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Abstract
Objective: Chlorpyrifos (CPF) is a neurotoxic organophosphorus (OP) insecticide. Its 
mechanism of action includes oxidative stress, excitotoxicity, and inhibition of the acetyl-
cholinesterase enzyme (AChE). The aim of the present study is to investigate CPF toxicity 
in mature and immature cerebellar granule neurons (CGNs), as well as its effect on gluta-
mate induced excitotoxicity.            

Materials and Methods: This study was an in vitro experimental study performed on mice 
cultured CGNs. Immature and mature neurons were exposed to different concentrations 
of CPF (1-1000 µM) and glutamate (10-600 µM) for 48 hours after which we used the 
MTT assay to measure cytotoxicity.  Immature neurons had exposure to CPF for 5 days 
in order to evaluate the cytotoxic effect on developing neurons. Mature neurons received 
sub-lethal concentrations of CPF (10, 100 µM) combined with different concentrations of 
glutamate. AChE activity and reactive oxygen species (ROS) generation were assessed 
after treatments.    
Results: Immature CGNs had increased sensitivity to CPF toxicity compared to mature 
neurons. We observed significantly greater ROS production in immature compared to 
mature neurons, however AChE activity was more inhibited in mature neurons. Although 
CPF toxicity was not well correlated with AChE inhibition, it correlated well with ROS pro-
duction. Glutamate toxicity was potentiated by sub-lethal concentration of CPF, however 
glutamate induced ROS production was not affected. The results suggested that CPF 
potentiated glutamate toxicity by mechanisms other than oxidative stress.                      
Conclusion: CPF toxicity differed in mature and immature neurons. Potentiated gluta-
mate toxicity by CPF implied that CPF exposure might be a risk factor for neurodegenera-
tive disease.      
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Introduction
The most well-known organophosphorus (OP) 

insecticide is chlorpyrifos (CPF) which is widely 
used because of its great stability, relative safety 
and broad spectrum of domestic and agricultural 
applications compared to other OP pesticides (1). 
Widespread use of CPF is concerning to public 
health. Long-term low dose effects of OP pesticide 
exposure are linked to cancers, diabetes, and a wide 
range of neurological disorders such as depression 

and neurodegenerative disease. However the mech-
anism of the effect of OP on the pathophysiology of 
these diseases is still unknown (2-4).

The main toxicity of CPF is related to ir-
reversible inhibition of acetylcholinesterase 
(AChE) in central cholinergic synapses (5). It 
has been assumed that neurologic disorders fol-
lowing low level exposure to CPF result from 
the inhibitory effect of AChE (6). However, re-
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cent concern focuses on another mechanism of 
CPF neurotoxicity that is independent of AChE 
inhibition (7). In vitro studies indicate that 
some non-AChE targets are involved in CPF neu-
rotoxicity. CPF can cause neural death by inducing 
apoptosis and mitochondrial dysfunction (7, 8), 
by direct interaction with the cholinergic system, 
and/or modulation of receptor expression. CPF 
can decrease α7nAChE expression (9) and block 
α4β2-mediated currents (10). This insecticide and 
its metabolites disrupt cAMP production which is 
involved in muscarinic receptor signaling (11). It 
is clearly understood that CPF can cause increased 
production of reactive oxygen species (ROS) and 
oxidative stress in cells, especially in neurons. 
CPF has been reported to cause dose-dependent 
neuronal death among cultured hippocampal neu-
rons (12). Recently, mice exposed to CPF (30 mg/
kg) had evidence of dysregulated dopamine sign-
aling and glutamatergic neurotransmission (13). In 
addition, CPF has been reported to increase gluta-
mate release and induce glutamate-mediated exci-
totoxicity in a cortical neuron culture (14).

Excitotoxicity is defined as cell death that re-
sults from the toxic actions of excitatory amino 
acids. Glutamate is the major excitatory neuro-
transmitter in the mammalian central nervous 
system (CNS). Neuronal excitotoxicity usually 
refers to the injury and death of neurons that 
arises from excessive activation of glutamate 
receptors, which lead to a number of deleterious 
consequences, including impairment of calcium 
buffering, generation of free radicals, activation 
of the mitochondrial permeability transition, 
and secondary excitotoxicity (15, 16). Recent 
studies show that excitotoxicity is associated 
with a variety of neuropathological conditions 
and it has been suggested that excitotoxicity is 
a common pathogenic pathway in  neurodegen-
erative diseases (16).

Human epidemiological studies reported a re-
lationship between occupational exposure to OP 
and neurological and neurobehavioral deficits 
such as impairments of memory and cognition 
(17, 18). An increased incidence of Alzheimer’s 
disease (AD) has been reported among agricul-
tural workers exposed to OP (19). Areas with 
high pesticide use have increased risk for AD 
(20).  This finding has been confirmed by an ex-
perimental study. Acute and long-term exposure 

of cultured basal forebrain cholinergic neurons 
to CPF induced dose-dependent cytotoxicity 
(21). Repeated exposures to low-level CPF pro-
duced memory deficit in rats which was similar 
to AD (22, 23). Although several mechanisms 
have been proposed for OP induced neurode-
generation, the complete mechanisms are still 
unknown (3).

The aim of the present study was to com-
pare the cytotoxic effects of CPF on cultured 
cerebellar granule neurons (CGNs) at different 
stages of development. In addition, we investi-
gated the effects of sub-lethal concentrations of 
CPF on the sensitization of CGNs to glutamate-
induced excitotoxicity, an involved mechanism 
in neurodegenerative diseases such as Alzhei-
mer’s and Parkinson’s.

Materials and Methods
This study was an in vitro experimental study 

performed on mice cultured CGNs.

Materials 
Dulbeccoʼs modified Eagleʼs medium (DMEM), 

heat inactivated fetal bovine serum (FBS), peni-
cillin-streptomycin (10000 U/ml), and trypsin 
(0.25%) were purchased from Gibco (USA). Glu-
tamic acid, glycine, and KCl were purchased from 
Merck Millipore (Germany). Cytosine arabino-
furanoside (Ara-C), poly-D-lysine (PDL), CPF, 
and all other materials were purchased from Sigma 
(St. Louis, USA).

Primary culture of cerebellar granule neurons  
CGCs were obtained from the brains of 

6-7-day-old mice (BALB/c) and cultured as 
described previously (24). Dissected cerebella 
from early postnatal mice were digested with 
trypsin and triturated to obtain a single cell sus-
pension. Then, the cells were seeded at a den-
sity of 1×106 cell/ml on PDL coated cell culture 
plates in DMEM that contained 10% FBS, 4.5 
g/l glucose, 25 mM KCl, insulin (100 mU/L), 
penicillin and streptomycin 1% (v/v). Cells 
were maintained at 37˚C in a humidified atmosC-
phere with 5% CO2. Ara-C was added to the cell 
culture medium at a final concentration of 20 
µM to inhibit non-neuronal cell growth. This 
was performed 48 hours after cell plating. The 
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culture medium was not changed during the cul-
ture period. After 7 days in vitro (DIV7), more 
than 95% of cultured cells were detected as 
neurons, as characterized by MAP2 protein im-
munostaining. All experiments were performed 
on DIV7 for mature neurons and DIV2 for im-
mature neurons (25). The procedures were ap-
proved by the Medical Ethics Committee at Tar-
biat Modares University.

Toxicity of chlorpyrifos at different developmental 
stages   

We assessed the toxicity of CPF on immature 
and mature CGNs, and during neuronal devel-
opment. CGNs were plated on PDL-coated 96-
well culture plates. DIV2 immature neurons or 
DIV7 mature neurons were exposed to differ-
ent concentrations of CPF (1-1000 µM). We 
measured cell viability after 48 hours using the 
MTT assay. In order to assess the toxicity of 
CPF on developing neurons, the DIV2 CGNs 
were exposed to different concentrations of 
CPF (1-1000 µM) for five days, after which cell 
viability was measured at DIV7 by the MTT as-
say. The stock solution of CPF was prepared in 
Dimethyl solfoxide (DMSO) and the final con-
centration of DMSO in the culture medium was 
1% or less.

Toxicity of glutamate in immature and mature 
neurons   

In order to assess the cytotoxic effect of gluta-
mate on immature and mature neurons, both the 
DIV2 and DIV7 CGNs were incubated with differ-
ent concentrations of glutamate (10-600 µM) for 
48 hours. For each concentration of glutamate, 10 
µM of glycine was added to the medium, followed 
by assessment of cell viability using the MTT as-
say after the incubation period.

Effect of chlorpyrifos on glutamate toxicity   

We investigated the interaction between the cy-
totoxic effects of CPF and glutamate on mature 
neurons by exposing CGNs to different concen-
trations of glutamate (10-600 µM) combined with 
sub-lethal concentrations of CPF (10 and 100 µM) 
at DIV7. After 48 hours cell survival was assessed 
by the MTT assay.

Cell viability assay    

The MTT assay was used to investigate cell vi-
ability. In this assay, the yellow tetrazolium salt 
(MTT) is reduced to purple formazan dye by mito-
chondrial dehydrogenases in live cells. The culture 
medium was removed and replaced with a medi-
um that contained 0.5 mg/ml MTT reagent. After 
4 hours of incubation, the medium was replaced 
with 100 µl DMSO to dissolve the formazan crys-
tals, after which the absorbance was measured at 
a wavelength of 570 nm and a 630 nm reference 
wavelength. Results were expressed as percentage 
of control.

Measurement of reactive oxygen species     
The CGNs were seeded on PDL-coated 96-

well plates (1×105 cells/well). Both mature and 
immature CGNs were incubated at different 
concentrations of CPF (1-500 µM). ROS pro-
duction was measured after 6, 24 and 48 hours. 
In order to measure ROS production following 
glutamate treatment, the mature neurons were 
exposed to 10-600 µM glutamate for 24 hours. 
The combination of various concentrations of 
glutamate with mature neurons incubated at 10 
or 100 µM was used to investigate the effect 
of CPF on glutamate induced ROS production. 
ROS production was measured after 24 and 
48 hours. ROS generation in cells was evalu-
ated with 2´, 7´-dichlorodihydrofluorescein 
diacetate (DCFH-DA). DCFH-DA crosses cell 
membranes and is hydrolyzed by intracellular 
esterases to nonfluorescent DCFH, which is of-
ten used as an indicator of ROS. In the presence 
of ROS, DCFH is oxidized to highly fluorescent 
dichlorofluorescein (DCF) (26). After the incu-
bation time, the medium was replaced with 10 
μM DCFH-DA and medium. The medium was 
removed 15 minutes after incubation. Then, the 
cells were rinsed twice with Ca2+-free PBS. We 
used a fluorescence microplate reader (Biotek, 
USA) to measure fluorescent intensity at an 
excitation wavelength of 488 nm and emission 
wavelength of 525 nm.

Acetylcholinesterase activity assay     
The CGNs were seeded on PDL-coated six-

well plates (1×106 cells/ml). Both mature and 
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immature CGNs were incubated at different 
concentrations of CPF (1-500 µM). Subse-
quently, we measured AChE activity using the 
acetylthiocholine iodide (ATCh) substrate-
based colorimetric method as described by Ell-
man et al. (27). Briefly, Ellman reagent (100 μl) 
that consisted of 100 mM NaHPO4 (pH=8.0), 
ATCh 75 mM (substrate), and 10 mM dithio ni-
trobenzoic acid (DTNB) at a ratio of 100:2:5 
was transferred to the 96-well microplate. Next, 
50 μl of cell lysate was added to the reaction 
mixture as an enzyme source. Absorbance was 
monitored at 405 nm for 10 minutes, then the 
reaction rate was calculated. A blank that con-
tained all components except for the cell lysate 
was run in parallel with the sample in order to 
omit the spontaneous, non-enzymatic break-
down of ATCh. The AChE activity was calcu-
lated using the extinction coefficient of the TNB 
ion (ε=13600 µM-1.cm-1). The Bradford method 
was used to measure the amount of protein.

Statistical analysis    
Each data is presented as the mean ± SEM of 

three separate experiments. The statistical analy-
sis was performed by Graph Pad Prism5 software. 
Statistical differences were estimated using one-
way ANOVA followed by the Newman-Keuls 
multiple comparison test. Two-way ANOVA with 
the Bonferroni post-test was used for statistical 
analysis of the combined effect of glutamate and 
CPF. A P value of 0.05 or less was considered sta-
tistically significant.

Results

Toxicity of chlorpyrifos and glutamate at different 
stages of development

Figure 1 shows the effect of CPF on the viabil-
ity of immature, mature, and developing neurons.  
The half maximal inhibitory concentration (IC50) 
values are given in Table 1. The IC50 value for im-
mature and developing neurons significantly dif-
fered from mature neurons. Possibly, the immature 
neurons were more sensitive to the cytotoxic ef-
fect of CPF. The effects of glutamate on viability 
of immature and mature neurons were assessed. 
Glutamate dose-dependently reduced the viability 
of mature neurons but did not affect the viability of 
immature neurons (Fig.2).

Fig.1: Cytotoxic effects of clorpyrifos (CPF) on cerebellar granule 
neurons (CGNs) at different developmental stages. A. Immature 
neuron, B. Developing neuron, and C. Mature neuron. ***; Sig-
nificant difference versus control (P<0.001) and DMSO; Dimethyl 
solfoxide.

A

B

C
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Table 1: IC50 values 

Confidence intervalIC50

198.3-266.2229.8*Immature neurons

16.84-25.7220.8*Developing neurons

300.6-313.8307.1Mature neurons

*; Significant differences versus mature neurons (P<0.05) and 
IC50; Half maximal inhibitory concentration.

Fig.2: Effects of glutamate on viability of immature and mature 
cerebellar granule neurons (CGNs). ***; Significant difference 
versus control (P<0.001).

Effect of chlorpyrifos on glutamate cytotoxicity    
Co-incubation of sub-lethal concentrations of 

CPF with glutamate significantly increased the 
cytotoxic effect of glutamate on mature neurons 
(Fig.3). 

Effect of chlorpyrifos on acetylcholinesterase 
activity in cultured neurons

The effect of CPF on AChE activity of mature 
and immature neurons was measured. CPF dose-
dependently inhibited AChE activity in both neu-
rons. There was slight inhibition observed at low 

concentrations (approximately 20% at 1 µM) 
which increased to approximately 80% inhibition 
at higher concentrations (100 and 500 µM). Ma-
ture neurons showed more inhibition of AChE ac-
tivity compared to immature neurons (Fig.4).

Fig.3: Effects of chlorpyrifos (CPF) on glutamate toxicity in ma-
ture cerebellar granule neurons (CGNs). ***; Significant differ-
ence versus control (P<0.001).

Fig.4: Acetylcholinesterase (AChE) inhibition following clorpyri-
fos (CPF) exposure in immature and mature cerebellar granule 
neurons (CGNs). There is a significant difference in CPF induced 
enzyme inhibition at low concentrations. ***; P<0.001.
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Effect of chlorpyrifos on reactive oxygen species 
production

The amount of ROS production after 6, 24, 
and 48 hours of exposure to CPF were meas-
ured in immature and mature neurons. CPF 
increased ROS production only at the 500 µM 
concentration at all time points in the mature 
neurons (Fig.5A). In immature neurons, ROS 
production increased after exposure to 500 µm 
CPF at all times and after 48 hours of exposure 
to 100 µM CPF (Fig.5B). In addition, there was 
significantly higher ROS in immature neurons 
compared to mature neurons (Fig.5C). Co-incu-
bation of sub-lethal concentration of CPF with 
different concentrations of glutamate at 24 and 
48 hours had no effect on glutamate-induced 
ROS production except at the 600 µM concen-
tration. Co-incubation with CPF at 100 µM and 
glutamate at 600 µM after 48 hours increased ROS 
production compared to glutamate alone (Fig.6).

Fig.5: Reactive oxygen species (ROS) production following clorpyrifos 
(CPF) treatment at different time points. A. Immature neurons, B. 
Mature neurons, and C. comparison of ROS production after treat-
ment with 500 µM CPF at different time points between immature 
and mature neurons. ***; P<0.001.

Fig.6: Effects of chlorpyrifos (CPF) on glutamate induced reac-
tive oxygen species (ROS) production in mature cerebellar gran-
ule neurons (CGNs) after: A. 24-hour treatment and B. 48-hour 
treatment. ***; Significant difference versus control (P<0.001).

A

B

C

A

B
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Discussion
This study investigated CPF induced neurotox-

icity on cultured CGNs at different stages of devel-
opment. The results indicated that immature neu-
rons had increased susceptibility to CPF-induced 
toxicity and oxidative stress than CPF-induced 
AChE inhibition. We observed that sub-lethal con-
centrations of CPF potentiated glutamate induced 
toxicity in mature neurons.

The primary culture of CGNs has been well 
characterized as a model to study developmen-
tal neurotoxicity because the important stages of 
neurodevelopment (migration, differentiation, 
morphological, and functional maturation) occur 
in this cell culture (28, 29). Additionally, CGNs 
culture can be used as a model for studying cel-
lular and molecular mechanisms of neural cell 
apoptosis, survival, neurodegeneration, and neu-
roprotection (30). The results of this study have 
indicated that immature neurons are more suscep-
tible to CPF induced toxicity than mature neurons. 
The IC50 value for five days of exposure during 
development demonstrated that CPF had a greater 
toxic effect on immature and developing neurons 
which might be due to the exposure duration and 
increased sensitivity of immature neurons. Many 
studies reported the susceptibility of the develop-
ing nervous system to damage following exposure 
to CPF. Prenatal and early postnatal exposure to 
CPF resulted in brain cell loss and abnormal syn-
aptic development which led to behavioral deficits 
(31, 32). Postnatal 17-day-old rats had increased 
susceptibility to the behavioral and biochemical 
toxicity of CPF when compared to 70-day-old 
adult rats (33).

On the other hand, the results of this study indi-
cated that although CPF induced ROS production 
both in mature and immature neurons, this increase 
was more in immature neurons compared to ma-
ture neurons. ROS production following CPF ex-
posure showed good correlation with the cytotoxic 
effects of CPF. These findings have suggested that 
CPF neurotoxicity may be at least partly medi-
ated by ROS generation. Oxidative stress is more 
prominent in immature neurons. The expression of 
antioxidant systems changes with brain maturation 
(34) and antioxidant content such as glutathione 
in immature neurons is lower than mature neurons 
(35). Perhaps the vulnerability of immature neu-
rons is due to a low content of antioxidant defense.

CPF is a well-known AChE inhibitor. Howev-
er, studies indicate that CPF induced neurotoxic-
ity can be independent of AChE inhibition. Other 
mechanisms may be involved. The results of this 
study have shown that CPF toxicity did not cor-
relate well with AChE inhibition in both immature 
and mature neurons. Mature neurons are less vul-
nerable to CPF toxicity despite greater inhibition 
of AChE in these neurons. CPF metabolized to the 
oxon metabolite by CYP450 enzymes and it has 
been reported that the CPF-oxon more potently 
inhibits AChE when compared to the parent com-
pound. Studies showed that CYP450 enzymes ex-
hibited less expression in developing neurons (36), 
therefore the immature neurons had less ability to 
convert CPF to CPF-oxon. Furthermore, develop-
ing neurons recovered from AChE inhibition much 
more rapidly than mature neurons due to greater 
protein synthesis (7). It was suggested that CPF 
rather than CPF-oxon affected cell viability in im-
mature neurons by a mechanism other than AChE 
inhibition.

One of the proposed mechanisms of CPF tox-
icity is excitotoxicity. We have observed in this 
study that glutamate is not toxic to immature neu-
rons. This result confirmed findings of other stud-
ies where immature neurons were not sensitive to 
glutamate toxicity, which was due to changes in 
NMDA subunit compositions during development 
(37, 38). It has been suggested that the mechanism 
by which CPF induces neurotoxicity is not medi-
ated by glutamate in immature neurons; it seems 
that oxidative stress has a more important role in 
CPF induced toxicity in immature compared to 
mature neurons.

In this study we co-incubated CGNs with gluta-
mate and sub-lethal concentrations of CPF in an 
attempt to determine the effects of CPF on gluta-
mate induced toxicity and cell viability. The results 
indicated that sub-lethal concentrations of CPF 
potentiated glutamate induced cytotoxicity. On the 
other hand, we observed that sub-lethal concentra-
tions of CPF did not potentiate glutamate induced 
ROS production which suggested that mechanisms 
other than oxidative stress were involved in the ef-
fect of CPF. Involvement of the nicotinic recep-
tor might be one of the possible mechanisms. It 
has been reported that CPF more strongly blocked 
nicotinic receptors than inhibition of AChE (10).  
Acetylcholine has been reported to protect neurons 
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against glutamate induced toxicity through activa-
tion of nicotinic receptors (39). Possibly, blockage 
of nicotinic receptors by CPF might increase the 
sensitivity of CGNs to glutamate toxicity. Other 
possible mechanisms that might be involved in-
clude an increase in intracellular calcium concen-
tration and inhibition of the cell survival signaling 
pathway by CPF. These possible mechanisms need 
further investigation.

Conclusion
This study indicated that CPF has different cy-

totoxic effects on CGNs at different stages of de-
velopment which did not correlate with AChE in-
hibition, but correlated with ROS production. We 
observed that CPF potentiated glutamate induced 
toxicity. Excitotoxicity has been linked to various 
neurodegenerative diseases such as Alzheimer’s. 
Potentiation of glutamate toxicity by sub-lethal 
concentrations of CPF suggested that CPF might 
be a risk factor for neurodegenerative disease at a 
low dose exposure. 
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