
Introduction
Agricultural pesticides are neglected in terms of their
effect on environmental pollution due to their increasing
use and their being considered safe. Environmental pollu-
tion caused by agricultural pesticides at acceptable doses
does not seem to be a problem. However, in the long-term
use, their slow accumulation may lead to moderate neuro-
toxic effects that can be observed in the long term.[1,2] In the
present study, the moderate neurotoxic effects of agericul-
tural pesticides such as cyantraniliprole (CP), boscalid
(BC) and spiromesifen (SM) were investigated in vitro.

CP is a new second-generation ryanodine receptor
insecticide. Its pesticidal effect is through unregulated
activation of insect ryanodine receptor channels. This
effect causes internal calcium store depletion and disor-
ganized muscle contraction, paralysis and death of the
insect.[1,3] A previous study used inhalation lC50 dose as
5.2 mg/lt for the rat.[4]

BO is a fungicide in agriculture and detected in both
environments and agricultural products. BO is thought to
be safe for neurotoxic effects. BO induced developmental
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Abstract

Objectives: Although industrial products used as agricultural pesticides are considered safe, they are likely to lead to chron-
ic problems due to their long-term effects. The neurotoxicity screening test (NST) is a method based on the inhibition of neu-
rite extension of neurons that do not not die with toxic effects. In this study, we aimed to investigate the moderate neuro-
toxic effects and reveal the potential dangers of agricultural pesticides in vitro using NST. 

Methods: Cyantraniliprole, boscalid and spiromesifen were used as agricultural pesticides on the mouse neuroblastoma cell line
N2a. Neurite extension of neurons was performed by taking them into the proliferation medium followed by the differentiation
medium. Cell viability and proliferation were analyzed using the MTT test. The percentage of neurite inhibition was calculated
by measuring neurite outgrowth by NST. Oxidative stress was analyzed by NOS staining with h-score and apoptosis was shown
using the apoptotic index in TUNEL staining. 

Results: Cyantraniliprole, boscalid and spiromesifen at high concentrations caused neurite inhibition, decreased proliferation and
reduced the viability of cultured neurons. These agricultural pesticides were found to be significantly moderate toxic for neurons
by increasing oxidative stress and apoptosis. 

Conclusion: We conclude neurite inhibition may be important in early recognition for detecting and preventing the neuro-
toxic effect of pesticides, and NST is an important in vitro test that can predict the long-term effects of neurotoxic agents.
In the present study, we observed cyantraniliprole, boscalid and spiromesifen had moderate neurotoxic effects in varying
degrees using NST. This means that pesticides may behave toxic even in permissible limits for chronic exposure. 
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defects related to oxidative stress with alteration of ATPase
activity in zebrafish embryos.[5] Moreover, BO also caused
disruption of motion and locomotor function in larval
fish.[6,7] These results provide a warning for its residues in
environment and agricultural products. It was also shown
that BO was neurotoxic for primary cultured cortical neu-
rons at low level of exposure for several days at doses 0.1
and 100 μM for 7 days.[5] Moreover, another study showed
that BO was also toxic to human lymphocytes.[7]

SM is novel insecticide belonging to the chemical class
of tetronic and tetramic acid derivatives. It is very effective
on Bemisia tabaci around the world.[8,9] SM was toxic for
rat hepatocytes at 3 mg/kg.[3] However, there was no toxic
signs in acute, subchronic and chronic neurotoxicity in
rats. The long-term rat studies revealed no indications for
neurotoxic or immunotoxic potential of SM.[3]

The neurotoxicity screening test (NST) is a method
based on neurite prolongation after the application of dif-
ferentiation medium to neuronal cell line.[10] After they
acquire neuron characteristics, neurite prolongation inhi-
bition occurs in cells that do not die as a result of the direct
toxic effect. With the NST, products likely to have a mod-
erate neurotoxic effect in the long term are detected.[11–13]

While the direct neurotoxic effect leads to the occurrence
of decreased proliferation and necrosis, the moderate indi-
rect neurotoxic effect which takes a long time to act
induces apoptosis and neurite inhibition. Free radicals,
which increase oxidative stress due to toxic effects, and
intracellular signal communication are the mechanisms
used in the emergence of these findings.[14–16] In this study,
the moderate toxic effects of various agricultural pesticides
whose safety has been proven and toxic effects are mini-
mum were investigated with the NST. 

N2a line neuronal cells are from mouse neuroblas-
toma.[14,17] These neuron-like cells have been used in
studies for neuronal differentiation, axonal growth, sig-
naling pathway and neurotoxicity.[18] N2a cells express
neuronal characteristics with the presence of neurofila-
ments and large amounts of microtubular proteins after
differentiation. They differentiate to neurons through
serum deprivation with dibutyryl cyclic adenosine
monophosphate (dbcAMP) in culture medium.[18]

Safe agricultural pesticide may have some moderate
toxic effect such as neurite inhibition and apoptosis
before they die from toxic effect.[14] These signs are more
important in chronic use. Many studies show that they
have potential neurotoxicity due to chronic exposure to
low doses of pesticides. Most of these works used cell
culture model for chronic exposure to evaluate possible
environmental toxic compounds by alterations in the

sensitivity of nerve cells to subsequent acute exposure.
N2a neuroblastoma cells in culture were grown in the
presence of various pesticides or herbicides for appropri-
ated time.[4] Extension of neurite-like structures was
measured by light microscopy and quantitative image
analysis at IC50 level.[17] It is possible to see their poten-
tial toxicity in chronic exposure by this method.[4,11,14,19,20]

Materials and Methods
Supplies and Chemicals

The mouse neuroblastoma (N2a) cells (cell line: 89121404)
were obtained [The European Collection of Authenticated
Cell Cultures (ECACC)].[10] All the chemicals used in the
experiment were obtained from Sigma (St. Louis, MO,
USA). While the tissue culture flasks and culture plates were
obtained from Falcon / Fred Baker (Runcorn, Cheshire,
England), gentamicin was obtained from Ibrahim Etem (20
mg Genta® bulb, Ibrahim Etem, Istanbul, Turkey).[7,10]

Cell Culture

In all the experiments, different agricultural pesticides
were investigated in terms of their effects on the differen-
tiated and undifferentiated culture cells. Pesticides were
dissolved in DSMO at final concentration for IC50 doses.
Differentiated and undifferentiated cells were incubated
with the pesticides for a further 24 hours. Neuroblastoma
cells in culture medium containing 5% fetal calf serum,
5% horse serum, 25 μg/mL gentamicin, 1% penicillin /
streptomycin solutions (10,000 U/10 mg), Glutamax-1
and high glucose Dulbecco Modified Eagle (DMEM)
were incubated at 37°C in a humid environment including
5% CO2.[21,22]

Cell Viability

To calculate the cell viability and growth, the MTT exper-
iment, reduction of 3- (4.5-dimethylthiazol-2-yl) - 2.5-
diphenyltetrazolium bromide to a purple formazan prod-
uct was used.[16] Three wells of the 96-well culture dish
were used for the evaluation of each pesticide concentra-
tion. Cell densities of 5 × 104/mL prepared per well were
used. Pesticide-free cell medium (100 μL) was used as the
positive control, while cell and pesticide-free medium was
used as the negative control. Cells were previously treated
with the indicated concentrations for 24 and 48 hours.
During the last 4 hours of the culture period tested, cells
were incubated with the MTT at 37°C in a humidified
environment including 5% CO2. The medium was then
changed, by adding 200 μL of dimethyl sulfoxide (DMSO,
Sigma-Aldrich) to each well to dissolve the formazan salts.
Absorbance was determined at 570 nm in a UV-spec-
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trophotometer multi-plate reader (Versa Max, Molecular
Device, Sunnyvale, CA, USA).[15,16,19,20,23–25]

Cell Differentiation and Neurite Outgrowth

To measure neurite outgrowth, N2a cells were placed in
the proliferation medium in 24-well culture plates at a cell
density of 15,000 cells/mL. Twenty-four hours later, cells
were induced to differentiate and produce neurites in the
presence of pesticides using the following method.[10,18] The
culture medium in each well was changed to the medium
containing no serum but 0.5 mM dibutyl cyclic AMP. To
measure neurite growth, pesticides at IC50 concentrations
were added. Cells were incubated for a further 24 hours.
Cells fixed with phosphate buffered saline (PBS) with 4%
(w/v) paraformaldehyde for 10 minutes were then stained
with Coomassie for 3 minutes.[26] Blue cell dye (0.6% [w/v]
Coomassie Brilliant Blue G, 10% [v/v] acetic acid, 10%
[v/v] methanol and 80% [v/v] PBS) was washed with the
PBS. Two blinded observers took the photographs of sam-
ples by using an Olympus BX-40 (Olympus, Tokyo, Japan)
light microscope with a video camera (JVC-TK-C 601,
Tokyo, Japan) for digital imaging. The analysis of the
images was performed using the Image-Pro Plus image
analyzer (5.1.259, Bioscience Technology, Bethesda, MD,
USA). Ten different areas with approximately 10 cells were
selected for pesticides and controls.[7] By automatically
measuring the total neurite length (in pixels) for cells in
each area, the results were expressed as the average neurite
length per cell.[1,10,12,21] 

Oxidative Stress

Cells were immunostained for e-NOS and i-NOS to eval-
uate levels of the oxidative stress. After application of OC at
IC50 dose, the cells were fixed in the 4% paraformaldehyde
for 30 min and washed in the PBS three times for 5 min
each. Permeabilization was performed using 0.1% Triton
X-100 (A4975; AppliChem, Darmstadt, Germany) at 4°C
for 15 min, and cells were washed with the PBS.
Endogenous peroxidase activity was inhibited using 3%
hydrogen peroxide for 5 min. Cells were washed with the
PBS and incubated with anti-eNOS rabbit polyclonal anti-
body (RB-1711-P1; Neomarkers, Fremont, CA, USA)
diluted 1:100 and anti-i-NOS rabbit polyclonal antibody
(RB-1605-P; Neomarkers) diluted 1:100 for 18 h at 4°C.
The cells were washed three times for 5 min each in the
PBS, treated with biotin-streptavidin hydrogen peroxidase
secondary antibody (Invitrogen-Histostain Plus Bulk Kit®,
85-9043; Invitrogen) for 30 min. After washing with PBS
three times for 5 min each, cells were incubated with
diaminobenzidine (DAB) (00-2020; Zymed, Burlingame
CA, USA) for 5 min for immunolabeling, then counter-
stained with Mayer’s haematoxylin (72804E; Microm,

Walldorf, Germany). Cells were covered with mounting
medium (AML060; Scytek, Logan, UT; USA) and pho-
tographed using an Olympus light microscope (BX40;
Tokyo, Japan). Control samples were processed identically
except that the primary antibody was omitted. The
immunostaining was repeated three times. The two blind-
ed observers scored the immunostaining as 0, no staining; 1,
weak staining; 2, moderate staining; 3, moderate-strong
staining; 4, strong staining; 5, very strong staining. The H-
score then was calculated using the following formula: H-
score = Pi intensity of staining + 1, where Pi is the percent-
age of stained cells for each intensity varying from 0 to
100%.[1,21]

TUNEL Assay

Terminal deoxynucleotidyl transferase-biotin nick end
labelling (TUNEL) using the DeadEnd TM Colorimetric
TUNEL system (Promega, Madison, WI, USA) was used
to detect apoptotic cells. After the application, the cells
were fixed in 4% paraformaldehyde for 30 min and rinsed
three times in the PBS for 5 min. Then the cells were incu-
bated with 20 μg/mL Proteinase K. for 10 min and washed
three times again in the PBS for 5 min. For endogenous
activity inhibition, the cells were treated with 3% hydro-
gen peroxide and rinsed in the PBS. Afterward, the cells
which were treated with the equilibration buffer for 5 min
incubated with Tdt-enzyme for 60 at 37°C than were pro-
ceeded with 2×SCC solution for 15 min and then washed
three times in the PBS for 5 min. The streptavidin perox-
idase procedure was performed for 45 min, after which the
cells were rinsed in the PBS and incubated with DAB;
Mayer’s haematoxylin was performed for counterstaining.
The cells were than rinsed in distilled water and mounted
in the mounting medium. TUNEL-positive staining was
evaluated by two blind observers, under Olympus BX40
light microscope. Apoptotic index was calculated as the
sum of the percentages of positively labelled cells. For
TUNEL staining, each section was counted for 100
TUNEL-positive cells from the randomly chosen fields.
Observers rated the percentage of apoptotic cells as 0: no
apoptosis, 1: 1%-10% apoptosis, 2:11%–25% apoptosis, 3:
26%–50% apoptosis, 4: 51%–75% apoptosis, and 5: more
than 75% apoptosis.[2,21,27,28] The apoptotic index was count-
ed as the percentage of the apoptotic cells relative to the
total cell number. 

Statistical Analysis

The results were analysed using the GraphPad (GraphPad
Software, SanDiego, CA, USA) and one-way ANOVA with
Tukey post hoc testing and presented as mean±SEM.
Statistical significance was defined as p≤0.05 or p≤0.001.[2,20,21]
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Results
N2a cells were taken into the culture medium and incu-
bated for 24 hours to proliferate. In the second 24 hours
after proliferation, N2a cells were taken to the differenti-
ation medium for neurite elongation. Neurite elongation
was shown using Coomassie staining (Figure 1). The
IC50 doses of the pesticides administered in the prolifer-
ation stage and determined by the MTT were as follows:
38.44 μM for CP, 55.66 μM for BO and 8.12 μM for SM
(Figure 2a). 

Neurite inhibitions of differentiated cells after the sec-
ond 24 hours of application were as follows: 78.94±6.48 %
for CP, 86.94±7.74% for BO, and 62.22±5.25% for SM
(Figure 2b). Compared to the controls, pesticides were
observed to have significant neurite inhibition as neurotox-
ic effects (p<0.05).

At IC50 doses, the iNOS and eNOS expressions of the
cells were determined to increase both in the proliferation
stage and in the neuritis inhibition stage after differentia-
tion (Figure 3). Moreover, H score levels which increased
significantly (p<0.05) due to oxidative stress. There was
significantly more toxic effect for SM compared to those
of BO (p<0.001) and CP (p<0.05) in eNOS h-score.
Similarly, SM was showed significantly (p<0.001) more
toxic effect for BO (p<0.01) and CP (p<0.05) in iNOS h-
score. Neurotoxic effect of BO and CP didn’t differ sig-
nificantly (Figure 4).

At IC50 doses, it was observed in TUNNEL labeling of
cells that the apoptotic index increased both in the prolif-
eration stage and in the neurite inhibition stage after dif-
ferentiation (Figure 3). It was also observed that the apop-
totic index increased significantly (p<0.05) due to toxic
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Figure 1. (a) N2a cells were taken into the culture medium and incubated for 24 hours to proliferate; (b, c) In the second 24 hours after prolifera-
tion, N2a cells were taken to the differentiation medium for neurite elongation; (d) There was neurite inhibition after application of pesticide.
Coomassie staining; ×200.

a b

c d



agents. SM caused more apoptosis than BO (p<0.01) and
CP (p<0.05) shown by TUNEL staining (Figure 4).

Due to the neurotoxic effect of the cells, when the
phase, light and electron microscope images were exam-
ined, decrease in cell volume, chromatin condensation,
cytoplasmic vacuoles and fragmentations were observed
as the signs of cell death. It was observed that the cells

made cytoplasmic projections in the form of lamellipodia
(Figure 5). 

Discussion

Widely used in agriculture, synthetic pesticides control
harmful pests and prevent crop yield losses and product
damage. These may have undesirable effects to health and
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Figure 2 (a) The IC50 doses of the pesticides administered in the proliferation stage and determined by MTT; (b) Neurite inhibitions of differentiat-
ed cells after the second 24 hours of application were determined by NST. 

a

b



environment, due to their high biological activity and, in
certain cases, long persistence in the nature.[4]

Environmental pollution caused by agricultural pesticides
and resulting health problems are not fully known. The

neurotoxic effect that agricultural pesticides can show in
adults can be much more serious and problematic in chil-
dren in the developmental period. This effect, called
developmental neurotoxicity, is thought to be much more
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Figure 3. (a–f) At IC50 doses, the eNOS and iNOS expressions of the cells were shown by immunocytochemistry; ×200.

a b

c d

e f



severe and irreversible. This is important in terms of
developing diagnostic tests to investigate and prevent
environmental pollution-related public health problems.
Classical toxicity methods performed for this purpose are
important for acute and effective toxicity. However, meth-
ods that can be used in terms of chronic toxicity are not
many and one of them is neurite inhibition. In this
method, due to the inhibition of the neuron's classical
elongation ability, a moderate toxic effect is detected when
the cell is alive. The onset of degeneration of the neuron
exposed to toxic effect occurs with the disruption of the
synapse and the loss of the tropic factor support. If toxic
effect develops slowly, neurite prolongation is inhibited.
This condition is associated with microtubules and neuro-
filament proteins. To demonstrate this moderate neuro-
toxic effect for agricultural pesticides, we used MTT for
proliferation and cell survival, immunohistochemistry for
oxidative stress and TUNEL for apoptosis. We showed
that the moderate neurotoxicity had a proliferative effect
as the MTT value decreased, and an oxidative stress effect
as the h-score of NOS increased and that it was associat-
ed with TUNEL labeling through apoptosis. 

The increasing use of agricultural industrial products
poses a significant threat to environmental pollution.
Despite all the rules and measures taken according to
European data, hundreds of pesticides are still widely used.
The dose of pesticides in one out of every twenty food

items is more than the accepted level. Pesticides adversely
affect children’s development and in urine analysis, this
toxic effect has been shown to be at varying degrees.
Pesticides’ contribution to environmental pollution is seen
by detecting their presence in rivers, groundwater, soil, air,
plants, and human and animal tissues proves pesticides’
contribution to environmental pollution. Despite all the
precautions taken, their toxic effects are observed, and the
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Figure 4. Oxidative stress was determined by h-score and apoptosis was determined by apoptotic index for the effect of the pesticide.

Figure 5. SEM images from proliferation, differentiation, neurite exten-
sion and apoptosis. There was decrease in cell volume, chromatin con-
densation, cytoplasmic vacuoles and fragmentations were observed as
the signs of cell death. 



brain and neurons are the most critical organs among pos-
sible target organs.[15] Therefore, different agricultural
product that we were investigated for moderate toxicity
from environmental pollution could be very important to
human health. 

It is more meaningful to reveal their possible effects in
the culture environment due to the difficulties in conduct-
ing in vivo studies, and ethical concerns. While exposure
lasting ≥90 days is considered chronic in in vivo toxicity, its
equivalent in the culture medium is the cell’s undergoing
neurite inhibition before it dies, which can be demonstrat-
ed with a three-day culture study.[15] In a study conducted to
investigate developmental neurotoxicity, it was found that
neurite elongation was inhibited in PC12 cell line at non-
toxic concentrations of a pesticide species. Dithiocarbonate
fungicides were found to cause copper-dependent oxidative
stress and neurotoxic effect with ROS production due to
mitochondrial dysfunction. In addition, glutamate was
thought to lead to a neurotoxic effect by affecting vesicular
transport. It has been shown that apoptotic cell death due
to toxic effect occurs due to intracellular calcium. It was
also found that peripheral neuropathy and parkinsonism-
like extrapyramidal effects occurred in toxicity-induced
chronic exposure.[23] In the neuron degenerated by toxic
factors such as fungal pesticides, disruption of synapse,
affection of perineurium, and decrease in trophic factors
occur. The extent of the damage is related to the severity,
time and continuity of the toxic agent. Neurotoxic effect
occurs rapidly or slowly and affects the cell at different lev-
els. Inhibition of neurite elongation is seen with a slow pro-
gressing moderate neurotoxic effect, and it occurs by the
impairment of axonal transport. It is thought that the neu-
rotoxic effect due to agricultural antifungal pesticides
occurs in a similar way in our experiments. In a study in
which the neurotoxic effects of agricultural pesticides were
investigated in the culture environment, it was shown that
they had a moderate neurotoxic effect related to dose and
duration, consistent with our culture results. 

It was determined that mitochondrial respiration com-
plex and similarly the electron carrier ubiquinone or coen-
zyme Q were among the mechanisms used. Decreased
ATP production and mitochondrial membrane depolariza-
tion were shown to cause cell death via increased cytosolic
calcium. It was found that the different action mechanism
shown in this way in cortical neurons cultured with new
fungicides exerts a neurotoxic effect in relation to calcium
channels. It was thought that calcium channel blockers
would have a neuroprotective effect in this sense. Half of
the cells were found to be viable despite the extended expo-
sure times. In a comparison, that neurons were exposed to
toxic effect in less concentrations than were lymphocytes
indicated the importance of the nervous system in terms of

health problems. It was observed that the delayed neuro-
toxic effect seen especially in organophosphates occurs
clinically, similar to its occurrence as in the culture medi-
um.[24] In many cases, this condition results with neuropa-
thy. Excitotoxicity and neuroinflammation are seen in alco-
hol-induced neurotoxic effect and are associated with
proinflammatory cytokines. It was understood that oxida-
tive stress and apoptosis mechanisms were used in the mod-
erate neurotoxic effect that occurred here.[2] Similar mech-
anisms were determined in the neurotoxic effect of gluta-
mate. It has been reported that the neuroprotective effect
of many different pesticides occurs through caspase 3 inhi-
bition, and that neural damage due to decreased apoptosis
is regressed. There are studies indicating that antioxidant-
effective drugs similarly reduce neuron damage with calci-
um dependent mechanisms and that this situation is
observed in the clinic situation.[5,15] Similar to these experi-
ments, we found apoptosis in our neurons due to agricul-
tural products which may related to calcium metabolism.

There are studies investigating the responses of differ-
entiated and undifferentiated cells in neuronal cell lines to
demonstrate the neurotoxic effect. The response seen in
differentiated cells against the neurotoxic effect shown by
MTT, which is caused by the proliferation of undifferenti-
ated cells, may be a different mechanism demonstrated by
morphological and enzymatic methods. In a study, the neu-
rotoxic effect for cylindrospermopsin was observed with
changes in the form of acetylcholine esterase and apoptosis.
The increase in oxidative stress causing apoptosis has been
shown to be associated with changes in acetylcholine
esterase activity. In addition, the authors thought that the
clinical response of the in vitro neurotoxicity was related to
the transition of the toxic agent to the blood-brain barri-
er.[28,29] The neurotoxic effect of agricultural products on the
factors other than the target is important. The toxic effect
of imidacloprid used to protect wheat on worms and the
related environmental pollution has been shown in many
studies.[22,27] These studies indicated that apoptotic neurons
due to agricultural products depend on acetylcholine
esterase related alterations. 

In earlier studies, it was shown that the morphology of
cell size, shape and neurite lengths might change by sub-
strate type and microscope. It was clear after proper stain-
ing, that the thin cell processes extending on the tissue cul-
ture surface showed classical neuronal behavior. We
observed that the overall cell shape evolved to the direction
of neurons, with several narrow extensions and cytosol
appears more evenly extending all around its edges.
Therefore, neuron-like cells kept their characteristics
under tSEM examination. The cell adhesion and number
of cells were sufficient to examine the ultrastructure of the
neurons.[11,26] 
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Conclusion
Neurite inhibition may be important in early recognition
for detecting and preventing the neurotoxic effect of pes-
ticides. NST is an important in vitro test that can predict
the long-term effects of neurotoxic agents. In the present
study, antifungals used as pesticides were shown to have
moderate neurotoxic effects in varying degrees. This
means that pesticides may behave toxic in permitted limits
for chronic exposure. In further studies, it will be possible
to demonstrate other neurotoxic factors and to test antiox-
idant and antiapoptotic neuroprotective agents that can
reduce neural damage. Thus, the potential of using neuro-
protective agents in the clinic will increase the quality of
life of patients. 
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