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a  b  s  t  r  a  c  t

Evidence  demonstrating  that  human  exposure  to various  organophosphorus  insecticides  (OPs)  is associ-
ated with  neurobehavioral  deficits  in children  continues  to  emerge.  The  present  study  focused  on  diazinon
(DZ) and its active  oxygen  metabolite,  diazoxon  (DZO),  and  explored  their  ability  to  impair neurite  out-
growth in  rat  primary  hippocampal  neurons  as a mechanism  of  developmental  neurotoxicity.  Both  DZ
and  DZO  (0.5–10  �M)  significantly  inhibited  neurite  outgrowth  in hippocampal  neurons,  at  concentra-
tions  devoid  of any  cyototoxicity.  These  effects  appeared  to  be  mediated  by oxidative  stress,  as  they  were
prevented  by  antioxidants  (melatonin,  N-t-butyl-alpha-phenylnitrone,  and  glutathione  ethyl  ester).  Inhi-
bition of neurite  outgrowth  was  observed  at concentrations  below  those  required  to inhibit  the  catalytic
activity  of  acetylcholinesterase.  The  presence  of astrocytes  in  the  culture  was  able  to provide  protec-
tion  against  inhibition  of neurite  outgrowth  by  DZ  and DZO.  Astrocytes  increased  neuronal  glutathione
(GSH)  in  neurons,  to  levels  comparable  to  those  of  GSH  ethyl  ester.  Astrocytes  depleted  of  GSH by  l-
buthionine-(S,R)-sulfoximine  no  longer  conferred  protection  against  DZ-  and DZO-induced  inhibition  of
neurite  outgrowth.  The  findings  indicate  that  DZ  and  DZO inhibit  neurite  outgrowth  in hippocampal  neu-
rons  by  mechanisms  involving  oxidative  stress,  and  that  these  effects  can  be  modulated  by astrocytes  and
astrocyte-derived  GSH.  Oxidative  stress  from  other  chemical  exposures,  as well  as  genetic  abnormalities
that  result  in  deficiencies  in  GSH  synthesis  and  regulation,  may  render  individuals  more  susceptible  to
these  developmental  neurotoxic  effects  of  OPs.

© 2014  Elsevier  Ireland  Ltd.  All  rights  reserved.

1. Introduction

Diazinon (DZ) and its active metabolite diazoxon (DZO) are
members of the widely used class of organophosphorus insecti-
cides (OPs) (EPA, 2011). Children in communities in close proximity
to crops where these insecticides are sprayed are exposed regu-
larly to a variety of OPs, and may  be at increased risk for adverse
neurological effects. Recent studies link such exposures to various
neurobehavioral deficits, such as attention deficit hyperactivity dis-
order and lowered I.Q. (Bouchard et al., 2010; Eskenazi et al., 2007;
Rauh et al., 2011; Rohlman et al., 2011). While acute effects of
OPs primarily results from acetylcholinesterase (AChE) inhibition
and subsequent cholinergic overstimulation, increasing evidence
suggests that these compounds can exert other non-cholinergic
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effects, including alterations in signal transduction, inhibition of
DNA synthesis, and increases in oxidative stress (Adigun et al.,
2010; Guizzetti et al., 2005; Lukaszewicz-Hussain, 2010; Slotkin
et al., 2006).

Young animals are more sensitive to the acute systemic effects of
OPs and to their effects on the CNS than adults (Pope and Liu, 1997;
Won  et al., 2001). Other studies have shown long-term effects of
late gestational and neonatal exposures to OPs, with an empha-
sis on learning and memory (Icenogle et al., 2004; Levin et al.,
2008; Roegge et al., 2006), as well as neural cell development and
synaptic function (Slotkin et al., 2008). Of relevance is that such
neurotoxic effects at levels appear to be independent from AChE
inhibition (Rush et al., 2010; Sidiropoulou et al., 2009; Yang et al.,
2008), suggesting that alternative neurotoxic mechanisms of these
compounds may  be involved in developmental neurotoxicity.

Several studies have pointed to oxidative stress as a poten-
tial mechanism of OP neurotoxicity (Giordano et al., 2007;
Lukaszewicz-Hussain, 2010; Slotkin et al., 2005). The overproduc-
tion of reactive oxygen species (ROS) and reactive nitrogen species
(RNS) results in cellular oxidative stress. This ultimately leads

http://dx.doi.org/10.1016/j.tox.2014.01.010
0300-483X/© 2014 Elsevier Ireland Ltd. All rights reserved.
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to deleterious effects on various macromolecules, including DNA,
lipids, and proteins (Valko et al., 2007). Furthermore, oxidative
stress is increasingly implicated in a variety of diseases, includ-
ing several neurodegenerative diseases, such as Alzheimer’s disease
and Parkinson’s disease (Barnham et al., 2004), as well as to neu-
rodevelopmental disorders, including autism and schizophrenia
(Chauhan et al., 2012; Do et al., 2009; Tang et al., 2013).

Cellular defenses against oxidative stress include enzymes such
as superoxide dismutases, catalase, and glutathione peroxidases,
as well as factors such as glutathione, ascorbic acid (vitamin C),
�-tocopherol (vitamin E), and flavonoids (Valko et al., 2007). Nev-
ertheless, these defense systems can be overwhelmed in times of
acute and/or chronic stress, rendering the cell defenseless against
free radicals and oxidative species. The brain is particularly vul-
nerable to oxidative stress due to its high oxygen consumption,
oxidizable lipid content (i.e. polyunsaturated fatty acids), as well as
relatively low levels of endogenous antioxidants (Barnham et al.,
2004; Matés, 2000). Levels of antioxidants in the brain differ by
region and cell type. Glial cells, for example, have a higher glu-
tathione content than neuronal cells; ascorbate, however, appears
to predominate in neurons (Rice and Russo-Menna, 1997).

Glutathione (GSH; �-glutamyl-cysteinyl-glycine) is an abun-
dant cellular thiol tripeptide, and one of the most prominent
antioxidants in the CNS (Lu, 2013). GSH is a potent defender against
ROS, due to its ability to non-enzymatically scavenge free radicals,
as well as its role as a co-factor for glutathione peroxidases and
glutathione transferases against reactive aldehyde and peroxide
accumulation within the cell (Dringen, 2000). The dysregulation
of GSH redox cycling, as well as genetic deficiencies in GSH-related
enzymes have been shown to adversely affect neurodevelopment
and play a role in various neurodegenerative diseases (Ballatori
et al., 2009; Sian et al., 1994); furthermore, GSH has been shown
to modulate neurotoxicity that results from several environmental
chemicals, including OPs (Giordano et al., 2007, 2008, 2006).

The present study investigated the ability of DZ and its metabo-
lite DZO to inhibit neurite outgrowth in primary rat hippocampal
neurons and its underlying mechanisms. Results show that neu-
ritogenesis is inhibited by OP-induced oxidative stress, and is
antagonized by antioxidants and by co-culture with astrocytes,
which enhance neuronal GSH content.

2. Materials and methods

2.1. Materials

Neurobasal-A medium, DMEM medium, fetal bovine serum (FBS), Hanks’ bal-
anced salt solution (HBSS), GlutaMAX, anti-mouse Alexa fluor-488 secondary
antibody, Hoechst 33342, 2,7′-dichlorofluorescin diacetate (H2DCF-DA), Super-
Signal West Pico Chemiluminescent Substrate (Pierce), papain, and gentamicin
were from Invitrogen (Carlsbad, CA). Diazinon (DZ; 99.4%), diazinon-O-analog (dia-
zoxon; DZO; 98%) and chlorpyrifos (CPF; 99.5%) were from Chem-Service (West
Chester, PA). Poly-d-lysine, antibodies: peroxidase-conjugated anti-mouse IgG,
mouse anti-beta-actin, horseradish peroxidase-conjugated anti-rabbit IgG, rabbit
anti-fibronectin, rabbit anti-map-2, mouse anti-tau, goat serum, dimethyl sulfoxide
(DMSO), hydrogen peroxide (H2O2), 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenylte-
trazolium bromide (MTT), and N-t-butyl-alpha-phenylnitrone (PBN), glutathione
ethyl-ester (GSHee), l-buthionine-(S,R)-sulfoximine (BSO), reduced l-glutathione
(GSH), tris (2-carboxyethyl)-phosphine hydrochloride (TCEP), and naphthalene
dicarboxaldehyde (NDA) were from Sigma–Aldrich (St. Louis, MO). Mouse �-III-
tubulin antibody was  from Millipore (Billerica, MA). Melatonin was  from EMD
Chemicals (Rockland, MA).

2.2. Preparation of fetal rat hippocampal neurons

Hippocampal neurons from embryonic day 21 Sprague–Dawley
rat fetuses were prepared as previously described (Brewer et al.,
1993; Guizzetti et al., 2008; Van De Mark et al., 2009). Neurons
were freshly prepared and plated on poly-d-lysine-coated glass
coverslips for 2 h in Neurobasal A–FBS (10%) medium to allow

attachment. After 2 h, the neurons were washed once in HBSS
and the medium was replaced with astrocyte-conditioned medium
(ACM) for 24 h, after which neurons were treated as indicated for
24 h.

2.3. Treatments of hippocampal neurons

After 24 h in culture, neurons were treated with varying con-
centrations of DZ and DZO (0, 0.1, 1, 10 �M,  in DMSO) for
24 h. For experiments where antioxidants were used, neurons
were pre-treated with either melatonin (200 �M),  N-t-butyl-alpha-
phenylnitrone (PBN; 100 �M),  or glutathione ethyl-ester (2.5 mM)
for 3 h prior to two washes with HBSS, replacement of ACM, and
treatment with DZ or DZO.

2.4. Preparation of astrocyte-conditioned medium (ACM)

Primary cultures of cortical astrocytes were prepared as pre-
viously described (Guizzetti and Costa, 1996). After 14 days in
culture (with regular medium changes), flasks of confluent astro-
cytes were washed twice with PBS and “serum-free” DMEM–BSA
(0.1%) medium was added for 24 h. This medium was considered
astrocyte-conditioned. The ACM was  collected from the flasks and
centrifuged at 300 × g for 10 min  at room temperature to pellet any
cells or debris. ACM was  used as the culture medium for the rest
of the incubation period for all neurite outgrowth experiments in
neurons.

2.5. Astrocyte-neuron co-cultures

To assess the potential for astrocytes to protect neurons from
DZ- and DZO-induced inhibition of neurite outgrowth, an indirect
co-culture model was  used. This model provides a way to under-
stand astrocyte–neuronal interactions in an in vitro system that
more accurately reflects the in vivo processes. Hippocampal neu-
rons were prepared as described, and plated on glass coverslips
to which four paraffin beads were previously affixed to prevent
their touching the astrocyte monolayer while allowing them to
share the same medium. After 2 h incubation in Neurobasal A/FBS
(10%) medium to allow neurons to attach, neurons were washed
twice in HBSS and ACM was added, as previously described. After
24 h, the glass coverslips containing the neurons were inverted
onto 24-well plates containing astrocytes, as described by Viviani
et al. (1998). This astrocyte-neuron co-culture was treated with
10 �M DZ or DZO or vehicle control (0.1% DMSO) for 24 h. In
some experiments, astrocytes were previously treated with l-
buthionine-(S,R)-sulfoximine (BSO; 25 �M)  for 24 h to deplete GSH
levels.

2.6. Measurement of cell viability

Neuron viability was  measured by the MTT  assay, where 50 �L
of MTT  reagent (5 mg/mL) was added to each well after 24 h treat-
ment with DZ or DZO. After 3 h at 37 ◦C, the medium was removed
and the formazan reaction product was  dissolved in 250 �L DMSO.
Absorbance was read at 562 nm and results were expressed as mean
percentage of viable cells relative to untreated controls.

2.7. Measurement of GSH levels

Total intracellular glutathione (GSH) levels were measured as
previously described (Giordano et al., 2008). Briefly, neurons were
homogenized in Locke’s buffer and an aliquot was  taken to mea-
sure the protein concentration while a second aliquot was  diluted
(1:1) with 10% 5-sulfosalicylic acid (SSA). The SSA fraction was
centrifuged at 13,400 × g for 5 min  at 4 ◦C and the supernatant
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was used for GSH determination. Aliquots from the SSA fraction
were added to a 96-well plate and pH was adjusted to 7.0 with
0.2 M N-ethylmorpholine/0.02 M KOH. Oxidized glutathione was
reduced by adding 10 �L of 10 mM  tris (2-carboxyethyl)-phosphine
hydrochloride (TCEP) for 15 min  at room temperature. The pH was
then adjusted to 12.5 using 0.5N NaOH before adding naphthalene
dicarboxaldehyde (NDA; 10 mM for 30 min). Finally, the samples
were analyzed on a spectrofluorometric plate reader (Ex 472 nm
and Em 528 nm). The total amount of GSH in the sample was
expressed as nmol/mg protein determined from a standard curve
obtained by plotting known amounts of GSH incubated in the same
experimental conditions versus fluorescence. To assess the effect
of astrocytes on neuronal GSH, after which astrocytes, plated on
poly-d-lysine-coated inserts and cultured for 4 days, were added
to the wells.

2.8. Quantitative morphological analysis of neurite outgrowth

After 24 h treatment, hippocampal neurons were fixed in 4%
paraformaldehyde in HBSS and permeabilized in 0.1% Triton X-100.
Neurons were labeled with an anti-�-III-tubulin isoform antibody
followed by a fluorescein-conjugated secondary antibody (Alexa-
488); the nuclei were stained with Hoechst 33342. Glass coverslips
were then mounted on microscope slides. Only pyramidal neu-
rons (which represent more than 90% of neurons in the cultures
(Giordano et al., 2009b)) with three or more neurites, not touching
any other cells/neurites were included for quantitative analysis. For
each cell, the following parameters were measured: axon length
(including the length of any branches originating from the axon);
length of minor neurites; total number of neurites/cell. Neurite
length was measured from the point of emergence at the cell body
to the tip of each segment. The identity of the longest neurite
as the axon, and of minor neurites as dendrites was verified by
staining with the specific markers Tau and MAP-2 (microtubule-
associated protein-2), as previously described (Guizzetti et al.,
2008; Giordano et al., 2009b). Quantification of the morpholog-
ical parameters was carried out using MetaMorph 6.1 analysis
software. At least 30 cells per treatment were analyzed for each
experiment.

2.9. Measurement of reactive oxygen species

Reactive oxygen species (ROS) formation was determined by
fluorescence using 2,7′-dichlorofluorescin diacetate (DCFH2-DA),
as previously shown (Giordano et al., 2006, 2007). Upon entering
cells DCFH2-DA is de-esterified to DCFH2, which is then oxidized
by ROS to form the fluorescent 2,7′-dichlorofluorescein (DCF).
Neurons were plated in a black-welled 96-well plate (2 × 104 in
100 �L/well) previously coated overnight with 100 �g/mL poly-d-
Lysine. After 2 h in Neurobasal A–FBS (10%) medium, cells were
washed and switched to ACM as previously described. After 48 h in
culture, cells were incubated for 30 min  with 10 �M DCFH2-DA in
HBSS. Afterwards, the probe was washed out and the neurons were
treated with the appropriate chemical dilutions for the desired time
point(s). After treatment, neurons were washed once in HBSS and
the plate was read on a Perkin-Elmer spectrofluorimeter (excitation
488 nm,  emission 530 nm).

2.10. Measurement of acetylcholinesterase (AChE) activity

AChE activity in neurons were measured as previously described
(Li et al., 2000), using a microtiter plate assay based on the method
of Ellman et al. (Ellman et al., 1961). Hippocampal neurons were
plated in 6-well plates (1.2 × 106 per well) in Neurobasal A–FBS
(10%) for 2 h, after which they were washed 1× with HBSS and
switched to ACM. After 24 h, neurons were treated with DZ or

DZO (1 or 10 �M)  for an additional 24 h. Cell lysates were col-
lected in a 0.1 M sodium phosphate buffer (pH 8.0). For duplicate
assays, 50 �L of cell lysates was combined with 150 �L of the assay
buffer containing 0.1 M sodium phosphate and 0.1 mM of DTNB
(5,5′-dithiobis-2-nitrobenzoic acid). The kinetic assay was  initi-
ated by addition of acetylthiocholine (final concentration: 1 mM)
and the reaction was continuously monitored for 10 min at room
temperature. Absorbance was  read at 412 nm in a Beckman DU-70
spectrophotometer. The amount of 5-thio-2-nitrobenzoate formed
was calculated using an extinction coefficient of 13 600 M−1/cm.
AChE activity was  calculated as nmol/min/mg protein and pre-
sented as percent untreated control.

2.11. Statistical analysis

For neurite outgrowth measurements, the following parameters
were measured for each cell using Metamorph software: longest
neurite length (including the length of any branches originating
from the neurite); length of minor neurites; and total number of
neurites/cell. About 30 cells per treatment were analyzed in each
experiment. Final data summaries are displayed as the mean ± SEM
for 90–120 cells per treatment derived from at least three inde-
pendent experiments, unless otherwise indicated. For ROS, GSH,
and AChE measurements, at least three separate experiments were
performed where all samples were completed in duplicate or trip-
licate. Results are reported as the mean percent of the control
(±SEM) of results from at least three experiments. Statistical signif-
icance for all analyses is evaluated by one-way ANOVA followed by
Bonferroni’s post-hoc test, except for GSH levels, which were ana-
lyzed with the non-parametric ANOVA Kruskal–Wallis followed by
Dunn’s post-hoc test using GraphPad Prism software.

3. Results

3.1. DZ and DZO inhibit neurite outgrowth in hippocampal
neurons

Primary hippocampal neurons were exposed to varying concen-
trations of DZ or DZO (0.1–10 �M)  for 24 h in ACM. Both compounds
caused a concentration-dependent decrease in longest neurite
length, with significant inhibition of longest neurite outgrowth
from 0.5 �M DZ or DZO (Figs. Fig. 11A and Fig. 22A). Chlorpyri-
fos (CPF) was used as a positive control (Fig. 1) because of ites
reported ability to inhibit neurite outgrowth (Yang et al., 2008).
No differences in minor neurite length were observed as a result
of DZ exposure (Fig. 1B), while DZO (0.5–10 �M)  decreased minor
neurite length (Fig. 2B). No differences in number of neurites per
cell were seen in neurons exposed to either DZ or DZO (Figs.
Fig. 11C and Fig. 22C). Representative images of hippocampal neu-
rons exposed to DZ, DZO or CPF are shown in Fig. 3. Neither DZ nor
DZO affected hippocampal neuron viability, as assessed by the MTT
assay (Table 1).

Table 1
Viability of DZ or DZO-treated neurons.

Viability

Concentration (�M) DZ DZO

0 100 100
1  108.9 ± 6.1 103.9 ± 2.8
10  100.1 ± 2.8 104.8 ± 0.8

Hippocampal neurons were treated with varying concentrations of either DZ or DZO
for 24 h and cell viability was assessed by the MTT  method. Results are expressed as
percent of control, and represent the mean (±SEM) of three separate experiments
where neurons were treated in triplicate.
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Fig. 1. DZ inhibits neurite outgrowth in hippocampal neurons. Hippocampal neurons were plated in Neurobasal/FBS (10%) medium for 2 h before being washed and switched
to  ACM for 24 h. Neurons were then treated with varying concentrations of DZ for 24 h. Chlorpyrifos (CPF; 5 �M)  was used as a positive control. Results are expressed as
mean  (±SEM) of 90–120 cells derived from at least three independent experiments. Significantly different from control, **p < 0.01, ***p < 0.001.

Fig. 2. DZO inhibits neurite outgrowth in primary hippocampal neurons. Hippocampal neurons were plated in Neurobasal/FBS (10%) medium for 2 h before being washed
and  switched to ACM for 24 h. Neurons were then treated with varying concentrations of DZO for 24 h. Results are expressed as mean (±SEM) of 90–120 cells derived from
at  least three independent experiments. Significantly different from control, *p < 0.05, ***p < 0.001.
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Fig. 3. DZ and DZO inhibit neurite outgrowth in primary hippocampal neurons. Representative images from primary cultures exposed to different concentrations of DZ or
DZO.  (A) Control; (B) 5 �M CPF; (C) 0.5 �M DZ; (D) 10 �M DZ; (E) 0.5 �M DZO; (F) 10 �M DZO.

3.2. Oxidative stress modulates neurite outgrowth in mechanism
of DZ and DZO neurotoxicity

As DZ and DZO have been reported to cause oxidative stress
in mouse cerebellar granule neurons (Giordano et al., 2007), we
sought to determine whether they would have a similar effect
in rat hippocampal neurons, and whether oxidative stress would
be involved in inhibition of neurite outgrowth. Reactive oxygen
species (ROS) production in primary hippocampal neurons was
measured by fluorescence using 2,7′-dichlorofluorescin diacetate
(DCFH2-DA). As shown in Fig. 4, both DZ and DZO (1 and 10 �M)
caused an increase in ROS production in hippocampal neurons. OP-
induced oxidative stress appears to be involved in the inhibition of
neurite outgrowth caused by DZ and DZO. Indeed, pre-treatment
of neurons for 3 h with various antioxidants (melatonin (200 �M);
N-t-butyl-alpha-phenylnitrone (PBN; 100 �M);  and glutathione
ethyl-ester (GSHee; 2.5 mM))  completely prevented the inhibition
of longest neurite outgrowth caused by 10 �M DZ or DZO (Table 2).
The effect of DZO on minor neurite length was also antagonized by
antioxidants (Table 2).

Table 2
Effects of antioxidants on the inhibitory effects of DZ and DZO on neurite outgrowth
in primary hippocampal neurons.

Treatment Longest neurite
length (�m)

Minor neurite
length (�m)

No. neurites/cell

Control 139.6 ± 5.4 17.0 ± 0.5 4.6 ± 0.1
Mel  132.2 ± 10.8 18.0 ± 1.2 4.3 ± 0.2
PBN 116.5 ± 6.5 16.8 ± 0.7 4.6 ± 0.2
GSHee 129.7 ± 12.4 15.5 ± 0.9 5.1 ± 0.4

DZ  69.0 ± 5.9# 14.4 ± 0.7 4.3 ± 0.1
DZ  + Mel  122.2 ± 10.1 17.3 ± 1.0 4.5 ± 0.2
DZ  + PBN 105.0 ± 9.6 17.2 ± 0.9 4.8 ± 0.2
DZ  + GSHee 152.9 ± 10.2 16.1 ± 0.9 4.7 ± 0.2

DZO 86.8 ± 5.9# 12.5 ± 0.6# 4.2 ± 0.1
DZO + Mel 133.1 ± 9.4 13.8 ± 0.7 4.4 ± 0.2
DZO + PBN 121.8 ± 7.8 14.5 ± 0.6 4.6 ± 0.2
DZO + GSHee 155.1 ± 10.4 13.4 ± 0.9 5.1 ± 0.2

After 24 h in ACM, neurons were pre-treated with 200 �M melatonin (Mel), 100 �M
PBN,  or 2.5 mM glutathione ethyl-ester (GSHee) for 3 h prior to wash-out and treat-
ment with 10 �M DZ or DZO for 24 h, as described in Section 2. Results represent
the mean (±SEM) of 60–90 cells per treatment group.

# Significantly different from untreated control, p < 0.001.
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Fig. 4. DZ and DZO increase ROS production in hippocampal neurons. Hippocam-
pal  neurons were plated in Neurobasal/FBS (10%) medium for 2 h before being
washed and switched to ACM for an additional 46 h. Neurons were probed with
10 �M H2DCF-DA for 30 min, after which the probe was washed out and neurons
were treated with DZ or DZO for 1 h. H2O2 (20 �M)  was  used as a positive control.
Results are expressed as mean (±SEM) of at least three independent experiments in
which treatments were performed in triplicate. Significantly different from control,
*p  < 0.05, ***p < 0.001.

3.3. Astrocytes protect against DZ- and DZO-induced inhibition of
neurite outgrowth by modulating neuronal glutathione content

To more closely resemble in vivo conditions, the effect of DZ
and DZO on neurite outgrowth was assessed in the presence of
astrocytes. Results of these experiments, shown in Fig. 5, indicate
that the presence of astrocytes prevents the inhibition of neurite
outgrowth caused by DZ or DZO. Since astrocytes have a greater

antioxidant capacity than neurons, we hypothesized that astro-
cytes may  prevent inhibition of neurite outgrowth by protecting
against the oxidative conditions produced by DZ and DZO exposure.
Astrocytes had been previously shown to protect neurons against
the cytotoxicity of brominated flame retardants by increasing neu-
ronal content of GSH (Giordano et al., 2009a). A similar mechanism
appears to be occurring in case of neurite outgrowth. This was
indeed the case. Levels of GSH in hippocampal neurons were
12.4 ± 1.2 nmol/mg protein, and increased to 20.2 ± 1.4 nmol/mg of
protein in the presence of astrocytes (n = 3; p < 0.05). This increase
is similar to that observed when neurons were treated for 3 h with
2.5 mM GSHee (22.8 ± 4.5 nmol/mg of protein).

To further confirm the role of GSH in the protective effect
of astrocytes on DZ- and DZO-induced inhibition of neurite
outgrowth, astrocytes were treated with 25 �M l-buthionine sul-
foximine (BSO) for 24 h before culturing them with the neurons.
BSO specifically inhibits �-glutamylcysteine synthetase (EC 6.3.2.2;
also known as glutamate cysteine ligase, GCL) the enzyme respon-
sible for the first step of GSH biosynthesis (Anderson, 1998). Upon
exposure to BSO, GSH levels in astrocytes decreased from 17.4 ± 0.9
to 5.3 ± 0.3 nmol/mg protein (n = 3; p < 0.05; Giordano et al., 2009b).
As shown in Fig. 6, GSH-depleted astrocytes were not able to confer
protection to neurons against DZ- and DZO-induced inhibition of
neurite outgrowth as they had previously. Neurons cultured with
BSO-treated astrocytes and exposed to 10 �M DZ or DZO for 24 h
displayed significantly decreased longest neurite lengths, 62% and
65% of control levels, respectively (p < 0.001; Fig. 6A). This is in con-
trast to the lack of neurite outgrowth inhibition of neurons treated
with DZ or DZO in the presence of astrocytes with their GSH lev-
els intact (Fig. 5). Similarly, the inhibition of minor neurite length
caused by DZO is no longer attenuated in the presence of astrocytes
depleted of GSH (Fig. 6B).

Fig. 5. Astrocytes protect against DZ- and DZO-induced inhibition of neurite outgrowth. After 24 h in ACM, neurons on glass coverslips were inverted onto astrocyte-containing
wells  and treated with DZ or DZO. In the presence of astrocytes DZ and DZO (1 or 10 �M)  did not affect the length of the longest neurite. This is in contrast with the shown
effect  (at 10 �M)  in the absence of astrocytes. Results are expressed as mean (±SEM) of at least 90 cells obtained from three independent experiments. Significantly different
from  the effect in the presence of astrocytes, **p < 0.01, ***p < 0.001.
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Fig. 6. Astrocytes depleted of GSH do not protect against DZ- and DZO-induced inhi-
bition of neurite outgrowth. After 24 h in ACM, neurons were placed with astrocytes
previously treated with 25 �M BSO for 24 h. Shown are measurements in neurons
cultured with control astrocytes, or with BSO-treated astrocytes, and treated with
10  �M DZ or DZO in the presence of BSO-treated astrocytes. Results are expressed
as mean (±SEM) of at least 90 cells obtained from three independent experiments.
Significantly different from control, *p < 0.05, ***p < 0.001.

3.4. Effect of DZ and DZO AChE activity in hippocampal neurons

AChE activity in hippocampal neurons was  measured after
24 h incubation with 1 or 10 �M DZ or DZO. DZO caused higher
inhibition of AChE activity than DZ, as expected by the oxon form
of the parent compound. Treatment with 1 or 10 �M DZ for 24 h
resulted in a 20% and 43% decrease in AChE activity, while exposure

Fig. 7. AChE activity in primary hippocampal neurons exposed to DZ or DZO. Newly
harvested hippocampal neurons were plated in Neurobasal/FBS (10%) for 2 h before
being switched to astrocyte-conditioned media (ACM) for an additional 24 h. Astro-
cytes were then treated for 24 h with DZ or DZO (1 or 10 �M).  Results, expressed
as  percent of control, represent the mean (±SEM) of three independent experi-
ments. Mean AChE activity (±SEM) in control neurons was 3.77 ± 0.55 nmol/min/mg
protein. Significantly different from control, *p < 0.05, **p < 0.01, p < 0.001.

to 1 or 10 �M DZO for 24 h resulted in a 55% and 85% decrease in
AChE activity, respectively (Fig. 7). Mean AChE activity (±SEM) in
untreated control neurons was 3.77 ± 0.55 nmol/min/mg protein.

4. Discussion

The main findings in this study are that DZ and DZO  inhibit
neurite outgrowth in primary hippocampal neurons, that this
inhibitory effect is due to oxidative stress, and that it is prevented
by the presence of astrocytes. The finding that these OPs inhibit
neurite outgrowth confirms and extends to primary rat hippocam-
pal neurons previous results which showed inhibition of neurite
outgrowth in mouse neuroblastoma cells (N2a cells; Axelrad et al.,
2003; Flaskos et al., 2007; Sidiropoulou et al., 2009). Both DZ and
DZO decreased the length of the longest neurite (identified as the
axon by Tau staining) at concentrations as low as 0.5 �M.  Another
commonly used OP, chlorpyrifos (CPF), was used as a positive con-
trol as it had been shown to inhibit neurite outgrowth in different
neuronal cell types (Sachana et al., 2001; Yang et al., 2008). We
confirmed that CPF (5 �M)  caused a significant inhibition of neu-
rite outgrowth in hippocampal neurons, comparable to that caused
by 10 �M DZ or DZO (Fig. 1A). In our morphological analysis, we also
measured the length of the minor neurites, which were identified
as dendrites by MAP-2 staining. Neither DZ nor the positive control
CPF affected minor neurite length, while DZO had a small but sig-
nificant effect starting at 0.5 �M (Figs. Fig. 11B and Fig. 22B). None
of the OPs had any effect on the number of neurites per cell. All
effects of DZ and DZO occurred at concentrations that were devoid
of cytotoxicity (Table 1).

DZ and DZO, as well other OPs, have been shown to elicit oxida-
tive stress in neuronal cells in vitro (Giordano et al., 2007; Slotkin
and Seidler, 2009), and in brain of rodents upon in vivo exposure
(Jafari et al., 2012; Yilmaz et al., 2012). In addition, we have recently
found that oxidative stress is involved in the effect of DZ and DZO on
astrocytic extracellular matrix proteins and on astrocyte–neuron
interactions (Pizzurro et al., 2014). We  thus examined whether
these OPs would cause oxidative stress in hippocampal neurons,
and whether this effect may  be involved in the observed inhibition
of neurite outgrowth. As shown in Fig. 4, both DZ and DZO increased
ROS levels in hippocampal neurons. Moreover, three antioxidants
(melatonin, PBN, and GSHee) successfully prevented inhibition of
neurite outgrowth caused by DZ and DZO, including the decrease
in minor neurite length caused by DZO (Table 2). These results
suggest that DZ- and DZO-induced increase in oxidative stress in
hippocampal neurons plays a primary role in their inhibition of
neurite outgrowth.

It has been reported that astrocyte-conditioned medium
protects against inhibition of neurite outgrowth by DZ in
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neuroblastoma cells (Harris et al., 2009). In the present study,
primary hippocampal neurons (overall more “delicate” than neu-
roblastoma cell lines) were cultured in the presence of ACM, hence
this experimental paradigm could not be directly tested. Other
studies have shown that astrocytes can protect neurons against
the toxicity of polybrominated diphenyl ethers (PBDEs) (Giordano
et al., 2009a), ethanol (Watts et al., 2005), and the pesticides
rotenone and paraquat (Rathinam et al., 2012). This indicates that,
in a situation in which neurons and astrocytes are in close proximity
(as in vivo), the latter can protect neurons from toxicity by various
compounds. We  found that when hippocampal neurons were cul-
tured in the presence of astrocytes and the whole co-culture was
exposed to DZ or DZO, the inhibitory effect on neurite outgrowth
was prevented (Fig. 5).

Astrocytes are known to modulate neuronal functions and well-
being by secreting a variety of factors (e.g. extracellular matrix
proteins, growth factors), as well as by regulating various homeo-
static mechanisms (e.g. glucose and neurotransmitter levels). Since
DZ- and DZO-induced inhibition of neurite outgrowth appeared
to be related to oxidative stress, we hypothesized that astrocytes
may  increase neuronal defenses against oxidative stress. Astro-
cytes have a higher content of the thiol-redox-capable peptide,
GSH, than neurons (Rice and Russo-Menna, 1997; Giordano et al.,
2008). This is attributed to nuclear factor erythroid-2-related fac-
tor 2 (Nrf-2)-driven gene activation that is preferential in astrocytes
over neurons (Kraft et al., 2004; Lee et al., 2003). The synchronized
increase in astrocytic GSH production and release is an essential
component in the observed neuronal protection by Nrf2-activation
in astrocytes, especially in response to oxidative stress (Calkins
et al., 2010; Lee et al., 2003; Vargas and Johnson, 2009). Astrocytes
devoid of Nrf2 (i.e. obtained from Nrf2−/− mice) not only have lower
GSH levels than those with normal Nrf2 function, but are unable to
induce Nrf2-dependent gene transcription and increase GSH after
stimulation with the Nrf2-inducing agent, tert-butylhydroquinone
(tBHQ) (Lee et al., 2003).

GSH is a crucial player in a multitude of cellular processes, and
has a vital role in cellular defense against oxidative stress and insult
(Ballatori et al., 2009). In the context of glial–neuronal interac-
tions, astrocytes can increase GSH levels in neurons by providing
the necessary precursors for GSH biosynthesis. Upon release from
astrocytes, GSH is metabolized by �-glutamyl transpeptidase to the
dipeptide cysteinylglycine, from which cysteine is released by an
ectopeptidase found on the surface of neuronal membranes. Cys-
teine is then taken up by neurons through the EAAC1 transporter
(Ayoama et al., 2006), and utilized for GSH synthesis within the cell
(Dringen et al., 1999; Giordano et al., 2009a; Sagara et al., 1993).
In accordance with this mechanism, we found that the presence
of astrocytes increased intracellular GSH in hippocampal neurons
by about two-fold, an effect similar to that of the cell-permeable
ethyl-ester form of glutathione (GSHee), which was shown to fully
antagonize DZ and DZO effects on neurite outgrowth (Table 2).
Further evidence for an astrocyte-mediated increase in neuronal
GSH as an important mechanism of neuroprotection against DZ-
and DZO-induced inhibition of neurite outgrowth, was  provided
by experiments in which astrocytes were pre-treated with l-
buthionine sulfoximine (BSO), prior to co-culture with neurons and
exposure to the OPs. BSO inhibits the enzyme that catalyzes the
first and rate-limiting step of GSH biosynthesis, glutamate cysteine
ligase (GCL) (Anderson, 1998; Berger et al., 1994), and has been
shown to significantly reduce GSH levels in various in vitro models,
including primary astrocyte cultures (Gabryel et al., 2005; Giordano
et al., 2009b; Maryon et al., 2013). BSO-treated astrocytes were
no longer able to confer protection to neurons under conditions
of simultaneous exposure to DZ or DZO (Fig. 6).

Altogether, the findings of this study indicate that DZ and
DZO alter neuronal outgrowth in hippocampal neurons by causing

oxidative stress, and that astrocytes can provide protection against
this effect primarily by enhancing GSH levels in neurons, though
other mechanisms cannot be ruled out. It is known that GSH defi-
ciency or shifts in the GSH/GSSG (glutathione disulfide) ratio results
in increased susceptibility to oxidative stress and the subsequent
oxidative damage (Ballatori et al., 2009). Chemical exposures that
decrease GSH would be expected to enhance neuronal susceptibil-
ity to DZ and DZO and impair the protective functions of astrocytes.
Polymorphisms in genes associated with GSH metabolism may  also
cause increased susceptibility to the effects of DZ and DZO on
neuritogenesis, including polymorphisms of the Gclm (glutamate
cysteine ligase modulatory subunit) gene, that are associated with
low levels of GSH (Dalton et al., 2004; Nakamura et al., 2002). On the
other hand, increasing GSH levels, e.g. by efforts upregulating Nrf2,
may  provide neuroprotection against these effects of DZ and DZO.
Certain dietary components (e.g. flavonoids, sulfur-containing veg-
etables) can indeed increase GSH, as well as induce Nrf2-dependent
transcription of other antioxidant-responsive genes (Bousova and
Skalova, 2012; Vomhof-DeKrey and Picklo, 2012; Yanaka et al.,
2009).

Both DZ and DZO decreased acetylcholinesterase (AChE) activ-
ity in hippocampal neurons, with DZO causing predictably higher
levels of inhibition than the parent compound. Such significant
inhibition of AChE activity by the parent compound was  not
expected due to the fact that the parent compound does not inhibit
AChE directly. It is thought that any inhibition of AChE in the neu-
rons is a result of the presence of DZO, either by bio-activation of
DZ (Khokhar and Tyndale, 2012; Miksys and Tyndale, 2013), and/or
by contamination of DZ with DZO. Inhibition of AChE may  also be
involved in DZ- and DZO-induced inhibition of neurite outgrowth.
Earlier work had shown that AChE can regulate neurite outgrowth
by a non-enzymatic mechanism (Layer et al., 1993; Munoz et al.,
1999), and that AChE inhibition would results in decrease neu-
rite outgrowth (Dupree and Bigbee, 1994). This has been attributed
to the morphogenic action of AChE (Bigbee et al., 1999), which is
independent of its catalytic action toward acetylcholine. Yang et al.
(2008) concluded that CPF may  affect neurite outgrowth in dorsal
root ganglion neurons by interfering with the morphogenic activ-
ity of AChE; this was  supported by the finding that CPF had no
effect in neurons from AChE−/− mice, and that it inhibited neurite
outgrowth at concentrations below those required to inhibit the
catalytic activity of AChE. In agreement with the latter finding, we
observed inhibition of neurite outgrowth at a concentration of DZ
(0.5 �M)  lower than that (1.0 �M)  shown to be devoid of inhibitory
activity toward AChE (Fig. 7). Though interferences with AChE may
be involved in the effects of DZ and DZO on neurite outgrowth,
the fact that such effects were completely antagonized by various
antioxidants (melatonin, PBN), and by raising neuronal GSH levels
(GSHee, co-culture with astrocytes), suggests that other mecha-
nisms should also be considered.

5. Conclusions

Findings of this study indicate that the OP DZ and its active
metabolite DZO, impair neuritogenesis in rat hippocampal neurons
by a mechanism that involves induction of oxidative stress. The
presence of astrocytes prevents inhibition of neurite outgrowth,
as astrocytes are able to increase GSH levels in neurons. Neurite
outgrowth is believed to be a most important event in brain devel-
opment, and inhibition of neurite outgrowth is being utilized as
an important indicator of developmental neurotoxicity (Radio and
Mundy, 2008). The fact that human cells appear to be more sensitive
than rodent cells to adverse effects on neurite outgrowth (Harrill
et al., 2011), also suggests that the findings of the present study
have potential direct relevance for human exposure to OPs.
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