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A B S T R A C T

Chlorpyrifos (CPF) is one of the most widely used organophosphates insecticides that has been reported
to induce cognitive disorders both after acute and repeated administration similar to those induced in
Alzheimer’s disease (AD). However, the mechanisms through which it induces these effects are unknown.
On the other hand, the cholinergic system, mainly basal forebrain cholinergic neurons, is involved in
learning and memory regulation, and an alteration of cholinergic transmission or/and cholinergic cell
loss could induce these effects. In this regard, it has been reported that CPF can affect cholinergic
transmission, and alter AChE variants, which have been shown to be related with basal forebrain
cholinergic neuronal loss. According to these data, we hypothesized that CPF could induce basal forebrain
cholinergic neuronal loss through cholinergic transmission and AChE variants alteration. To prove this
hypothesis, we evaluated in septal SN56 basal forebrain cholinergic neurons, the CPF toxic effects after
24 h and 14 days exposure on neuronal viability and the cholinergic mechanisms related to it. This study
shows that CPF impaired cholinergic transmission, induced AChE inhibition and, only after long-term
exposure, increased CHT expression, which suggests that acetylcholine levels alteration could be
mediated by these actions. Moreover, CPF induces, after acute and long-term exposure, cell death in
cholinergic neurons in the basal forebrain and this effect is independent of AChE inhibition and
acetylcholine alteration, but was mediated partially by AChE variants alteration. Our present results
provide a new understanding of the mechanisms contributing to the harmful effects of CPF on neuronal
function and viability, and the possible relevance of CPF in the pathogenesis of neurodegenerative
diseases.
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1. Introduction

Chlorpyrifos (CPF) is one of the organophosphate (OP)
insecticides most widely used in agricultural and residential
settings (Richardson and Chambers, 2005). CPF is able to cause
developmental toxicity, immunological abnormalities, and
Abbreviations: Ach, achacetylcholine; AChE, acetylcholine esterase; CHT, high-
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acetylcholine transporter; DMSO, dimethylsulphoxide; DMEM, Dulbecco’s Modi-
fied Eagle’s Medium; FBS, fetal bovine serum; MTT, 3-[4,5 dimethylthiazol-2-yl]-
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neurotoxicity (Ki et al., 2013). Moreover, OP occupational exposure
has been related in human epidemiological studies with neuro-
logical and neuro-behavioral deficits including impairments of
cognition (Hernandez et al., 2015; Rohlman et al., 2011). In this
regard, CPF has been shown to produce learning deficits in rats
after acute and repeated administration similar to those induced in
Alzheimer’s disease (AD) (Lopez-Granero et al., 2013b; Middle-
more-Risher et al., 2010; Moser et al., 2005). However, the
complete mechanisms through which CPF induces these cognitive
alterations are unknown.

Cholinergic neurons and their projections are widely distribut-
ed throughout the central nervous system (CNS) with an essential
role in regulating many vital functions, such as learning, memory,
cortical organization of movement and cerebral blood flow control
(Mesulam et al., 2002). CPF toxicity is typically initiated by
inhibition of acetylcholinesterase (AChE) (Rush et al., 2010), with
the consequent alteration of cholinergic neurotransmission, which
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could lead to the cognitive alterations described. However, human
studies of occupational exposures to OPs often fail to find a
significant correlation between blood cholinesterase activity and
neuro-behavioral deficits (Hernandez et al., 2015; Rohlman et al.,
2011). Otherwise, it has been suggested that OP could lead to
deficits in axonal transport and mitochondrial dynamics (Mid-
dlemore-Risher et al., 2010; Terry et al., 2007, 2003) similar to
those that have been proposed to be involved in the pathogenesis
of AD (Baltazar et al., 2014). Moreover, Lopez-Granero et al. (2013b)
reported that chronic CPF dietary exposure in rats produced
cognitive and emotional disorders related to changes in AChE
forms specifically due to a high inhibition of the particulate form
and a modification of alternative splicing of mRNA.

On the other hand, the basal forebrain region is one of the most
important central cholinergic regions (Voytko, 1996) where
cholinergic neurons project their axons throughout the hippo-
campal formation and the neocortex that regulates learning and
memory processes (Everitt and Robbins, 1997; Ward and Hagg,
2000). Degeneration of septohippocampal cholinergic neurons, as
happens in AD and other neurodegenerative diseases, results in
memory deficits attributable to loss of cholinergic modulation of
hippocampal synaptic circuits (Scheiderer et al., 2006). In fact, the
severity of memory deficit is strongly correlated with the degree of
cholinergic cell loss (Bierer et al., 1995). Thus, alteration of
cholinergic transmission and cholinergic neuronal loss in this
region could be related with CPF impairment of memory function
among other activities (Andersson et al., 1997). In this regard, CPF
has been reported to induce neuronal cell death in vitro and in vivo
(Caughlan et al., 2004; Geter et al., 2008; Ki et al., 2013; Lee et al.,
2012; Terry et al., 2003). In addition, CPF has been reported to
enhance gene expression for AChE-R and AChE-S after 48 h
exposure in PC12 cells (Jameson et al., 2007). A neuro-protective
role has been ascribed to AChE-R in age-dependent neuronal
decline as well as in neuro-pathologies, such as AD (Berson et al.,
2008). AChE-S overexpression has been also linked to intensifica-
tion of neuro-deterioration (Birikh et al., 2003), programmed cell
death (Greenberg et al., 2010; Toiber et al., 2009) and cell death of
basal forebrain cholinergic neurons (Del Pino et al., 2014, 2015).
Moreover, a selective loss of the tetrameric AChE form as observed
after CPF exposure (Lopez-Granero et al., 2013b) has been related
with neurodegenerative disorders, such as AD (Saez-Valero et al.,
1999). According to all the above, the cognitive disorders could be
mediated by induction of septal cholinergic neuronal loss through
alteration of the AChE splice variants expression.

Considering the above, we hypothesized that CPF induces cell
death after acute and long-term exposure on basal forebrain
cholinergic neurons through cholinergic transmission and AChE
variants alteration. The present work intends to study the CPF
effect on basal forebrain cholinergic neuronal viability and the
cholinergic mechanisms implicated in it, due to the importance of
this effect to explain CPF toxicity on cognitive disorders and
neurodegenerative diseases symptoms like. To reach this aim, we
treated with different CPF concentrations, for 24 h or repeatedly for
14 days, SN56 wild type cells or SN56 transfected cells with either
siRNA for AChE or ChAT as an in vitro model of cholinergic neuronal
cells from this region, to research the implication of cholinergic
transmission and AChE splice variants as the possible mechanisms
related to this effect.

2. Materials and methods

2.1. Chemicals

The compounds chlorpyrifos (99.99%), acetylcholine, tetraiso-
propylpyrophosphoramide (iso-OMPA), acetylthiocholine, dithio-
nitrobenzoic acid, poly-L-lysine, dimethyl sulfoxide (DMSO), and 3-
[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide
(MTT) were obtained from Sigma (Madrid, Spain). [14C]acetyl-
CoA was obtained from PerkinElmer (Madrid, Spain). All other
chemicals were reagent grade of the highest laboratory purity
available.

2.2. Culture of SN56 cells

SN56 cells, a cholinergic murine neuroblastoma cell line
derived from septal neurons (Hammond et al., 1990), were used
as a model of cholinergic neurons from basal forebrain to evaluate
CPF toxic effects on this specific type of neurons and the
mechanisms by which they are induced. The cells were maintained
at 37 �C and 5% CO2 in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS),
penicillin/streptomycin, 2 mM L-glutamine (Sigma, Madrid, Spain),
and 1 mM sodium pyruvate. The medium was changed every 48 h
(Hudgens et al., 2009). Differentiation of the cells was achieved by
culturing for 3 days with 1 mM dibutyryl-cAMP and 1 mM retinoic
acid as described (Bielarczyk et al., 2003; Szutowicz et al., 2006),
which produced morphological maturation and 3-4-fold increase
of ChAT activity and acetylcholine level in the cells. Differentiated
cells have been reported to be more sensitive to neurotoxic
compounds that affect cholinergic pathways (Bielarczyk et al.,
2003; Szutowicz et al., 2006).

In order to determine the cellular acetylcholine (Ach) content,
acetylcholine transferase (ChAT) and AChE activities, AChE splice
variants, high-affinity choline (CHT), ChAT and vesicular acetyl-
choline transporter (VAChT) gene expression, and knockdown
effects of ChAT and AChE genes, cells were seeded in 6-well plates
at a density of 106 cells/well. Cells were treated for 24 h or for 14
days with CPF in concentrations between 0.1 mM and 50 mM and
0.1 mM and 20 mM, respectively and after long-term exposure with
or without ACh in concentrations between 10�8 and 10�4M. At
least 3 replicate wells/treatments were used. A vehicle group
containing 0.1% DMSO was employed in parallel for each
experiment as a control.

2.3. Measurement of cell viability (MTT assay)

SN56 cells viability was measured by MTT after 24 h and 14 days
CPF treatment. The assay is based on the cleavage of the yellow
tetrazolium salt MTT to purple formazan crystals by mitochondrial
dehydrogenase. Cells were incubated with 100 ml of yellow MTT
solution (final concentration 0.5 mg/ml) for 4 h after treatment
with CPF. After 4 h at 37 �C, the medium was removed and the
formazan reaction product was dissolved in 250 mL DMSO. The
formation of solubilized formazan product was measured
spectrophotometrically at 570 nm (Fluoroskan Ascent FL Micro-
plate Fluorometer and Luminometer, ThermoFisher Scientific,
Madrid, Spain). Control cells treated with DMSO were taken as
100% viability.

2.4. Caspase activity analysis

After treatment with indicated concentrations of CPF or DMSO
(solvent control), the presence of apoptotic SN56 cells was
assessed by determining caspase activation using Caspase-Glo 3/
7 luminescence assay kits (Promega, Madrid, Spain), according to
the manufacturer’s protocol. In brief, at the end of treatment,
culture cells were washed with phosphate-buffered saline (PBS)
and the cells were scraped and collected in a microfuge tube in
dark. Equal volumes of reagent and cell lysis buffer were added to a
white-walled 96-well plate and incubated at room temperature in
dark for 1 h and the resultant luminescence was read in a
PerkinElmer LS50B plate-reading illuminometer (PerkinElmer,
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Madrid, Spain). The luminescence of each sample was measured.
The experiments were performed in triplicate.

2.5. Gene knockdown

SN56 cells were transfected with siRNAs in 6-well plates
(1 �106 cells/well) using HiPerfect Transfection reagent according
to the manufacturer’s instructions (Qiagen, Barcelona, Spain). Two
sets of siRNA duplexes (Qiagen, Barcelona, Spain) homologous to
mouse AChE and ChAT sequences for each one were designed using
the HiPerformance Design Algorithm (Norvatis AG) and were
purchased from Qiagen (catalog numbers GS11423 and GS12647,
respectively). As a transfection control, an All Stars Negative
Control siRNA (Qiagen, Barcelona, Spain) was used. 48 h after
transfection, the efficiency of siRNA-mediated AChE and ChAT
knockdown was determined by RT-PCR using primers specific for
mouse AChE and ChAT mRNA (Qiagen, Barcelona, Spain). The
effects of AChE and ChAT knockdown on cell injury were tested by
MTT cell viability assay. After 24 h of incubation with the siRNAs,
the cells were washed with PBS and incubated for a further 24 h or
14 days in culture medium with or without CPF.

2.6. Determination of AChE activity

The AChE activity was determined after 24 h and 14 days
exposure to CPF, using standard Ellman’s thiocholine technique
(Ellman et al., 1961) with minor modifications (Hartl et al., 2011;
Zimmermann et al., 2008) and normalized against total protein.
Briefly, the supernatant cell lysate (10 ml) was pipetted into a 96-
well microtiter plate which contained Ellman buffer as well as iso-
OMPA, (final concentration 100 mM). The kinetic assay was
initiated by addition of acetylthiocholine and dithionitrobenzoic
acid (1 mM and 500 mM final concentrations, respectively).
Absorbance was read using a plate reader (412 nm). All samples
were run in triplicate. AChE activity was calculated as nmol/min/
mg protein and presented as percent untreated control. Butyr-
ylcholinesterase activity was inhibited by iso-OMPA.

2.7. Choline acetyltransferase activity measurement

ChAT catalyzes the transfer of an acetyl group from the
coenzyme, acetyl-CoA, to choline yielding ACh. Control and treated
cultures (from 6 well plates per sample) were washed with PBS,
scraped in 100 ml cold homogenizing buffer (40 mM sodium
phosphate buffer, pH 7.4, containing 200 Mm NaCl and 0.5%
TritonX-100) and then homogenized by sonication (Zheng et al.,
2002). ChAT activity was measured in the cell homogenates by a
modification of the radio-enzyme assay of Fonnum (Fonnum,
1975), which involves the incorporation of [14C] acetyl-CoA into
ACh, as described before (Mennicken and Quirion, 1997; Zheng
et al., 2002). Radioactivity corresponding to the reaction product
([14C]ACh) was measured by organic liquid scintillation counting.
All ChAT activity values, obtained in triplicate for each sample,
were expressed as pmol ACh synthesized/h/mg protein.
Table 1
Primers used for quantitative real-time PCR analyses.

Abbreviation Gene Refere

AChE-S Acetylcholinesterase Shaltie
AChE-R Acetylcholinesterase Shaltie
2.8. Acetylcholine level measurement

A commercial colorimetric/fluorimetric kit (Abcam, Cambridge,
UK) (Reale et al., 2012) was used to detect the ACh release in
culture medium. Briefly, the culture medium was collected after
24 h and 14 days CPF treatment and spun at 800 � g. Subsequently,
the supernatant was lyophilized, and reconstituted in 50 ml
Choline Assay Buffer, and stored at �80 �C until further analysis.
50 ml of the sample were mixed with 50 ml of reaction solution
including choline assay buffer, choline probe, enzyme mix and
AChE according to instructions. Each sample was assayed in
triplicate, and the whole experiment was carried out 3 indepen-
dent times. The level of ACh (pmol/well) was calculated by plotting
the fluorescence of each sample in relation to choline standard
curve. The measurement of the fluorescence was determined at l
Ex/Em 535/587 nm.

2.9. Protein determination

At the end of the treatments, SN56 cells were washed with pre-
chilled PBS, collected by scraping, and lysed using RIPA buffer
(Thermo Scientific, Madrid, Spain) with freshly added protease
inhibitors cocktail (ThermoFisher Scientific, Madrid, Spain). After
centrifugation at 10,000 � g for 10 min at 4 �C, cell lysate
supernatant was collected. Protein concentration was assayed
using a BCA kit (ThermoFisher Scientific, Madrid, Spain) and
normalized.

2.10. Real-time PCR analysis

Total RNA was extracted using the Trizol Reagent method
(Invitrogen, Madrid, Spain). The final RNA concentration was
determined using a spectrophotometer Nanodrop 2000 (Thermo-
Fisher Scientific, Madrid, Spain) and the quality of total RNA
samples was assessed using an ExperionLabChip gel (Bio-Rad,
Madrid, Spain). First-strand cDNA was synthesized with 1000 ng of
cRNA by using a PCR array first strand-synthesis kit (C-02;
SuperArrayBioscience, Madrid, Spain) following the manufac-
turer’s instructions and including a genomic DNA elimination step
and external RNA controls. After reverse transcription, we
performed QPCR using prevalidated primer sets (SuperArray
Bioscience) for mRNAs encoding ChAT (PPM57674A), VAChT
(PPM04178), CHT (PPM31807A), AChE (PPM35356A), and ACTB
(PPM02945B). Primers for both AChE isoforms R and S (Table 1)
were taken from Shaltiel et al. (2013). We used ACTB as an internal
control for normalization. Reactions were run on a CFX96 using
Real-Time SYBR Green PCR master mix PA-012 (SuperArray
Bioscience). The thermocycler parameters were 95 �C for 10 min,
followed by 40 cycles of 95 �C for 15 s and 72 �C for 30 s. Relative
changes in gene expression were calculated using the Ct (cycle
threshold) method. The expression data are presented as actual
change multiples (Livak and Schmittgen, 2001).

We chose ChAT, VAChT, CHT and AChE genes to determine the
effect of CPF on cholinergic transmission, because ACh neuro-
transmitter is synthesized by the enzyme ChAT (Oda, 1999) and
CHT mediates the presynaptic high-affinity choline uptake as the
rate-limiting step in ACh synthesis (Bazalakova and Blakely, 2006).
nce Forward (F) and reverse
(R) primers

l et al. (2013) F-ctgaacctgaagcccttagagR-ccgcctcgtccagagtat
l et al. (2013) F-gagcagggaatgcacaag

R-ggggaggtaaagaagagag
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VAChT is responsible for the transportation of acetylcholine from
the cytoplasm into the synaptic vesicles which is a limiting step in
ACh release (Oda, 1999). Finally, AChE breaks down ACh, which
terminates the neurotransmission process (Ballard et al., 2005).

2.11. Statistical analysis

At least three replicates for each experimental condition were
performed, and the presented results were representative of these
replicates. Data are represented as means � standard deviation
(SD). Comparisons between experimental and control groups were
performed by one way ANOVA analysis followed by the Tukey post-
hoc test. Statistical difference was accepted when p � 0.05.
Statistical analysis of data was carried out by computer using
GraphPad software.

3. Results

3.1. Effect of CPF on SN56 cell viability

We used the MTT test to evaluate cell survival after 24 h and 14
days exposure to CPF at increasing concentrations. MTT test after
24 h and after long-term cell culture incubation with CPF showed,
from 30 mM and 1 mM concentrations respectively, a clear
concentration-dependent reduction in cell viability compared
with vehicle-treated cells (control negative) (Fig. 1). After 24 h and
14 days treatment of SN56ChAT silenced cells no effects were
observed in the reduction of cell viability (data not shown).
Moreover, after long-term CPF exposure, the culture treatment
with ACh (10�8–10�4M) did not induce a significant effect from
control cells (data not shown). However, after CPF treatment of
SN56 AChE silenced cells a reversion of cell viability reduction was
observed (Fig. 1). Transfection of cells with control siRNA showed
no effect on cell viability (Fig. 2C). There was no significant
difference between data of vehicle-treated cells and control cells.

3.2. Effect on the activity of caspases 3/7

CPF activated the caspases in SN56 cells after 24 h and long-
term treatment in a concentration-dependent manner from 30 mM
and 1 mM concentrations respectively compared with control
group. After 24 h and long-term AChE silenced cells treatment with
CPF activated caspases 3/7 from 30 mM and 1 mM concentrations
respectively in a concentration-dependent manner compared with
control group and attenuated their activation observed after CPF
Fig. 1. CPF effect on cell viability of SN56 wild type or AChE silenced was determined by
normalized as % control (CTL, white column). Data represents the mean � SD of three ind
compared to CPF treatment.
treatment alone (Fig. 3). However, ChAT knockdown was not able
to attenuate the decrease in caspase activation after 24 h CPF
treatment (data not shown).

3.3. Determination of AChE activity

The AChE activity after 24 h and long-term exposure CPF at
increasing concentrations was assessed in SN56 cell lysates. A
significant decrease in AChE activity was observed from 10 mM and
1 mM after 24 h and 14 days exposure, respectively (Fig. 4). The CPF
effect on AChE activity could be masked by cell loss, but as the
results were normalized with the concentration of proteins, the
reduction of AChE activity seems to be due to a direct effect of CPF
on this enzyme.

3.4. Choline acetyltransferase activity

Choline acetyltransferase activity in SN56 cells was measured
after 24 h and long-term exposure to CPF at increasing concen-
trations. Choline acetyltransferase activity was not affected at any
concentration and time of exposure (data not shown).

3.5. Acetylcholine level measurement

ACh levels were assessed in culture cell supernatant after 24 h
and long-term exposure to CPF at increasing concentrations. ACh
levels were significantly increased after 24 h CPF exposure from
10 mM concentrations. Moreover, after long term CPF exposure the
ACh levels were reduced from 1 mM concentration (Fig. 5).

3.6. Real-time PCR analysis

After incubation for 24 h and long-term with different
concentrations of CPF in SN56 cells, the gene expression of
AChE-S and AChE-R variants were significantly induced in a dose
dependent way (Fig. 6A and B). Moreover, the expression of CHT
was reduced after long-term exposure to CPF from 1 mM
concentration (Fig. 6C). However, the expression of ChAT and
VAChT was not affected at any concentration and time of exposure
(data not shown). Transfection of cells with control siRNA showed
no effect on ChAT and AChE gene expression, but the ChAT and
AChE siRNA caused large reductions in AChE gene expression
(Fig. 2A and B).
 MTT assay. Cell viability was measured as MTT reduction (ordinate) and data were
ependent experiments in triplicate. ***p < 0.001 compared to control. &&&p � 0.001



Fig. 2. Analysis of caspases 3/7 activities in wild type or AChE silenced SN56 cells after CPF treatment. Values are expressed as mean � SD. ***p < 0.001 compared with control
group. &&&p � 0.001 compared to CPF treatment.

Fig. 3. Downregulation of ChAT and AChE in SN56 cells and its impact on cell
viability and gene expression was determined. Control: SN56 cells transfected
without siRNA. Negative (Neg.) control: SN56 cells transfected with scrambled
siRNA. AChE-siRNA: transfected with siRNA against AChE. ChAT-siRNA: transfected
with siRNA against ChAT. (A) AChE and (B) ChAT downregulation could be detected
by RT-PCR analysis 48 h after transfection. (B) MTT test shows that ChAT and AChE
downregulation did not significantly induce cell damage after 48 h. Values are given
as mean � SD of three separate experiments from cells of different cultures, each
one performed in triplicate. ***p < 0.001 compared to control.
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4. Discussion

In the present work we show that CPF induces acute (from
30 mM) and long-term (from 1 mM), concentration-dependent, cell
death on septal SN56 cholinergic basal forebrain neurons. These
results are similar to previous investigations after acute exposure
(Rush et al., 2010) and the concentration from which cell death was
induced after 14 days of continuous exposure to CPF was lower
than that reported to produce cell death after 8 days of continuous
exposure to CPF in CA1 region of cultured hippocampal slices (from
100 mM), which could be due to the fact that this was the lower
concentration tested (Terry et al., 2003). Caspase 3/7 activation was
observed at the same range of concentrations which confirms cell
viability results and suggests that apoptosis took place. These
results are similar to previous works that show that CPF induced
cell death through apoptosis (Caughlan et al., 2004; Ki et al., 2013;
Saez-Valero et al., 1999), although necrosis could also contribute to
the observed effect as was also previously reported (Zimmermann,
2013).

Moreover, after 24 h exposure to CPF an increase of Ach levels
from 10 mM and a reduction after long-term exposure from 1 mM
were observed. In addition, CPF induced a reduction of AChE
activity after 24 h (from 10 mM) and after long-term exposure
(from 1 mM). Furthermore, after CPF (from 1 mM) long-term
exposure, a reduction of CHT gene expression was induced, which
is in accordance with the decrease in CHT expression observed in
basal forebrain of rats exposed to CPF for 14 days (Terry et al.,
2007). Therefore, the increase in ACh levels could be related with
AChE inhibition, and its decrease could be due to the reduction of
cell viability. But as CHT expression was reduced, this is the most
probable cause for this reduction. Previously, it has been described
that ACh plays a role in cell survival through cholinergic receptor
activation (Resende and Adhikari, 2009), and a reduction in its
levels could increase cell death, thus being a possible mechanism
that could also mediate the cell death observed on cholinergic
neurons after repeated exposure. However, ACh co-incubation
with CPF was not able to reduce cell death induced by CPF alone
suggesting other mechanisms are involved. In this regard, it has
been reported that CPF is able to block muscarinic receptors
(Howard et al., 2007), which may explain the observed effect in cell
viability.

In addition, ChAT and VAChT expression were not affected by
CPF, but the expression of AChE-S and R was increased after acute
and long term exposure to CPF (from 30 mM and 1 mM



Fig. 4. Effects of different CPF concentrations for 24 h or 14 days on AChE activity were determined in SN56 cell homogenates. AChE activity is indicated as % of control (CTL,
white column). Data represents the mean � SD of three independent experiments in triplicate. ***p < 0.001 compared to control.

Fig. 5. Acetylcholine content after 24 h and 14 days CPF treatment. To measure the ACh content of SN56 cells, culture media was collected. Values are given as mean � SD of 3
independent experiments. ***p < 0.01 compared to controls.
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respectively) which is in accordance with previous works (Jameson
et al., 2007). In this regard, under stress conditions, such as OPs
exposure (Evron et al., 2007; Perrier et al., 2005), the transcription
of the AChE-R has been reported to be increased (Adamec et al.,
2008; Farchi et al., 2007). Some studies have associated this
increase with a neuroprotective and repair role, whereas AChE-S
overexpression, either by itself or when up-regulated in conjunc-
tion with AChE-R, is linked to programmed cell death (Greenberg
et al., 2010; Zimmermann, 2013). Thus, the increase of AChE-S
could be de cause of the apoptotic cell death observed and the
increase of AChE-R be a neuroprotective mechanism against the
harmful effects induced by AChE-S overexpression. Moreover, the
silencing of AChE expression, but not ChAT knockdown expression,
partially reversed the induced cell death. In this regard, AChE
silencing has been shown to reduce activation of caspases and
apoptotic cell death (Pegan et al., 2010). Therefore, these data
suggesting support that AChE-S overexpression could be involved
in the cell death observed in septal cholinergic neurons after both
long and short-term exposure, but other different mechanisms
should be implicated.

Furthermore, Lopez-Granero et al. (2013b) reported that
chronic dietary exposure in rats produced cognitive and emotional
disorders related with changes in AChE isoforms. Otherwise, AChE-
S overexpression has been reported to induce basal forebrain
cholinergic cell death (Del Pino et al. 2014, 2015). In this regard,
basal forebrain cholinergic neurons loss has been related with
cognitive deficits (Auld et al., 2002; Kar et al., 2004; Kesner et al.,
1989; Madziar et al., 2005; Schliebs, 2005). In fact, the severity of
memory deficit is strongly correlated with the degree of
cholinergic cell loss (Bierer et al., 1995). Thus, the observed effects
on cholinergic basal forebrain neurons may be, in part, responsible
for the learning deficits and neurodegenerative disease symptoms
as observed after acute and long-term exposure to CPF.

Otherwise, there are few or no data regarding the relative
distribution and concentration of CPF in the human brain after
acute and chronic exposure. In the literature, 10–100 mM
chlorpyrifos has been routinely used to study chlorpyrifos toxicity
(Crumpton et al., 2000; Dam et al., 1999; Jett and Navoa, 2000; Roy
et al., 1998). Moreover, it has been reported that whole-body molar
concentrations associated with the doses of CPF (2.5–25.0 mg/kg/
day) used in behavioral experiments were calculated as ranging
between approximately 7.0 and 8.0–70.0 and 80.0 mM (Terry et al.,
2003). In addition, studies have shown that the blood plasma
concentration of CPF from human volunteers were similar to
0.1 mM (Nolan et al., 1984). Since these doses were administered
for 24 h and 14 consecutive days, these concentrations appear to be
relevant to study cognitive disorders.

In addition, to the above, another mechanism besides those
commented above should be implicated on deeper cell death
observed on cholinergic neurons after CPF treatment. CPF has been
reported to block muscarinic receptors (Howard et al., 2007),
impairing cholinergic transmission, which could mediate the effect
observed on cholinergic neurons and cognitive deficits. In this
regard, previous in vitro studies have shown that muscarinic
agonists (primarily M1 and M3, but also M4) promote cell survival
(Budd et al., 2003, 2004; De Sarno et al., 2003; Lindenboim et al.,
1995). Besides, CPF has been described to increase Ab protein
production (Salazar et al., 2011), tau and GSK-3b hyperphosphor-
ilation (Chen et al., 2012; Torres-Altoro et al., 2011), both having
been related with induction of cell death in basal forebrain
cholinergic neurons and AD (Kar et al., 2004), and also for being
able to mediate this effect. Moreover, CPF also is able to induce
reactive oxygen species (ROS) formation (Ki et al., 2013), and they



Fig. 6. Shows results from real-time PCR arrays targeting (A) AChE-S, (B) AChE-R and (C) CHT genes after 24 h and 14 days CPF treatment. AChE-S, AChE-R and CHT gene
expression was compared with controls [cells treated with DMSO (0.1%) were the negative control]. Each bar represents mean � SD of 6 samples. Levels were measured using
QPCR. ACTB was used as an internal control. ***p < 0.001, significantly different from controls.
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have been related with the alteration of AChE splice variants and
GSK-3b gene expression, Ab production and Tau abnormal
phosphorylation (Bond et al., 2006; Giraldo et al., 2014; Rojo
et al., 2008; Tamagno et al., 2005; Wang et al., 2009), which could
also contribute to explaining the effects observed. In this regard,
acute CPF exposure in rats has been shown to cause short-term
impairment in sensorimotor and cognitive functions, partly due to
changes in brain lipoperoxidation (Ambali et al., 2010; Lopez-
Granero et al., 2013a). Further studies are needed to clarify other
mechanisms through which these effects are produced.

In summary, it can be concluded that after acute and long-term
exposure, CPF can induce cell death on cholinergic neurons from
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the basal forebrain, which is could be mediated in part by AChE-S
overexpression, and that it is independent of AChE inhibition and
cholinergic transmission alteration. These effects could help
explain cognitive alterations and neurodegenerative diseases
induced by CPF. Future studies should be developed to determine
other mechanisms implicated in these effects observed on
cholinergic neurons. These results suggest that CPF could
contribute to cholinergic neuronal loss associated with AD and
are of interest, since they provide direct evidence that CPF may be
neurotoxic (especially with extended exposure) irrespective of its
indirect effects on acetylcholinesterase. These results lead to a
better understanding of some effects related to CPF toxicity and
should be taken into consideration in the risk assessment of this
pesticide.

Conflicts of interest

There are no conflicts of interest to declare.

Acknowledgments

The authors thank Margarita Lobo and Miguel Capo, Professors
of Toxicology from Universidad Complutense de Madrid for her
throughout review of the present work.

References

Adamec, R., Head, D., Soreq, H., Blundell, J., 2008. The role of the read through
variant of acetylcholinesterase in anxiogenic effects of predator stress in mice.
Behav. Brain Res. 189, 180–190.

Ambali, S.F., Idris, S.B., Onukak, C., Shittu, M., Ayo, J.O., 2010. Ameliorative effects of
vitamin C on short-term sensorimotor and cognitive changes induced by acute
chlorpyrifos exposure in Wistar rats. Toxicol. Ind. Health 26, 547–558.

Andersson, H., Petersson-Grawe, K., Lindqvist, E., Luthman, J., Oskarsson, A., Olson,
L., 1997. Low-level cadmium exposure of lactating rats causes alterations in
brain serotonin levels in the offspring. Neurotoxicol. Teratol. 19, 105–115.

Auld, D.S., Kornecook, T.J., Bastianetto, S., Quirion, R., 2002. Alzheimer’s disease and
the basal forebrain cholinergic system: relations to beta-amyloid peptides,
cognition, and treatment strategies. Prog. Neurobiol. 68, 209–245.

Ballard, C.G., Greig, N.H., Guillozet-Bongaarts, A.L., Enz, A., Darvesh, S., 2005.
Cholinesterases: roles in the brain during health and disease. Curr. Alzheimer
Res. 2, 307–318.

Baltazar, M.T., Dinis-Oliveira, R.J., de Lourdes Bastos, M., Tsatsakis, A.M., Duarte, J.A.,
Carvalho, F., 2014. Pesticides exposure as etiological factors of Parkinson’s
disease and other neurodegenerative diseases – a mechanistic approach.
Toxicol. Lett. 230, 85–103.

Bazalakova, M.H., Blakely, R.D., 2006. The high-affinity choline transporter: a critical
protein for sustaining cholinergic signaling as revealed in studies of genetically
altered mice. Handb. Exp. Pharmacol. 175, 525–544.

Berson, A., Knobloch, M., Hanan, M., Diamant, S., Sharoni, M., Schuppli, D., Geyer, B.
C., Ravid, R., Mor, T.S., Nitsch, R.M., Soreq, H., 2008. Changes in readthrough
acetylcholinesterase expression modulate amyloid-beta pathology. Brain 131,
109–119.

Bielarczyk, H., Jankowska, A., Madziar, B., Matecki, A., Michno, A., Szutowicz, A.,
2003. Differential toxicity of nitric oxide, aluminum, and amyloid-b-peptide in
SN56 cholinergic cells from mouse septum. Neurochem. Int. 42, 323–331.

Bierer, L.M., Haroutunian, V., Gabriel, S., Knott, P.J., Carlin, L.S., Purohit, D.P., Perl, D.P.,
Schmeidler, J., Kanof, P., Davis, K.L., 1995. Neurochemical correlates of dementia
severity in Alzheimer’s disease: relative importance of the cholinergic deficits. J.
Neurochem. 64, 749–760.

Birikh, K.R., Sklan, E.H., Shoham, S., Soreq, H., 2003. Interaction of readthrough
acetylcholinesterase with RACK1 and PKCbeta II correlates with intensified fear-
induced conflict behavior. Proc. Natl. Acad. Sci. U. S. A. 100, 283–288.

Bond, C.E., Patel, P., Crouch, L., Tetlow, N., Day, T., Abu-Hayyeh, S., Williamson, C.,
Greenfield, S.A., 2006. Astroglia up-regulate transcription and secretion of
‘readthrough’ acetylcholinesterase following oxidative stress. Eur. J. Neurosci.
24, 381–386.

Budd, D.C., McDonald, J., Emsley, N., Cain, K., Tobin, A.B., 2003. The C-terminal tail of
the M3-muscarinic receptor possesses anti-apoptotic properties. J. Biol. Chem.
278, 19565–19573.

Budd, D.C., Spragg, E.J., Ridd, K., Tobin, A.B., 2004. Signalling of the M3-muscarinic
receptor to the anti-apoptotic pathway. Biochem. J. 381, 43–49.

Caughlan, A., Newhouse, K., Namgung, U., Xia, Z., 2004. Chlorpyrifos induces
apoptosis in rat cortical neurons that is regulated by a balance between p38 and
ERK/JNK MAP kinases. Toxicol. Sci. 78, 125–134.

Chen, W.Q., Ma, H., Bian, J.M., Zhang, Y.Z., Li, J., 2012. Hyper-phosphorylation of GSK-
3beta: possible roles in chlorpyrifos-induced behavioral alterations in animal
model of depression. Neurosci. Lett. 528, 148–152.
Crumpton, T.L., Seidler, F.J., Slotkin, T.A., 2000. Is oxidative stress involved in the
developmental neurotoxicity of chlorpyrifos. Brain Res. Dev. Brain Res. 121, 189–
195.

Dam, K., Garcia, S.J., Seidler, F.J., Slotkin, T.A., 1999. Neonatal chlorpyrifos exposure
alters synaptic development and neuronal activity in cholinergic and
catecholaminergic pathways. Brain Res. Dev. Brain Res. 116, 9–20.

De Sarno, P., Shestopal, S.A., King, T.D., Zmijewska, A., Song, L., Jope, R.S., 2003.
Muscarinic receptor activation protects cells from apoptotic effects of DNA
damage, oxidative stress, and mitochondrial inhibition. J. Biol. Chem. 278,
11086–11093.

Del Pino, J., Zeballos, G., Anadon, M.J., Capo, M.A., Diaz, M.J., Garcia, J., Frejo, M.T.,
2014. Higher sensitivity to cadmium induced cell death of basal forebrain
cholinergic neurons: a cholinesterase dependent mechanism. Toxicology 325,
151–159.

Del Pino, J., Zeballos, G., Anadon, M.J., Moyano, P., Diaz, M.J., Garcia, J.M., Frejo, M.T.,
2015. Cadmium-induced cell death of basal forebrain cholinergic neurons
mediated by muscarinic M1 receptor blockade, increase in GSK-3beta enzyme,
beta-amyloid and tau protein levels. Arch. Toxicol..

Ellman, G.L., Courtney, K.D., Andres, Feather-Stone, R.M., 1961. A new and rapid
colorimetric determination of acetylcholinesterase activity. Biochem.
Pharmacol. 7, 88–95.

Everitt, B.J., Robbins, T.W., 1997. Central cholinergic systems and cognition. Annu.
Rev. Psychol. 48, 649–684.

Evron, T., Geyer, B.C., Cherni, I., Muralidharan, M., Kilbourne, J., Fletcher, S.P., Soreq,
H., Mor, T.S., 2007. Plant-derived human acetylcholinesterase-R provides
protection from lethal organophosphate poisoning and its chronic aftermath.
Faseb J. 21, 2961–2969.

Farchi, N., Shoham, S., Hochner, B., Soreq, H., 2007. Impaired hippocampal plasticity
and errors in cognitive performance in mice with maladaptive AChE splice site
selection. Eur. J. Neurosci. 25, 87–98.

Fonnum, F., 1975. A rapid radiochemical method for the determination of choline
acetyltransferase. J. Neurochem. 24, 407–409.

Geter, D.R., Kan, H.L., Lowe, E.R., Rick, D.L., Charles, G.D., Gollapudi, B.B., Mattsson, J.
L., 2008. Investigations of oxidative stress, antioxidant response, and protein
binding in chlorpyrifos exposed rat neuronal PC12 cells. Toxicol. Mech. Methods
18, 17–23.

Giraldo, E., Lloret, A., Fuchsberger, T., Vina, J., 2014. Abeta and tau toxicities in
Alzheimer’s are linked via oxidative stress-induced p38 activation: protective
role of vitamin E. Redox Biol. 2, 873–877.

Greenberg, D.S., Toiber, D., Berson, A., Soreq, H., 2010. Acetylcholinesterase variants
in Alzheimer’s disease: from neuroprotection to programmed cell death.
Neurodegener. Dis. 7, 60–63.

Hammond, D.N., Lee, H.J., Tonsgard, J.H., Wainer, B.H., 1990. Development and
characterization of clonal cell lines derived from septal cholinergic neurons.
Brain Res. 512, 190–200.

Hartl, R., Gleinich, A., Zimmermann, M., 2011. Dramatic increase in readthrough
acetylcholinesterase in a cellular model of oxidative stress. J. Neurochem. 116,
1088–1096.

Hernandez, C.M., Beck, W.D., Naughton, S.X., Poddar, I., Adam, B.L., Yanasak, N.,
Middleton, C., Terry Jr., A.V., 2015. Repeated exposure to chlorpyrifos leads to
prolonged impairments of axonal transport in the living rodent brain.
Neurotoxicology 47, 17–26.

Howard, M.D., Mirajkar, N., Karanth, S., Pope, C.N., 2007. Comparative effects of oral
chlorpyrifos exposure on cholinesterase activity and muscarinic receptor
binding in neonatal and adult rat heart. Toxicology 238, 157–165.

Hudgens, E.D., Ji, L., Carpenter, C.D., Petersen, S.L., 2009. The gad2 promoter is a
transcriptional target of estrogen receptor (ER) alpha and ER beta: a unifying
hypothesis to explain diverse effects of estradiol. J. Neurosci. 29, 8790–8797.

Jameson, R.R., Seidler, F.J., Slotkin, T.A., 2007. Nonenzymatic functions of
acetylcholinesterase splice variants in the developmental neurotoxicity of
organophosphates: chlorpyrifos, chlorpyrifos oxon, and diazinon. Environ.
Health Perspect. 115, 65–70.

Jett, D.A., Navoa, R.V., 2000. In vitro and in vivo effects of chlorpyrifos on glutathione
peroxidase and catalase in developing rat brain. Neurotoxicology 21, 141–145.

Kar, S., Slowikowski, S.P., Westaway, D., Mount, H.T., 2004. Interactions between
beta-amyloid and central cholinergic neurons: implications for Alzheimer’s
disease. J. Psychiatry Neurosci. 29, 427–441.

Kesner, R.P., Adelstein, T.B., Crutcher, K.A., 1989. Equivalent spatial location memory
deficits in rats with medial septum or hippocampal formation lesions and
patients with dementia of the Alzheimer’s type. Brain Cognit. 9, 289–300.

Ki, Y.W., Park, J.H., Lee, J.E., Shin, I.C., Koh, H.C., 2013. JNK and p38 MAPK regulate
oxidative stress and the inflammatory response in chlorpyrifos-induced
apoptosis. Toxicol. Lett. 218, 235–245.

Lee, J.E., Park, J.H., Shin, I.C., Koh, H.C., 2012. Reactive oxygen species regulated
mitochondria-mediated apoptosis in PC12 cells exposed to chlorpyrifos.
Toxicol. Appl. Pharmacol. 263, 148–162.

Lindenboim, L., Pinkas-Kramarski, R., Sokolovsky, M., Stein, R., 1995. Activation of
muscarinic receptors inhibits apoptosis in PC12M1 cells. J. Neurochem. 64,
2491–2499.

Livak, K.J., Schmittgen, T.D., 2001. Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-DDC(T)) Method. Methods 25, 402–408.

Lopez-Granero, C., Canadas, F., Cardona, D., Yu, Y., Gimenez, E., Lozano, R., Avila, D.S.,
Aschner, M., Sanchez-Santed, F., 2013a. Chlorpyrifos-,
diisopropylphosphorofluoridate-, and parathion-induced behavioral and
oxidative stress effects: are they mediated by analogous mechanisms of action?
Toxicol. Sci. 131, 206–216.

http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0005
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0005
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0005
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0010
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0010
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0010
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0015
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0015
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0015
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0020
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0020
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0020
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0025
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0025
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0025
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0030
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0030
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0030
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0030
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0035
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0035
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0035
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0040
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0040
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0040
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0040
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0045
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0045
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0045
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0050
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0050
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0050
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0050
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0055
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0055
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0055
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0060
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0060
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0060
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0060
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0065
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0065
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0065
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0070
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0070
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0075
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0075
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0075
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0080
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0080
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0080
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0085
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0085
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0085
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0090
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0090
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0090
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0095
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0095
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0095
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0095
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0100
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0100
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0100
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0100
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0105
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0105
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0105
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0105
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0110
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0110
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0110
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0115
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0115
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0120
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0120
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0120
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0120
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0125
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0125
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0125
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0130
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0130
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0135
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0135
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0135
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0135
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0140
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0140
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0140
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0145
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0145
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0145
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0150
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0150
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0150
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0155
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0155
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0155
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0160
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0160
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0160
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0160
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0165
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0165
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0165
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0170
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0170
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0170
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0175
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0175
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0175
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0175
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0180
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0180
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0185
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0185
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0185
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0190
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0190
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0190
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0195
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0195
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0195
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0200
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0200
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0200
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0205
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0205
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0205
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0210
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0210
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0215
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0215
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0215
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0215
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0215


J. Pino et al. / Toxicology 336 (2015) 1–9 9
Lopez-Granero, C., Cardona, D., Gimenez, E., Lozano, R., Barril, J., Sanchez-Santed, F.,
Canadas, F., 2013b. Chronic dietary exposure to chlorpyrifos causes behavioral
impairments, low activity of brain membrane-bound acetylcholinesterase, and
increased brain acetylcholinesterase-R mRNA. Toxicology 308, 41–49.

Madziar, B., Lopez-Coviella, I., Zemelko, V., Berse, B., 2005. Regulation of cholinergic
gene expression by nerve growth factor depends on the phosphatidylinositol-
30-kinase pathway. J. Neurochem. 92, 767–779.

Mennicken, F., Quirion, R., 1997. Interleukin-2 increases choline acetyltransferase
activity in septal-cell cultures. Synapse 26, 175–183.

Mesulam, M.M., Guillozet, A., Shaw, P., Levey, A., Duysen, E.G., Lockridge, O., 2002.
Acetylcholinesterase knockouts establish central cholinergic pathways and can
use butyrylcholinesterase to hydrolyze acetylcholine. Neuroscience 110,
627–639.

Middlemore-Risher, M.L., Buccafusco, J.J., Terry Jr., A.V., 2010. Repeated exposures to
low-level chlorpyrifos results in impairments in sustained attention and
increased impulsivity in rats. Neurotoxicol. Teratol. 32, 415–424.

Moser, V.C., Phillips, P.M., McDaniel, K.L., Marshall, R.S., Hunter, D.L., Padilla, S., 2005.
Neurobehavioral effects of chronic dietary and repeated high-level spike
exposure to chlorpyrifos in rats. Toxicol. Sci. 86, 375–386.

Nolan, R.J., Rick, D.L., Freshour, N.L., Saunders, J.H., 1984. Chlorpyrifos:
pharmacokinetics in human volunteers. Toxicol. Appl. Pharmacol. 73, 8–15.

Oda, Y., 1999. Choline acetyltransferase: the structure, distribution and pathologic
changes in the central nervous system. Pathol. Int. 49, 921–937.

Pegan, K., Matkovic, U., Mars, T., Mis, K., Pirkmajer, S., Brecelj, J., Grubic, Z., 2010.
Acetylcholinesterase is involved in apoptosis in the precursors of human muscle
regeneration. Chem. Biol. Interact. 187, 96–100.

Perrier, N.A., Salani, M., Falasca, C., Bon, S., Augusti-Tocco, G., Massoulie, J., 2005. The
readthrough variant of acetylcholinesterase remains very minor after heat
shock, organophosphate inhibition and stress, in cell culture and in vivo. J.
Neurochem. 94, 629–638.

Reale, M., de Angelis, F., di Nicola, M., Capello, E., di Ioia, M., Luca, G., Lugaresi, A.,
Tata, A.M., 2012. Relation between pro-inflammatory cytokines and
acetylcholine levels in relapsing-remitting multiple sclerosis patients. Int. J.
Mol. Sci. 13, 12656–12664.

Resende, R.R., Adhikari, A., 2009. Cholinergic receptor pathways involved in
apoptosis, cell proliferation and neuronal differentiation. Cell Commun. Signal
7, 20.

Richardson, J.R., Chambers, J.E., 2005. Effects of repeated oral postnatal exposure to
chlorpyrifos on cholinergic neurochemistry in developing rats. Toxicol. Sci. 84,
352–359.

Rohlman, D.S., Anger, W.K., Lein, P.J., 2011. Correlating neurobehavioral performance
with biomarkers of organophosphorous pesticide exposure. Neurotoxicology
32, 268–276.

Rojo, A.I., Sagarra, M.R., Cuadrado, A., 2008. GSK-3beta down-regulates the
transcription factor Nrf2 after oxidant damage: relevance to exposure of
neuronal cells to oxidative stress. J. Neurochem. 105, 192–202.

Roy, T.S., Andrews, J.E., Seidler, F.J., Slotkin, T.A., 1998. Chlorpyrifos elicits mitotic
abnormalities and apoptosis in neuroepithelium of cultured rat embryos.
Teratology 58, 62–68.

Rush, T., Liu, X.Q., Hjelmhaug, J., Lobner, D., 2010. Mechanisms of chlorpyrifos and
diazinon induced neurotoxicity in cortical culture. Neuroscience 166, 899–906.

Saez-Valero, J., Sberna, G., McLean, C.A., Small, D.H., 1999. Molecular isoform
distribution and glycosylation of acetylcholinesterase are altered in brain and
cerebrospinal fluid of patients with Alzheimer’s disease. J. Neurochem. 72,
1600–1608.
Salazar, J.G., Ribes, D., Cabre, M., Domingo, J.L., Sanchez-Santed, F., Colomina, M.T.,
2011. Amyloid beta peptide levels increase in brain of AbetaPP Swedish mice
after exposure to chlorpyrifos. Curr. Alzheimer Res. 8, 732–740.

Scheiderer, C.L., McCutchen, E., Thacker, E.E., Kolasa, K., Ward, M.K., Parsons, D.,
Harrell, L.E., Dobrunz, L.E., McMahon, L.L., 2006. Sympathetic sprouting drives
hippocampal cholinergic reinnervation that prevents loss of a muscarinic
receptor-dependent long-term depression at CA3-CA1 synapses. J. Neurosci. 26,
3745–3756.

Schliebs, R., 2005. Basal forebrain cholinergic dysfunction in Alzheimer’s disease-
interrelationship with beta-amyloid, inflammation and neurotrophin signaling.
Neurochem. Res. 30, 895–908.

Shaltiel, G., Hanan, M., Wolf, Y., Barbash, S., Kovalev, E., Shoham, S., Soreq, H., 2013.
Hippocampal microRNA-132 mediates stress-inducible cognitive deficits
through its acetylcholinesterase target. Brain Struct. Funct. 218, 59–72.

Szutowicz, A., Bielarczyk, H., Gul, S., Ronowska, A., Pawełczyk, T., Jankowska-
Kulawy, A., 2006. Phenotype-dependent susceptibility of cholinergic
neuroblastoma cells to neurotoxic inputs. Met. Brain Dis. 21 149.161.

Tamagno, E., Parola, M., Bardini, P., Piccini, A., Borghi, R., Guglielmotto, M., Santoro,
G., Davit, A., Danni, O., Smith, M.A., Perry, G., Tabaton, M., 2005. Beta-site APP
cleaving enzyme up-regulation induced by 4-hydroxynonenal is mediated by
stress-activated protein kinases pathways. J. Neurochem. 92, 628–636.

Terry, Stone Jr., A.V., Buccafusco, J.D., Sickles, J.J., Sood, A., MA, 2003. Repeated
exposures to subthreshold doses of chlorpyrifos in rats: hippocampal damage,
impaired axonal transport, and deficits in spatial learning. J. Pharmacol. Exp.
Ther. 305, 375–384 The.

Terry, Gearhart Jr., A.V., Beck, D.A., Truan Jr., W.D., Middlemore, J.N., Williamson, M.
L., Bartlett, L.N., Prendergast, M.G., Sickles, D.W., JJ, 2007. Chronic, intermittent
exposure to chlorpyrifos in rats: protracted effects on axonal transport,
neurotrophin receptors, cholinergic markers, and information processing. J.
Pharmacol. Exp. Ther. 322, 1117–1128.

Toiber, D., Greenberg, D.S., Soreq, H., 2009. Pro-apoptotic protein–protein
interactions of the extended N-AChE terminus. J. Neural Transm. 116,
1435–1442.

Torres-Altoro, M.I., Mathur, B.N., Drerup, J.M., Thomas, R., Lovinger, D.M.,
O’Callaghan, J.P., Bibb, J.A., 2011. Organophosphates dysregulate dopamine
signaling, glutamatergic neurotransmission, and induce neuronal injury
markers in striatum. J. Neurochem. 119, 303–313.

Voytko, M.L., 1996. Cognitive functions of the basal forebrain cholinergic system in
monkeys: memory or attention. Behav. Brain Res. 75, 13–25.

Wang, S.H., Shih, Y.L., Kuo, T.C., Ko, W.C., Shih, C.M., 2009. Cadmium toxicity toward
autophagy through ROS-activated GSK-3beta in mesangial cells. Toxicol. Sci.
108, 124–131.

Ward, N.L., Hagg, T., 2000. BDNF is needed for postnatal maturation of basal
forebrain and neostriatum cholinergic neurons in vivo. Exp. Neurol. 162,
297–310.

Zheng, W.H., Bastianetto, S., Mennicken, F., Ma, W., Kar, S., 2002. Amyloid beta
peptide induces tau phosphorylation and loss of cholinergic neurons in rat
primary septal cultures. Neuroscience 115, 201–211.

Zimmermann, M., Grosgen, S., Westwell, M.S., Greenfield, S.A., 2008. Selective
enhancement of the activity of C-terminally truncated, but not intact,
acetylcholinesterase. J. Neurochem. 104, 221–232.

Zimmermann, M., 2013. Neuronal AChE splice variants and their non-hydrolytic
functions: redefining a target of AChE inhibitors. Br. J. Pharmacol. 170, 953–967.

http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0220
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0220
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0220
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0220
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0225
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0225
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0225
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0230
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0230
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0235
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0235
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0235
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0235
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0240
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0240
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0240
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0245
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0245
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0245
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0250
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0250
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0255
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0255
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0260
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0260
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0260
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0265
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0265
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0265
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0265
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0270
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0270
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0270
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0270
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0275
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0275
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0275
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0280
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0280
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0280
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0285
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0285
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0285
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0290
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0290
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0290
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0295
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0295
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0295
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0300
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0300
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0305
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0305
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0305
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0305
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0310
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0310
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0310
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0315
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0315
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0315
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0315
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0315
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0320
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0320
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0320
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0325
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0325
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0325
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0330
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0330
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0330
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0335
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0335
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0335
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0335
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0340
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0340
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0340
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0340
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0345
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0345
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0345
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0345
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0345
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0350
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0350
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0350
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0355
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0355
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0355
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0355
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0360
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0360
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0365
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0365
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0365
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0370
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0370
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0370
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0375
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0375
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0375
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0380
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0380
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0380
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0385
http://refhub.elsevier.com/S0300-483X(15)30009-3/sbref0385

	Acute and long-term exposure to chlorpyrifos induces cell death of basal forebrain cholinergic neurons through AChE varian...
	1 Introduction
	2 Materials and methods
	2.1 Chemicals
	2.2 Culture of SN56 cells
	2.3 Measurement of cell viability (MTT assay)
	2.4 Caspase activity analysis
	2.5 Gene knockdown
	2.6 Determination of AChE activity
	2.7 Choline acetyltransferase activity measurement
	2.8 Acetylcholine level measurement
	2.9 Protein determination
	2.10 Real-time PCR analysis
	2.11 Statistical analysis

	3 Results
	3.1 Effect of CPF on SN56 cell viability
	3.2 Effect on the activity of caspases 3/7
	3.3 Determination of AChE activity
	3.4 Choline acetyltransferase activity
	3.5 Acetylcholine level measurement
	3.6 Real-time PCR analysis

	4 Discussion
	Conflicts of interest
	Acknowledgments
	References


