronil against honeybees as well as the side effect of a

sublethal dose fipronil on neuron metabolic activity. Ini-

tially, our data obtained for LD50 and LC50 values of

fipronil of newly emerged Africanized honeybees showed

that this insecticide is harmful independently of exposure

route, presenting toxicity values that are very similar

(LD50 = 1.06 and LC50 = 1.27 ng fipronil/bee, respec-

tively). However, when compared with the data in the lit-

erature, differences can be found. For example, Mayer and

Lunden (1999), assessing the toxicity of the same insecti-

cide by way of topical application, showed that fipronil had

a LD50 value of 13 ng/A. mellifera (European subspecies).

For this same subspecies, the LD50 values can range

between 4 (Tingle et al. 2003) and 6.2 ng/bee (Decourtye

et al. 2002), showing that fipronil is indeed harmful to bees.

Intermediary values were obtained for Nomia melanderi

Cockerell 1906 (Hymenoptera: Halictidae) (LD50 =

1130 ng/bee) and Megachile rotundata Fabricius 1787

(Hymenoptera: Megachilidae) (LD50 = 4 ng/bee).

Various factors may be used to explain these differ-

ences. One source of variation is related to the subspecies

of honeybee used in the experiments. In Brazil, the Afri-

canized honeybee originated from a cross between the

European species A. mellifera mellifera L. 1758 and the

African species A. mellifera scutellata Lepeletier 1836. In

contrast, all studies developed around the world are per-

formed using European subspecies, such as black and

Italian honeybees, thus highlighting the importance of

toxicity studies using Africanized honeybee, which show a

particular behavior in toxicity assessments (Danka et al.

1986).

The effects of fipronil in honeybees have mainly been

studied in terms of biological, physiological, and behav-

ioral aspects. Using these methods, several studies have

shown the effects of insecticides on proboscis extension

response (Decourtye et al. 2005, El Hassani et al. 2005,

Bernadou et al. 2009), orientation in complex mazes

(Decourtye et al. 2008), survival (Aliouane et al. 2009),

Fig. 5 Effect of fipronil on CO

histochemistry in Kenyon cells

of mushroom bodies of newly

emerged and aged honeybees

exposed or not to fipronil.

Optical density is expressed as

grey level. Each value

represents the mean ± SE of

29–38 sections from eight bees

each from the control and

treated groups. *Differ

statistically by Fisher’s test

(p = 2e-16). **Not performed

for aged honeybees
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Fig. 6 Effect of fipronil on CO

histochemistry in Kenyon cells

of mushroom bodies of newly

emerged and aged honeybees

subject to the recovery

treatment. Optical density is

expressed as grey level. Each

value represents the mean ± SE

of 29–38 sections from eight

bees each from the control and

treated groups. *Differ

statistically by Fisher’s test

(p = 2e-16). **Not performed

for aged honeybees

Fig. 7 Effect of fipronil on CO

histochemistry in antennal lobes

of newly emerged and aged

honeybees exposed or not to

fipronil. Optical density is

expressed as grey level. Each

value represents the mean ± SE

of 29–38 sections from eight

bees each from the control and

treated groups. **Not

performed for aged honeybees

Fig. 8 Effect of fipronil on CO

histochemistry in antennal lobes

of newly emerged and aged

honeybees subject to the

recovery treatment. Optical

density is expressed as grey
level. Each value represents the

mean ± SE of 29–38 sections

from eight bees each from the

control and treated groups.

**Not performed for aged

honeybees
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and the use of enzymes as biomarkers (Badiou-Bénéteau

et al. 2012). Histological studies focusing on the toxicity of

compounds to bees are more rare. Cruz et al. (2010)

showed that this phenylpirazole insecticide can affect

midgut from honeybee larvae, thus inducing cellular

alterations in both cytoplasm and nucleus of digestive cells

and accelerating the appearance of degenerative features in

midgut epithelium, which are usually present only from the

beginning of the pupal phase.

The present study analyzed the effects of a sublethal

dose of fipronil on neuron metabolic activity of A. mellifera

using histochemical technique for the detection of CO

activity. The use of CO-activity detection is a valid marker

of neuronal metabolic activity because this enzyme is part

of complex IV of the mitochondrial respiratory chain that

acts in the terminal phase of the electron transport chain in

the mitochondrial respiration process to generate the

energy required for neural activity. This enzyme catalyzes

the last reaction of oxidative metabolism, the main means

of energy production in the brain. The distribution of CO

activity can be visualized in tissue sections and is an

indicator of tissue metabolic activity (Hevner and Wong-

Riley 1989).

In histological sections, A. mellifera brain presents well-

defined areas characterized by neuropil regions that contain

dendrites and axons of neurons and cell body regions.

Because CO is a marker of mitochondrial activity, it is

expected to find positive marking for this enzyme in neu-

ropil and cell body regions. In our study, positive marking

for CO was subtle: It was seen as small dots in the cell.

This was due the extremely small size of A. mellifera

neurons. According to Giurfa (2003), the brain of honeybee

contains approximately 960,000 neurons and is 1 mm3 in

size.

The results obtained here using CO-activity detection

showed that in mushroom bodies, Kenyon cells are weakly

marked and neuropil regions positively marked. However,

aged honeybees showed increased neural activity in

response to exposure to a sublethal dose of fipronil. Thus,

this group of honeybees presented increased metabolism of

Kenyon cells after 3 days of exposure, and this increase

persisted until day 5 of exposure. Similar results were also

found by Decourtye et al. (2002) for imidacloprid: Histo-

chemical detection of CO showed increased activity of this

enzyme in mushroom bodies of A. mellifera. Armengaud

et al. (2000) evaluated short-term effects of cholinergic

binding by insecticides on the metabolism of different

cerebral structures, focusing their investigation on antennal

lobe regions and mushroom bodies. These investigators

verified that imidacloprid activated cellular metabolism in

mushroom bodies and, albeit less intensely, in antennal

lobes. Similar results were obtained in this work, which

showed that a sublethal dose of fipronil administered to

either newly emerged or aged honeybees did not cause

increased metabolic activity of antennal lobes.

Interestingly, the exposure of honeybees to a sublethal

dose of fipronil mainly altered the metabolism of specific

subtypes of Kenyon cells present in mushroom bodies.

These structures of the brain contain Kenyon cells, or

interneurons, that can be divided in three groups according

to their localization and size of their cellular bodies: (1)

inner compact cells with interneurons (small cellular bod-

ies found in the center of the calyx); (2) noncompact cells

with interneurons in larger cellular bodies that fill the rest

of the calyx; and (3) outer compact cells with interneurons

and small cellular bodies located in the exterior of the

calyx (Zars et al. 2000; Kiya et al. 2007). In honeybees

exposed to fipronil, CO-activity detection occurred pref-

erentially in cells belonging to subtypes of inner compact

cells.

The existence of subpopulations with distinct charac-

teristics shows that Kenyon cells do not form a homoge-

nous group of neurons. According to Farris et al. (1999)

and Strausfeld et al. (2000), the subtypes differ with respect

to dendrites, morphology of the axons, content of neuro-

peptides, and other aspects of gene expression. Several

studies of immunolocalization have showed that there is

variation in protein expression of these cells. For example,

in situ hybridization showed that the gene for a putative

inositol 1,4,5-trisphosphate receptor was expressed

strongly in large-type Kenyon cells and weakly in small-

type Kenyon cells of mushroom bodies (Kamikouchi et al

1998) and that cAMP-dependent protein kinase type II is

more strongly expressed in noncompact Kenyon cells

(Müller 1997). In contrast, a protein that is a component of

royal jelly is expressed by compact cells (Kucharski et al.

1998). Other patterns of gene expression differ between the

cells, e.g., due to the activity performed by worker bees

(Sawata et al. 1998). Kiya et al. (2007), using a novel

immediate early gene, kakusei, as a marker of neural

activity, showed that compact and noncompact Kenyon

cells have increased activity in brains of dancer and forager

honeybees; however, only compact Kenyon cells have

greater activity in brains of reorienting worker bees, which

memorize their hive location during reorienting flights.

These findings demonstrate that the preferential activity of

small-type (or compact) Kenyon cells is associated with

foraging behavior, suggesting its involvement in informa-

tion integration during foraging flight, which is an essential

basis for dance communication. This can be the cause of

the increased of neural activity in response to exposure to a

sublethal dose of fipronil only in aged bees but not in newly

emerged bees.

Vidau et al. (2011) showed that fipronil induces rapid

adenosine triphosphate depletion with concomitant acti-

vation of anaerobic glycolysis in human neuronal cells.
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This cellular response is characteristic of mitochondrial

injury associated with a defect of the respiration process.

As observed in this study, the increased CO activity

induced by fipronil in aged honeybees can be due an

increase of cellular respiration as reflected by increased CO

enzymatic activity of the mitochondria just before the

activation of anaerobic glycolysis. Considering these facts,

it can be inferred that fipronil, being toxic and acting on

GABA receptors, interferes with the metabolism of Ken-

yon cells, primarily the compact cell subtype, to modulate

their physiology and lead to alterations in their responses.

In addition to investigating the effects of sublethal doses

of fipronil on neural activity, the present study performed

recovery experiments showing that discontinued exposure

to a diet containing a sublethal dose of fipronil did not lead

to recovery of neural activity in aged honeybees. Although

Smirle and Winston (1988) reported that forager bees

present more active enzymes linked to detoxification

mechanisms compared with newly emerged bees, the

results of the present study show that the neuron metabolic

activity in brain of 20-day-old worker bees exposed to a

sublethal dose of fipronil is greater than that in newly

emerged bees exposed to this same dose of fipronil. In

addition, this increased CO activity in older bees did not

decrease in the recovery treatment, indicating the persistent

effect of fipronil in mushroom bodies. These results dem-

onstrate that exposure to this phenylpyrazole insecticide

seriously affects neural activity of bees and might com-

promise their activities in the colony.

In conclusion, independent of exposure route (topical or

ingestion), we verified that fipronil is toxic to Africanized

honeybees. The hazard of fipronil’s effect on neural

activity was shown when honeybees were exposed to a

sublethal dose (1/100 of LD50) of fipronil, indicating that

even at very low concentrations, this insecticide is harmful

to honeybees. Therefore, intoxication by this insecticide

can induce several types of injuries to honeybee physiology

(e.g., disruption of visual and olfactory capability), thus

leading to abnormal behavior and possibly death. Thus, it is

suitable to create and suggest mitigatory policies to protect

honeybees in the agricultural environment and to minimize

the impact of pesticides.
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Déglise P, Dacher M, Dion E, Gauthier M, Armengaud C (2003)

Regional brain variations of cytochrome oxidase staining during

olfactory learning in the honeybee. Behav Neurosci 117:

540–547

El Hassani AK, Dacher M, Gauthier M, Armengaud C (2005) Effects

of sublethal doses of fipronil on the behavior of the honeybee

(Apis mellifera). Pharmacol Biochem Behav 82:30–39

Farris SM, Robinson GE, Davis RL, Fahrbach SE (1999) Larval and

pupal development of the mushroom bodies in the honeybee,

Apis mellifera. J Comp Neurol 4(14):97–113

Giurfa M (2003) The amazing mini-brain: lessons from a honeybee.

Bee World 84:5–18

Hevner RF, Wong-Riley MTT (1989) Brain cytochrome oxidase:

purification, antibody production, and immunohistochemical/his-

tochemical correlations in the CNS. J Neurosci 9(11):3884–3898

Kamikouchi A, Takeuchi H, Sawata M, Ohashi K, Natori S, Kubo T

(1998) Preferential expression of the gene for a putative inositol

1,4,5-triphosphate receptor homologue in the mushroom bodies

of the brain of the worker honeybee Apis mellifera L. Biochem

Biophys Res Commun 242:181–186

Kiya T, Kunieda T, Kubo T (2007) Increased neural activity of a

mushroom body neuron subtype in the brains of forager

honeybees. PLoS ONE 4:370–371

Klein AM, Vaissière BE, Cane JH, Dewenter IS, Cunningham SA,

Kremen C et al (2007) Importance of crop pollinators in

changing landscape for world crops. Proc R Soc Lond B Biol Sci

274:303–313

Kremen C, Williams NM, Aizen MA, Gemmill-Herren B, Lebuhn G,

Minckley R et al (2007) Pollination and other ecosystem services

Arch Environ Contam Toxicol (2013) 64:456–466 465

123



produced by mobile organism: a conceptual framework for the

effects of land-use change. Ecol Lett 10:299–314

Kucharski R, Hayward D, Ball EE, Maleska R (1998) A royal jelly

protein is expressed in a subset of Kenyon cells in the mushroom

bodies of the honeybee brain. Naturwissenschaften 85:343–346

Mayer DF, Lunden JD (1999) Field and laboratory tests of the effects

of fipronil on adult female of Apis mellifera, Megachile
rotundata and Nomia melanderi. J Apic Res 38:191–197

Müller U (1997) Neuronal cAMP-dependent protein kinase type II is

concentrated in mushroom bodies of Drosophila melanogaster
and the honeybee Apis mellifera. J Neurobiol 33:3–44

Narahashi T, Zhao X, Ikeda T, Nagata K, Yeh JZ (2007) Differential

actions of insecticides on target sites: basis for selective toxicity.

Hum Exp Toxicol 26(4):361–366

Neumann P, Carreck NL (2010) Honey bee colony losses. J Apic Res

49(1):1–6

R Development Core Team (2012) R: A language and environment

for statistical computing. Vienna: R Foundation for Statistical

Computing 2012. Available at: http://www.R-project.org.

Accessed 20 Jan 2012

Ritz C, Streibig JC (2005) Bioassay analysis using R. J Stat Softw

12(5):1–22

Sawata M, Takeuchi H, Kamichouchi A, Ohashi K, Natori S, Kubo T

(1998) Identification and characterization of a gene expressed

specifically in the small type Kenyon cells of the brain of the

worker honeybee (Apis mellifera L.). Proceedings of the XIII

International Congress of the IUSSI, Adelaide, Australia, p 418
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