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Abstract The use of insecticides has become increasingly
frequent, and studies indicate that these compounds are
involved in the intoxication of bees. Imidacloprid is a
widely used neonicotinoid; thus, we have highlighted the
importance of assessing its oral toxicity to Africanized bees
and used transmission electron microscopy to investigate
the sublethal effects in the brain, the target organ, and the
midgut, responsible for the digestion/absorption of food. In
addition, the distribution of proteins involved in important
biological processes in the brain were evaluated on the Ist
day of exposure by MALDI-imaging analysis. Bioassays
were performed to determine the Median Lethal Con-
centration (LCsgy) of imidacloprid to bees, and the value
obtained was 1.4651 ng imidacloprid/pL diet. Based on this
result, the sublethal concentration to be administered at 1, 4
and 8 days was established as a hundredth (1/100) of the
LCs¢. The results obtained from the ultrastructural analysis
showed alterations in the midgut cells of bees as nuclear and
mitochondrial damage and an increase of vacuoles. The
insecticide caused spacing among the Kenyon cells in the
mushroom bodies, chromatin condensation and loss of
mitochondrial cristae. The MALDI-imaging analysis
showed an increase in the expression of such proteins as
vascular endothelial growth factor receptor, amyloid protein
precursor and protein kinase C, which are related to oxygen
supply, neuronal degeneration and memory/learning, and a
decrease in the expression of the nicotinic acetylcholine
receptor alpha 1, which is fundamental to the synapses.
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These alterations demonstrated that imidacloprid could
compromise the viability of the midgut epithelium, as well
as inhibiting important cognitive processes in individuals,
and may be reflected in losses of the colony.
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Introduction

Hymenoptera is the most well-studied order of insects,
being important pollinators of countless species of plants
(Percival 1965; Amaral and Alves 1979; Crepet 1983; Lenzi
et al. 2003). Because these bees use floral resources, espe-
cially nectar and pollen, as a source of food and energy,
they are extremely important to the process of pollination of
native and cultivated areas (Kearns and Inouye 1997;
Nogueira-Neto 1997) and are considered the most effective
floral visitors among the known pollinators (Michener
1954; Friedman and Shmida 1995; Griswold et al. 1995;
Wilms et al. 1997).

It is estimated that 90% of fruit trees depend directly on
the pollination carried out by these insects for their repro-
ductive success (Tautz 2008). Of the plant species of
worldwide agricultural interest, 73% are pollinated by bees,
19% by flies, 6.5% by bats, 5% by wasps, 5% by beetles,
4% by birds and 4% by butterflies and moths (FAO 2004).

However, bees are vulnerable to pesticides applied in
agricultural crops for pest control. Bees’ genomes feature a
deficiency in the number of genes that encode enzymes
capable of metabolizing such products compared to other
insects (Claudianos et al. 2006).
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Among the most widely used insecticides today, the
neonicotinoids stand out. Having a relatively large variety
of applications and extended residual effects, these products
represent useful tools in modern agriculture (Elbert et al.
2008). For example, since its introduction in the mid-1990s,
the use of imidacloprid has increased considerably, and it is
currently considered to be possibly the most-used insecti-
cide in the control of agricultural pests and diseases (Freitas
and Pinheiro 2010; Blacquiere et al. 2012).

These insecticides act primarily on the nervous systems
of insects, being agonists of acetylcholine receptors (Suchail
et al. 2004). The insecticides bind to nicotinic acetylcholine
receptors located on postsynaptic neurons of insects, acting
primarily on the o subunits of the receptor (Buckingham
et al. 1997; Suchail et al. 2004). In contrast to acetylcholine,
which is hydrolyzed by acetylcholinesterase, this compound
is not degraded immediately; therefore, nerve impulses are
transmitted continuously and lead to hyperexcitation of the
insect’s nervous system (Gallo et al. 2002).

The nervous system of insects consists of a brain and a
ventral nerve cord, being organized into central and per-
ipheral nervous systems. The bee brain consists of three
main regions: protocerebrum, deutocerebrum, and tritocer-
ebrum. The mushroom bodies are located in the proto-
cerebrum, being directly related to learning and memory
(Daly et al. 1998). These bodies consist of numerous neu-
rons (Kenyon cells) that can be differentiated into inner
compact, noncompact and outer compact cells according to
the amount of cytoplasm relative to the nucleus (Farris and
Sinakevitch 2003; Fahrbach 20006).

Imidacloprid is an insecticide that has a systemic action
in the plant, contaminating pollen and nectar (Bonmatin
et al. 2015), and can reach the bees through feeding.
Therefore, it is important to analyze the cytotoxicity of this
compound in organs involved in the metabolism of food
contaminated with insecticide. A major organ for toxicity is
the midgut since it is one of the primary organs that comes
in contact with the insecticide. Some data show that the
epithelium of the bee midgut can be affected by some
insecticides that can compromise feeding behaviors (Han
et al. 2012).

In bees, the digestive tube is divided into proventriculus,
midgut and hindgut (Snodgrass 1956). The midgut is a long,
thick cylindrical tube that bends in an arc inside the
abdominal cavity and is considered the insect’s functional
stomach, since most of the digestion and absorption occur
in this region (Cruz-Landim 2009).

The midgut is largely composed of two cell types: the
main or digestive cells responsible for the synthesis of
digestive enzymes and absorption of nutrients and the
regenerative cells, which are grouped into nests and replace
the main cells when these are removed by use (Cruz-
Landim et al. 1996).
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Given the increasing use of insecticides in the Brazilian
and world agricultural scenarios, and considering that
bees are nontarget insects that can suffer not only with the
lethal effects of the use of insecticides but also with
the sublethal effects of these compounds, which may
affect the physiology, behavior, and longevity of indivi-
duals, as well as the health of the whole colony, it is
important to analyze specific cellular and protein alterations
resulting from exposure to a sublethal concentration. This
study thus reinforces the need to analyze the adverse side
effects of systemic pesticides on bees through tests that
include a broader range of exposure scenarios (Decourtye
et al. 2013).

Thus, the objectives of this study were to (1) determine a
sublethal concentration based on the value of the mean
lethal concentration (LCsgp), (2) analyze the possible ultra-
structural alterations in the Kenyon cells of the mushroom
bodies in the brains and in the digestive cells in the midguts
of these bees after oral exposure to the sublethal con-
centration, and (3) verify the spatial distribution of specific
proteins in the brains of bees exposed to the sublethal
concentration of imidacloprid.

Materials and methods
Biological material

Honeybees were obtained from queenright colonies of
Africanized A. mellifera at the experimental apiary of the
Institute of Biosciences of Rio Claro, Department of Biol-
ogy, University of Sdo Paulo State (UNESP), Rio Claro, SP,
Brazil. Colony health conditions were verified based on the
guidelines for xenobiotics assessments on bees (OECD
1998).

Five hundred newly emerged honeybees were marked on
the thorax with nontoxic ink and returned to the colony for
later capture at the age of 21 days. To assure that foragers
bees were captured, only marked bees bringing pollen were
captured in the entrance of the colony. In this way, we used
forager bees with 21 days.

The individuals were kept in 250 mL cages (volume;
twenty bees were placed per cage, such that each treatment
contained sixty bees from three colonies), fed in groups
through microtubes (1.5 mL) punched in extremities, and
kept in a chamber of biochemical oxygen demand (BOD) at
32 +2°C, relative humidity of 60 + 10% and in constant
darkness. The diet used was composed of 50% (w/v) aqu-
eous sugar solution. Assays were carried out at the UNESP
—Center for the Study of Social Insects (CEIS); all repli-
cates were caught on the same day, and the bees were
randomly assigned to the treatments.
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Acute toxicity test

The procedures for determining the orally administered
sublethal concentration were based on the protocol of the
OECD—Organization for Economic Cooperation and
Development (1998). Each group (control group and group
exposed to the different concentrations of imidacloprid)
consisted of three replicates, each of them with twenty bees
from one colony, for a total of sixty specimens per group.

The control group received a diet composed of an aqu-
eous solution of 50% sucrose. The insecticide imidacloprid
(Imidacloprid Pestanal from Sigma-Aldrich, Brazil) was
diluted in acetone (15%) and water, and later, successive
dilutions were performed in order to achieve the following
concentrations in the syrup offered to the bees: 0.25, 0.5, 1,
2,4, 8, 16, 32 and 64 ng a.i./uL (ppm) syrup.

All results in this paper refer to nominal concentrations
only. Each experimental group received only the respective
type of diet during the experiment. The mortality of the
individuals was recorded 24 h after the beginning of food
supply and was subjected to Probit analysis software Bio-
Stat (version 6.0) (Analystsoft) using the Finney method
(log-normal distribution).

Sublethal effects of imidacloprid at the cellular level

The sublethal concentration of imidacloprid to be added to
the diet of the group exposed to the insecticide was based
on the acute toxicity test (determination of LCsy). The
acetonic solution (15%) of imidacloprid was added to this
food such that it had a final concentration 100 times lower
than the LCsq (LCs0/100): 0.014651 ng imidacloprid/pL diet.
The acetone concentration in the working solution was
0.00021%. The control group received a diet composed of
an aqueous solution of 50% sucrose. Each of the two
experimental groups received only their respective type of
diet during the experiment with daily filling of the feeders.

Each group (control and exposed to the sublethal con-
centration) consisted of three replicates, each of which had
twenty bees from each colony (three colonies were used),
for a total of sixty specimens per treatment. To analyze the
cytotoxic effects of the insecticide using transmission
electron microscopy, three individuals were used, with each
one being obtained from a different colony (three colonies)
to ensure genetic differences among individuals. For each
individual, three grids containing four sections were ana-
lyzed. This sample number was adopted for ultrastructural
analysis and was part of the standard procedure adopted
in the laboratory of electron microscopy of UNESP, Rio
Claro.

The collection of specimens for studies of ultrastructural
alterations in the midgut and brain was based on the
exposure period of the bees to imidacloprid on the first,

fourth and 8th days after the beginning of food supply such
that the immediate and long-term effects of imidacloprid
could be investigated.

For MALDI-imaging analysis, the bees were collected
1 day after the beginning of the exposure to determine
whether a short exposure can alter the distribution of spe-
cific proteins in the brain.

Transmission electronic microscopy

Honeybees were collected on the first, fourth and 8th days
after the beginning of the bioassay. Six samples were taken
per treatment/time. Brains and midguts of exposed and
control bees were dissected in buffer solution containing 20
mM Na,HPO,/KH,PO,, pH 7.4 4+ 130 mM of NaCl (mod-
ified from Dade 2009) and fixed in modified Karnovsky
(4% paraformaldehyde, 2.5% glutaraldehyde in 0.1 M
sodium cacodylate buffer, pH 7.2) for 2h at 4 °C. Once
fixed, the organs were washed in the same buffer, post-fixed
in 1% osmium tetroxide in the same buffer for 2h at
room temperature and washed in the buffer a second time.
The post-fixed organs were contrasted in 2% uranyl
acetate in 10% acetone for 2h and then dehydrated in a
standard acetone series. The material was embedded in
Epon—Araldite resin. Ultrathin sections cut on a Porter
Blum ultramicrotome MT2 were stained with lead citrate
for 15 min and examined under the transmission electron
microscope (JEOL-JEM1011).

Chemical imaging technique (MALDI-Imaging)

The bees that were exposed to a sublethal concentration of
imidacloprid and the bees of the control group were col-
lected 1 day after the beginning of the experiments and
frozen at —80 °C. The brains of the bees were dissected and
sectioned into 12-pm-thick slices using a cryostat at —20 °C
(LEICA CM1850). Such slices were carried through the
sagittal plane of the head of each worker bee in the region of
the major axis of the cephalic capsule.

Subsequent 5 pm histological sections were analyzed
immediately by histological staining with hematoxylin and
eosin (H&E) and by MALDI-MSI (MALDI-Mass Spec-
trometry Imaging), enabling the generation of a contour
map of the brain of that individual for each cut analyzed
such that the spatial distribution of studied proteins could be
represented. Several slices were submitted to coloration
with H&E for localization of brain structures. This step is
necessary to match the location of the proteins to the
structures present in the brains of the bee.

The slices analyzed by MALDI-MSI were previously
washed successively with 70% (v/v) and 90% ethanol for 1
min in each solution to eliminate salts and lipids present in
the samples. Subsequently, the histological sections were
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subjected to desiccation for 30 min under ambient tem-
perature in a vacuum-sealed desiccator containing silica gel
as desiccant.

The digital images of the tissue sections were captured
by a microscope (Olympus BX51TF) connected to a camera
(Olympus U-LH100HG). The histological sections stained
with H&E were used in the construction of the contour map
used for MALDI-MSI data interpretation.

In the analyses of the triptych digests, trypsin auto-
deposition was done using a CHIP-1000 chemical printer
(Shimadzu). The printer was programmed to generate a
micro-arrangement of approximately 500 points/analysis,
where all points of the matrix solution were spaced 200 pm
apart from center to center (lateral resolution), totaling 36
points/mm? of histological section.

Initially, each spot received 20nL of a solution con-
taining 20 mg/mL of trypsin in 20 mM of NH,HCO; buffer
(pH 8.0) and incubated for 2h at 37 °C. The section was
later incubated for 2h in a humid atmosphere at 37 °C.
Next, a solution containing 10 mg/mL of cinnamic acid
(CHCA) in acetonitrile solution 50% (v/v) containing tri-
fluoroacetic acid (TFA), 1% (v/v) was used as a matrix for
analysis of the triptych digests, being applied 500 pL
(5 drops of 100pL) of matrix/point solution. After the
application of the matrix, the histological sections were
submitted to the process of desiccation for 10min at
room temperature. Planar coordinates (x and y) created by
the ChIP-1000 were saved and exported to the mass
spectrometer.

The MALDI-MS spectra were obtained in the positive
reflectron mode by a MALDI ToF-ToF (AXIMA Perfor-
mance, Shimadzu) instrument equipped with an N2 laser
SmartBeam, controlled by the Launchpad algorithm v2.8
(Shimadzu). ACTH peptides (fragment 18-39) and Angio-
tensin II were used for the calibration of the instrument.
Spectra of MALDI-MS were acquired in the range of 700 to
4000 m/z with a total of 250 laser shots/sample preparation
point, fired only in the coordinates set (x and y) mentioned
above. Approximately 125,000 laser shots per analyzed
sample were carried out, creating a mass spectrum for each
laser shot (generating a total of 125,000 spectra/sample).
MS/MS spectra were obtained in the positive mode with the
“reflectron” device activated, with the CDL system adjusted
to 200°C, and the pressure of the ToF region adjusted to
1.5 x 107*Pa, ion accumulation time at 50 ms and the
collision gas level at 30%. Under these conditions, a mass
error of 3.00 ppm and a resolution of 10,000 FWHM were
obtained.

Protein identification

The protein identification was accomplished by analyzing
MS/MS spectra through the bioinformatics tool Mascot v2.3
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using a protein bank restricted to the genus Apis (NCBI).
The research parameters used were (i) the absence of pro-
tein molecular weight restrictions; (ii) cleavage triptych loss
adjusted to 01; (iii) fixed changes in oxidation: methionine;
and (iv) variable changes: carbamidomethylation. The tol-
erance errors used in the search were from 0.5 Da for MS
and 0.3 for MS/MS.

Spectral imaging data processing

Through the use of the Launchpad v2.8 algorithm (Shi-
madzu) the raw data (.raw) were converted to the format.
mzXML. The images were rebuilt in MSiReader v 0.05
algorithm from the data in the format.mzXML using a mass
tolerance of +0.3 DA and spacing of 200 pm. In this
algorithm, the following parameters were configured: the
method used to calculate the intensity displayed in mole-
cular images was the Max of Window (Max); subtraction of
noise and background; baseline correction; standardization
of data based on the intensity of the internal standard 2-
Phenylethylamine, m/z 122.18 in the form [M + H] 4 ; and
cubic interpolation of order 5 of the images’ pixels.

Analysis of the images—creation of contour maps

After the acquisition of data, the molecular images of the
identified proteins were rebuilt from the values of the m/z of
molecular ions in the monoprotonated form ([M + H] + ) of
the triptych peptides using the MSiReader v0.05 algorithms,
a free open source platform built on the platform of the
Matlab (Mathworks, Natick, MA, USA).

To correlate the special distribution of proteins with their
locations in the brains of bees, we created a contour map
based on the 3D Digital Atlas of the Honeybee Brain A.
mellifera, developed by Rybak et al. (2010) in which the
limits of each nerve center were set to assist with the
interpretation of data from MSI. The standard atlas of the
bee’s brain (Honeybee Brain Standard Atlas—HSB atlas,
http://www.neurobiologie.fu-berlin.de/beebrain/) was cal-
culated from 20 individual brains, stained using immuno-
histochemistry techniques; the images were generated using
confocal microscopy and threaded along the borders of 22
nerve centers. Finally, a three-dimensional surface model
was reconstructed from the data obtained (Rybak et al.
2010).

Subsequently, the contour map was plotted on the image
obtained for each section as described above for the H&E
staining, enabling the anatomical visualization of the brain
in the sagittal section and facilitating the alignment of the
molecular images obtained by mass spectrometry with the
histochemical images. In this way, a mask containing the
anatomical limits of each nerve structure was created,
enabling the analysis of the images generated by MALDI-
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MSI. After the development of the contour map, the
structures were named according to the HSB atlas.

Results
Acute toxicity

Based on toxicity tests, the oral LCs, value for imidacloprid
in Africanized honey bees was determined as 1.465 ng/pL.
in syrup (ppm) (Table 1). From this value, the sublethal
concentration corresponding to LCsg/199 Was calculated as
0.014651 ng imidacloprid/pL diet, which was used in the
sublethal experiments.

Transmission electron microscopy
Midgut

The midgut analysis revealed that the digestive cells of
untreated bees showed typical ultrastructural characteristics
(Fig. 1a, d and g). Nuclei with spherical shape and without
expansion in the perinuclear region were observed (Fig. 1b,
e and h), as were organelles with no alterations, especially
mitochondria with double membrane and evident cristae
(Fig. Ic, f and i).

Ultrastructural analysis of the group exposed to the
sublethal concentration of imidacloprid on the Ist day
showed no ultrastructural alterations in digestive cells
(Fig. 2a, b, and c). However, after 4 days of exposure, the
alterations resulting from the action of the insecticide were
quite evident in the nucleus. Most of the nuclei analyzed
presented electron-lucid regions in the nuclear matrix
(Fig. 2d). In addition, it was possible to observe some nuclei
in advanced stages of degeneration, with reduced sizes and
very condensed chromatin (Fig. 2e). Mitochondria did not
show evident signs of degeneration (Fig. 2f).

On the 8th day of analysis, the presence of large secre-
tory vacuoles in the cytoplasm of the cells (Fig. 2h),
digestive vacuoles (Fig. 2g) and dilated mitochondria with
losses of matrix, double membrane and mitochondrial
cristae were observed (Fig. 2i).

Table 1 Median lethal concentration (LCsg, ng/pl) of imidacloprid to
Apis mellifera after 24 h exposure to contaminated syrup

Exposure mode Time (h) LCs,® C.L2%b x*° D.F¢

Ingestion 24 14,651 10,203-20,073 37,848 7

h=hours, a=Median Lethal Concentration, b=95% confidence
interval, ¢ = chi-square, d = freedom degree

Brain

In the control group from the first, fourth and 8th days, the
Kenyon cells presented typical ultrastructural character-
istics: nuclei with regular shape and uniform perinuclear
space (Fig. 3b, e, and h), cytoplasm with organelles without
alterations (Fig. 3a, d and g), mitochondria with a double
membrane, preserved mitochondrial cristae and homo-
geneous matrix (Fig. 3c, f, and 1).

However, several alterations were observed in these cells
in the presence of the insecticide. On the 1st day of expo-
sure to the sublethal concentration, it was possible to notice
altered mitochondria, which were visibly dilated with a loss
of electron density and cristae (Fig. 4c). In addition, pha-
gosomes were found in the cytoplasm (Fig. 4c), indicating
degradation and digestion of cellular debris. The nuclei of
the cells did not exhibit alterations (Fig. 4a and b).

On the 4th day of exposure to imidacloprid, cellular
alterations were more evident. In addition to the chromatin
condensation and marginalization, several nuclei were more
irregular (Fig. 4e). The insecticide also caused dilatation of
perinuclear space (Fig. 4e) and alterations in mitochondria
(Fig. 4f). A characteristic observed exclusively in this group
was the presence of some electron lucid regions among the
Kenyon cells in the brain (Fig. 4d).

The ultrastructural analysis of the brains of bees exposed
to insecticide for 8 days again showed mitochondrial
alterations and the presence of cytoplasmic vacuoles
(Fig. 4i).

MALDI-imaging

Based on the analysis of protein distribution through che-
mical imaging, it was possible to observe an increase in the
relative expression of the proteins: vascular endothelial
growth factor receptor (Fig. 5a), amyloid protein precursor
(Fig. 5b) and protein kinase C (Fig. 5d), in individuals
exposed to imidacloprid on the Ist day. There was a
decrease in the relative expression of nicotinic acetylcholine
receptor alpha 1 (Fig. 5c) in the brain caused by the LCs,
100 of the insecticide.

Discussion

This study aimed to measure the lethal exposure levels
(represented by LCsy) in order to determine a sublethal
concentration for the other experiments. The LCs, value is a
measure of environmental exposure, useful for spray
exposures, as well as contaminated food, but since it is the
actual ingested dose that kills the bees, the LCsq can vary
considerably, depending on the feeding amounts by the
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Fig. 1 Transmission electron micrographs of digestive cells from the
midgut of A. mellifera not exposed to a sublethal concentration of
imidacloprid. a, b and ¢ Control group—1 day; d, e and f Control

particular bees being tested, the subspecies chosen (Laurino
et al. 2013) and other conditions.

The sublethal concentration used, 0.014651 ng imida-
cloprid/pL diet (14.6 ppb), is relevant since residues of this
insecticide in pollen and nectar in the field are in the range
of 1 to 20 ppb (Blacquiere et al. 2012; Sanchez-Bayo and
Goka 2014).

The LCsq of imidacloprid was established as 2.01 ng a.i./
pL diet for 24 h and 0.81 ng a.i./pL diet for 48 h in Meli-
pona scutellaris bees (Costa et al. 2015). Based on these
values, this insecticide shows a similar toxicity for both the
Africanized and the native bees. Conversely, the value
found in this work as the oral LCs, of imidacloprid (1.46
ppm) was quite different from the LCsy value for com-
mercial solution sprays (e.g., topical exposure) (Bailey et al.
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group—4 days; g, h and i Control group—8 days. N nuclei, m
mitochondria, s spherocrystal. Obs preserved cells without compro-
mising nucleus and organelles

2005). This difference is primarily observed because oral
exposure to systemic insecticides results in higher toxicity
than topical exposure to spray droplets; these compounds
are water soluble and are not taken up easily through the
insect’s cuticle.

The toxicity of thiamethoxam was evaluated for A.
mellifera, and the LCsy, was 4.28 ng a.i./pL diet (Oliveira
et al. 2014). This insecticide also belongs to the class of
neonicotinoid and neurotoxic insecticides, the action of
which is similar to that of imidacloprid. Imidacloprid, which
a lower LCsq value, seems to be more toxic to these bees
than thiamethoxam, indicating that lower doses can alter the
survival of individuals.

In addition to determining the lethal oral exposure to
imidacloprid for A. mellifera forager bees, the present work
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Fig. 2 Transmission electron micrographs of digestive cells from the
midgut of A. mellifera exposed to a sublethal concentration of imi-
dacloprid. a, b and ¢ Group exposed to imidacloprid for 1 day; d, e and
f Group exposed to imidacloprid for 4 days; g, h and i Group exposed

has also aimed to study the possible effects of this insecti-
cide in the bee midgut and brain by transmission electron
microscopy. The ultrastructural alterations in the cells of
these two organs were also evaluated in the work of Oli-
veira et al. (2014), due to the exposure to the insecticide
thiamethoxam. The comparison of the results obtained for
these two insecticides thus becomes quite interesting.

In relation to the midgut of bees, the organ that first
comes in contact with the insecticide, the results showed
that a 1-day exposure to the insecticide does not alter the
ultrastructure of the digestive cells. In the digestive cells, it
is possible to observe three distinct zones: the basal zone,
with many invaginations of the plasmatic membrane; the
median, with the nucleus, rough endoplasmic reticulum and

to imidacloprid for 8 days. N nuclei, m mitochondria, rer rough
endoplasmic reticulum, va secretion vacuole, dv digestive vacuole.
Observe the electron lucid regions in the nucleus indicated by the
dashed arrow

Golgi; and the apical, with secretion granules beside mito-
chondria and microvilli (Cruz-Landim 2009).

However, the alterations observed in the digestive cells
of bees exposed to the same levels of insecticide for a
longer period show that imidacloprid is cytotoxic. Thereby,
individuals exposed for 4 days to the sublethal concentra-
tion of imidacloprid presented cell nuclei with chromatin
condensation and evident disorganization of the nuclear
envelope. Chromatin condensation is a typical feature of
apoptosis and is related to decreased activity of the cells that
will suffer degeneration (Kerr et al. 1972; Cruz-Landim and
Cavalcante 2003; Silva-Zacarin et al. 2007).

It is known that digestive cells have a limited lifetime,
decreasing further in pathological and/or toxicological
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Fig. 3 Transmission electron micrographs of Kenyon cells of the brain
of A. mellifera not exposed to a sublethal concentration of imidacloprid.
a, b and ¢ Control group—1 day; d, e and f Control group—4 days;

situations with an increased amount of degenerating cells
(Bowen et al. 1998). This phenomenon was also observed
in the present study, in which the bees exposed for 8 days to
imidacloprid presented digestive cells with ultrastructural
features that indicated cellular death. On the 8th day, the
presence of digestive vacuoles in the cytoplasm was
observed and mitochondria, which until then had not been
damaged, began to show important signs of degradation,
such as swelling and losses of matrix, double membrane
and mitochondrial cristae.

According to Hicker (2000), mitochondria may remain
physically intact in the early stages of cell death. However,
the loss of mitochondrial matrix content can also be
observed in cells that undergo this process. Mitochondrial
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g, h and i Control group—S8 days. N nuclei, m mitochondria. Obs
preserved cells without compromising nuclei and organelles

damage causes alterations in the permeability of the mem-
branes, the release of death-activating proteins and inter-
ruption of ATP synthesis (Loeffler and Kroemer 2000;
Grivicich et al. 2007). Gregorc and Ellis (2011), using the
TUNEL technique, observed that larvae that had a diet
contaminated with imidacloprid presented a 61% higher
incidence of death in midgut cells.

Other authors have examined the effects of thia-
methoxam, another neurotoxic insecticide, on forager hon-
eybees using morphological and histochemical techniques.
This compound caused cytoplasmic vacuolation, an
increase of apocrine secretion and reduction in the number
of regenerative epithelium cells (Oliveira et al. 2014).
Thiamethoxam also caused disorganization in the smooth
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Fig. 4 Transmission electron micrographs of Kenyon cells of the brain
of A. mellifera exposed to a sublethal concentration of imidacloprid. a,
b and ¢ Group exposed to imidacloprid for 1 day; d, e and f Group
exposed to imidacloprid for 4 days; g, h and i Group exposed to

reticulum, nuclear and mitochondrial alterations, and the
presence of cytoplasmic vacuoles in the midgut of newly
emerged A. mellifera bees; however, on the 8th day of
exposure, there was an observed organ recovery, possibly
by the action of the Malpighian tubules and detoxification
proteins (Catae et al. 2014). This recovery in the cells of the
midgut was not observed in our results on day 8.

All of the alterations observed show the high cytotoxicity
of imidacloprid to the digestive cells of the midgut, high-
lighting that a field realistic concentration (14.6 ppb), such
as that evaluated in this work, was able to compromise the
cells and can also affect the functions performed by that
organ.

imidacloprid for 8 days. N nuclei, m mitochondria, va vacuole, p
phagosome. Observe the spaces between the membranes of the nuclear
envelope (arrow) and the spaces between the Kenyon cells (asterisk)

While the midgut presents proteins such as glutathione S-
transferase, cytochrome P450, and carboxylesterase, which
are involved in detoxification processes (Claudianos et al.
2006), the results obtained in this work suggest that these
proteins were unable to avoid damage caused by imida-
cloprid, as these were more significant over the days of
exposure. While it appears that detoxification through the
digestive cells did not occur, imidacloprid reached the target
organ, the neurons, as evidenced by the ultrastructural
alterations observed in the brain in the present study.

Mitochondria showed ultrastructural alterations since the
beginning of the analyses, after exposure to the insecticide.
This organelle is extremely important for the performance
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Fig. 5 Relative expression of
proteins involved with oxygen
supply, neuronal degeneration,
synapses and memory/learning
in the brain of A. mellifera
exposed or not exposed to a
sublethal concentration of
imidacloprid for 1 day. The
scale of colors represented in the
right side of the images
represents the relative
concentrations of the proteins.
The peak of highest intensity
was taken as 100% (represented
in red) and the blue color
indicates lower relative
concentration of this protein. a
Vascular endothelial growth
factor receptor. b Amyloid
protein precursor. ¢: nicotinic
acetylcholine receptor alpha 1. d
Protein kinase C. The pattern of
coloring represents the relative
concentration of a protein,
ranging from 0 to 100%. High
concentrations of proteins are
represented through 100%
intensity and feature coloring in
red while decreasing intensity
gradient colors represent smaller
concentrations of protein

of cellular functions, mainly because it is responsible for the
accumulation of energy in the form of ATP. Fipronil and
imidacloprid are considered inhibitors of mitochondrial
bioenergetics insecticides, resulting in depletion of ATP
(Nicodemo et al. 2014). Mitochondrial impairment is clo-
sely related to the oxygen supply damage, also evidenced
by alterations in the expression of VEGF, a protein which

@ Springer

has increased expression in hypoxic conditions (Risau
1997).

Neurons are very dependent on normal mitochondrial
function since the release of neurotransmitters from
synapses requires large amounts of energy (Chen and Chan
2006). Alterations in the expression and distribution of the
nicotinic acetylcholine receptor strengthen the damage in
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the transmission of nerve impulses, the target of the imi-
dacloprid process, which acts as an acetylcholine agonist
(Buckingham et al. 1997).

As mitochondria were altered in all stages studied, ATP
production was not reestablished, and other cell structures
were also altered, such as the nucleus. The nuclear altera-
tions were more prominent on the 4th day of exposure to
imidacloprid, the period during which many nuclei pre-
sented irregular shape and dilated perinuclear spaces.

The intercellular spaces, larger in the presence of imi-
dacloprid, indicate damage in cell-cell contact probably due
to alterations in the cytoskeleton, the structure responsible
for cell adhesion. The loss of cell-cell contact can lead to
tissue disruption.

Oliveira et al. (2014) analyzed the effects of sublethal
doses of thiamethoxam in the brains of forager Africanized
A. mellifera and showed morphological and histochemical
alterations in mushroom bodies and optical lobes, such as
cytoplasmic and nuclear condensation and vacuolation.
Sublethal doses of imidacloprid also caused cytotoxic
effects in the brain. Pyknotic nuclei with condensed chro-
matin and increased protein synthesis in certain cells were
noted in individuals exposed to imidacloprid, suggesting
cell death (Rossi et al. 2013). These results were also
observed in bees Scaptotrigona postica exposed to fipronil
insecticide (Jacob et al. 2015).

The evident increase in the expression of a neuronal
degeneration indicator protein, the amyloid precursor, evi-
dences this detriment observed in cells by transmission
electron microscopy analysis. These proteins assist in the
control and inhibition of aggregation of p-amyloid, a neu-
rotoxic fragment (Wilhelmus et al. 2006a, b).

The mushroom bodies are important structures related to
learning and memory (Cruz-Landim 2009). The fact that
such structures suffer significant damage by exposure to
imidacloprid could result in impairments in the orientation
of individuals in the processing of information in the ner-
vous system and in the effectiveness of collecting food
during foraging activities (Decourtye et al. 2004; Desneux
et al. 2007; Feltham et al. 2014). Thus, the alterations
promoted by imidacloprid are related to damage in memory,
learning and guidance, which is confirmed by the alteration
in the expression of a protein involved in these processes—
protein kinase C.

The alterations corresponding to the relative protein
expression were generally observed in the regions of the
mushroom bodies, the optic lobes, and the antennal lobes.
Such structures are related to the processing of information
in the nervous system, the capture of visual stimuli, and
reception of olfactory stimuli, respectively, indicating that
processes can be compromised by the insecticide.

In conclusion, this paper provides the oral LCs, of imi-
dacloprid for Africanized honeybees, and it was observed

that imidacloprid, even at a low concentration, as in the case
of LCsq/100, caused very evident damage in the midgut and
brain of bees.

The ultrastructural alterations observed show that imi-
dacloprid is cytotoxic for the brain and even for a non-target
organ, causing side effects in Kenyon cells and digestive
cells. In addition, the sublethal concentration of imidaclo-
prid affected the distribution of specific proteins in the brain
of bees, indicating alterations in oxygen supply, synapses,
neuronal degeneration, and could thus explain the defi-
ciencies in learning and memory processes that can com-
promise the behavior of individuals and the health of the
colony. Ethis statement lacking.
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