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The aim of this work was to assess the toxic effects of the phosphorothionate insecticide chlorpyrifos
(CPF) and its major in vivo metabolite chlorpyrifos oxon (CPO) on differentiating rat C6 glioma cells.
At sublethal concentrations (1–10 lM), both compounds were able to inhibit the development of exten-
sions from C6 cells induced to differentiate by sodium butyrate. Western blot analysis of C6 cell lysates
revealed that 4 h exposure to CPF was associated with decreased levels of the cytoskeletal protein MAP1B
compared to controls, whereas the levels of the cytoskeletal proteins tubulin and MAP2c were not signif-
icantly affected. Western blot analysis of extracts of cells treated with CPO showed a significant, concen-
tration-dependent decrease in the levels of tubulin after 24 h. MAP-1B levels were also significantly
decreased. The above changes were not temporally related to acetylcholinesterase (AChE) inhibition.
These results suggest that both CPF and CPO can exert toxic effects directly on glial cell differentiation
and that the latter compound has a potent effect on the microtubule network.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

A number of animal and cell culture studies indicate that the
developmental neurotoxicity of the organophosphorus (OP) insec-
ticide chlorpyrifos (CPF) includes damaging effects on glia. In rats,
CPF-induced inhibition of DNA synthesis occurs after neurogenesis
and during gliogenesis (Whitney et al., 1995). Moreover, CPF elicits
changes in the expression of astrocyte and oligodendrocyte marker
proteins (Garcia et al., 2002, 2003), with maximal effects during
the peak of gliogenesis and glial cell differentiation. Cell culture
studies also indicate that CPF interferes with DNA synthesis in
rat (Qiao et al., 2001) and human (Guizzetti et al., 2005) glial cell
lines.

In this study, we have focussed on the developmental glial tox-
icity of CPF by determining its direct morphological and biochem-
ical effects on differentiating rat C6 glioma cells (Benda et al.,
1968). In this context, we have examined the ability of sublethal
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lorpyrifos; CPO, chlorpyrifos
DMSO, dimethyl sulphoxide;
roxidase; MAP, microtubule-
yl)-2,5 diphenyltetrazolium
urofilament light chain; OP,
trophoresis; PBS, phosphate

: +30 2310 999851.
concentrations of CPF to interfere with the development of exten-
sions from C6 cells, with emphasis on the integrity of the microtu-
bule cytoskeleton and the levels of three of its proteins, namely
tubulin and the microtubule-associated proteins (MAPs) MAP1B
and MAP2c, the latter being a �70 kDa ‘‘immature” form of
MAP2 found in differentiating neurons, glia and C6 cells (Garner
et al., 1988; Tucker et al., 1988). Tubulin and MAPs are known to
be critically involved in cell differentiation and the development
of extensions (Cambray-Deakin, 1999). We have used three differ-
ent subcytotoxic concentrations of CPF and its major metabolite
chlorpyrifos oxon (CPO), which also affects DNA synthesis in C6
cells (Qiao et al., 2001), at two different exposure times. In addi-
tion, we have conducted measurements of acetylcholinesterase
(AChE) inhibition under all experimental conditions employed.
2. Materials and methods

2.1. Materials

The rat C6 glioma cell line was purchased from ICN (Thane, UK).
Cell culture reagents and mouse monoclonal antibody against
a-tubulin (clone B512) were obtained from Sigma-Aldrich Co. Ltd.
(Poole, UK). Rabbit polyclonal antibodies against MAP1B (H-130;
sc-25729) and MAP2c (H-300; sc-25728) and horseradish peroxi-
dase (HRP)-conjugated rabbit anti-mouse and goat anti-rabbit IgG
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were purchased from Santa Cruz Biotechnology (Santa Cruz, USA)
via Autogen Bioclear (Calne, UK). Fluorescein isothiocyanate
(FITC)-conjugated rabbit anti-mouse IgG was bought from DakoCy-
tomation (Ely, UK). Chlorpyrifos (purity 99%) and chlorpyrifos oxon
(purity 98.9%) were obtained from Riedel de Haen (Seelze, Ger-
many) and Chem Service, Inc. (West Chester, USA), respectively.
All other chemicals were acquired from Sigma-Aldrich Co. Ltd.
(Poole, UK).

2.2. Cell maintenance and induction of cell differentiation

C6 cells were grown and maintained as a monolayer in serum-
enriched Dulbecco’s modified Eagle’s medium (DMEM), as de-
scribed previously (Flaskos et al., 1998). They were seeded at a den-
sity of 50,000 cells/ml in 0.5 ml growth medium. The cells were
grown for 24 h and induced to differentiate by the addition of
2 mM sodium butyric acid in serum-free medium (Flaskos et al.,
1998). They were then incubated for 4 or 24 h in the presence and
absence of CPF or CPO, diluted in dimethyl sulphoxide (DMSO), to
yield final concentrations of 1, 3 and 10 lM. The final DMSO concen-
tration in the medium of OP-treated and control cells was 0.5% v/v.

2.3. Determination of cell viability

The effects of CPF and CPO, each employed at concentrations of
1, 3 and 10 lM as well at 50 and 100 lM, on the viability of C6 cells
were assessed by the 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltet-
razolium bromide (MTT) assay (Mosmann, 1983). This was con-
ducted on C6 cells exposed to the OPs for 4 or 24 h under the
differentiation-inducing conditions described above.

2.4. Assessment of cell differentiation

C6 cells were induced to differentiate as indicated above in the
presence and absence of the test OP compounds for 24 h. They were
then fixed (Flaskos et al., 1998, 1999), before being viewed using an
inverted light microscope fitted with phase contrast optics. Five
random fields were examined in each well. The total number of
cells and the total number of cellular extensions that were longer
than two cell body diameters were recorded (Flaskos et al., 1998).

2.5. Western blot analysis

For immunoblotting analysis, C6 cells were induced to differen-
tiate in the presence and absence of the test OPs for 4 or 24 h, as
described above, except that they were seeded in a volume of
10 ml of growth medium. After cell solubilisation in electrophore-
sis sample buffer, the resultant cell lysates were subjected to gel
electrophoresis in the presence of SDS (SDS–PAGE) employing a
7.5% w/v polyacrylamide resolving gel overlaid with a 4% w/v
stacking gel (Laemmli, 1970). Equal amounts of cell protein, as esti-
mated by the method of Lowry et al. (1951) with minor modifica-
tions, were loaded and the separated proteins were subjected to
Western blotting. Blots were probed with mouse monoclonal
anti-a-tubulin (B512), rabbit polyclonal anti-MAP1B and rabbit
polyclonal anti-MAP2c antibodies followed by HRP-conjugated
anti-mouse or anti-rabbit IgG, as appropriate. Antibody reactivity
was detected with the Santa Cruz Biotechnology Western Blotting
Luminol Reagent (Autogen Bioclear) and quantified by densitomet-
ric scanning of blots using the Quantiscan image analysis system
(Version 3; BIOSOFT�) (Sachana et al., 2005).

2.6. Indirect immunofluorescence

C6 cells were cultured on multi-test chamber slides (SLS Labo-
ratories, Wilford, UK) and induced to differentiate for 4 h or 24 h
in the presence and absence of 10 lM CPF or CPO. The cells were
then fixed (Flaskos et al., 1998) and incubated with antibody
B512 (diluted 1:100 in 3% w/v BSA in PBS [BSA/PBS]) and then with
FITC-conjugated rabbit anti-mouse IgG (diluted 1:50 in BSA/PBS).
Stained cells were visualised with the aid of a Zeiss Axiophot epi-
fluorescence microscope.

2.7. Determination of AChE activity

For assays of AChE activity, C6 cells were induced to differenti-
ate in the presence and absence of the test OPs for 4 or 24 h, as de-
scribed above, except that they were seeded and induced to
differentiate in a volume of 40 ml growth medium in T75 culture
flasks. At the end of the exposure, cells were harvested by centrifu-
gation at 1200g for 10 min and then washed by resuspension and
re-centrifugation in 1 ml PBS. Samples were stored as pellets at
�20 �C and, prior to their use in the enzyme assay, they were son-
icated for 30 s in 1 ml of 0.25 M phosphate buffer, pH 7.4, on ice.
AChE activity was determined by the spectrophotometric method
of Ellman et al. (1961), with minor adjustments to make it suitable
for a microtitre plate assay format. Hydrolysis of the acetylthioch-
oline substrate was assessed by the change in absorbance at
415 nm over a 10 min period in an assay system that was linear
for up to 12 min. The protein content of the samples was deter-
mined using the bicinchoninic acid (BCA) assay (Stoscheck, 1990).

2.8. Statistical analysis

Results were expressed as the mean percentage (±SEM) of MTT
reduction, extension development and Western blot band intensity
or AChE activity relative to the corresponding control values for at
least 3–4 independent experiments. Data were analysed using Sig-
ma Stat statistical software (SPSS Science, Chicago, Illinois). One
way ANOVA and paired t-test were employed, using 95% confi-
dence limits.
3. Results

The toxicity of CPF and CPO was initially assessed by determin-
ing the ability of these compounds to interfere with the develop-
ment of extensions from cultured C6 cells under differentiation-
promoting conditions. At concentrations of 1, 3 and 10 lM, both
CPF and CPO were found to cause a significant reduction in the
number of extensions produced by differentiating C6 cells after
24 h exposure with 10 lM CPF and CPO causing 46.5% and 60.4%
inhibition, respectively (Fig. 1). Application of the MTT assay
showed that the EC50 values for CPF and CPO cytotoxicity were
approximately 50 and 40 lM, respectively, and that concentrations
of 1–10 lM had no significant effect on the viability of differentiat-
ing C6 cells under the conditions employed.

Since clear effects were observed on cell morphology, it was of
interest to study the nature of the cytoskeletal changes concomi-
tant with or preceding the morphological effects. For this, Western
blots of extracts of C6 cells induced to differentiate in the presence
and absence of 1, 3 and 10 lM CPF or CPO for 4 or 24 h were probed
with antibodies that recognise three proteins of the microtubule
network. As shown in Fig. 2, densitometric analysis of probed Wes-
tern blots of extracts of C6 cells exposed to 10 lM CPF for 4 h re-
vealed that cross-reactivity with the anti-MAP1B antibody was
significantly reduced compared to controls. In contrast, reactivity
with the a-tubulin and MAP2c antibodies was not significantly af-
fected. Although exposure of cells to all CPF concentrations for 24 h
had also a decreasing effect on the reactivity levels of the MAP1B
antibody, the changes were not statistically significant (data not
shown). a-Tubulin and MAP2c antibody reactivity was also not



Fig. 1. CPF and CPO inhibit extension development in differentiating C6 cells. C6
cells were differentiated for 24 h in the absence or presence of 1, 3 and 10 lM CPF or
CPO and fixed. Data are mean number of extensions per 100 cells ± SEM. (n = 12–16
culture wells, from cells grown on 3–4 separate occasions). All values for OP-treated
cells were significantly different from their corresponding controls (*p < 0.05).
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affected after 24 h CPF treatment. On the other hand, CPO exposure
for 24 h caused a significant, concentration-dependent decrease in
cross-reactivity of Western blots with the anti-tubulin antibody
B512, and a decrease in cross reactivity with the anti-MAP1B anti-
body but only at 10 lM CPO. In contrast, no significant reduction in
reactivity levels was observed with any of the three antibodies
after 4 h, though a consistent slight fall in reactivity with anti-
MAP1B was observed following exposure to all three CPO concen-
trations (data not shown).
Fig. 2. Effects of CPF and CPO on the levels of cytoskeletal proteins in C6 cells. C6 cells we
CPF or CPO. Only 4 h data for CPF and 24 h data for CPO, for which statistically significa
electrophoretic transfer, obtained blots were probed with antibodies recognising a-tub
Digital images of probed blots were analysed densitometrically. Data are mean ± SEM. of
the corresponding control.
Immunofluorescence staining revealed normal microtubule
networks in control and CPF-treated cells at both exposure time
points (Fig. 3). The pattern of cell staining by indirect immunoflu-
orescence using anti-tubulin antibody B512 confirmed the reduced
level of process outgrowth and, although there was no evidence for
a major collapse of the MT network, there were increased levels of
localized patchy staining, compared to the control, particularly in
CPO-treated cells (Fig. 3).

To establish whether the above morphological and biochemical
changes elicited by CPF and CPO were temporally related to AChE
inhibition, determinations of the activity of this enzyme were con-
ducted. As can be seen in Table 1, neither CPF nor CPO exerted a
significant effect on AChE activity after 4 and 24 h under the con-
ditions tested.

4. Discussion

The results of this study demonstrate that subcytotoxic concen-
trations of CPF inhibit the development of extensions from differ-
entiating C6 cells. This is in agreement with the work of Garcia
et al. (2001), who found alterations in the expression of glial cell
markers following in vivo exposure to CPF. The fact that similar
levels of CPO also inhibited the development of C6 cell extensions
suggests that the observed effects of CPF may at least partly in-
volve its conversion to CPO. Glial cell toxicity has also been demon-
strated in mitotic C6 cells, which showed decreased proliferation
following exposure to CPF and CPO (Qiao et al., 2001). Li and Casida
(1998), using exposure and differentiation conditions markedly
different to ours, also found inhibition of the outgrowth of exten-
sions from C6 cells, but only at concentrations of CPO affecting cell
re induced to differentiate for 4 or 24 h in the absence or presence of 1, 3 and 10 lM
nt differences from controls were found, are shown. (A) Following SDS–PAGE and

ulin, MAP1B and MAP2c. Representative blots from four replicates are shown. (B)
four separate experiments. Asterisk indicates a significance of p < 0.05 compared to



Fig. 3. Immunostaining of C6 cells exposed to CPF and CPO. Differentiating C6 cells were exposed to vehicle (a, d) or 10 lM CPF (b, e) and CPO (c, f) for 4 or 24 h, respectively.
Cells were fixed, processed for indirect immunofluorescence using anti-tubulin antibody and viewed with a Zeiss Axiophot epifluorescence microscope. White scale
bar = 30 lm.

Table 1
Effects of sublethal concentrations of CPF and CPO on AChE activity in differentiating
C6 cells

Incubation time (h) AChE activity (% control)

1 lM CPF 3 lM CPF 10 lM CPF

4 80.5 ± 14 86.3 ± 16 71.3 ± 11
24 131.9 ± 16 105.0 ± 5 109.9 ± 5

1 lM CPO 3 lM CPO 10 lM CPO

4 93.5 ± 5 61.4 ± 22 57.1 ± 16
24 103.7 ± 2 98.1 ± 1 89.7 ± 6

C6 cells were induced to differentiate for 4 h or 24 h in the presence or absence of 1,
3 and 10 lM CPF or CPO. Cells were then collected by centrifugation and assayed for
AChE activity as described in Section 2. Enzyme activity is expressed as a per-
centage of the corresponding control values ± SEM from four independent
experiments.
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viability, whereas our data clearly show sublethal effects of CPF
and CPO on the extension outgrowth ability of differentiating C6
cells. In contrast, under the same conditions, C6 cell extension out-
growth is unaffected by some other OP insecticides (Flaskos et al.,
1999, 2007).

Our study has revealed novel important biochemical alterations
to key cytoskeletal proteins in OP-treated cells. Although correla-
tions between impaired extension outgrowth and the disruption
of cytoskeletal proteins have been previously demonstrated fol-
lowing exposure to CPF and other OP compounds (Schmuck and
Ahr, 1997; Flaskos et al., 1998; Sachana et al., 2001), this is the first
time that two proteins of the microtubule network of the cytoskel-
eton have been found to be affected. The effect of CPO on the levels
of tubulin, which was concomitant with the inhibition of extension
outgrowth may be mechanistically important or simply a reflection
of the morphological effect. It is interesting that under the same
conditions, using an anti-tubulin antibody, there were increased
levels of localized patchy staining in CPO-treated cells compared
to the controls. On the other hand, the inhibition of extension
development induced by CPF was not accompanied by altered
tubulin levels, nor were major effects observed in the integrity of
the microtubule network of C6 cells. These data suggest that CPF
and CPO may inhibit glial cell differentiation by interacting with
distinct molecular targets. However, there are also some similari-
ties in the effects of the two compounds on the levels of MAP1B,
a protein known to be expressed in glial cells (Fischer et al.,
1990), in that both compounds produced a significant decrease in
anti-MAP1B reactivity.

AChE is involved during brain development in the regulation of
extension outgrowth (Brimijoin and Koenigsberger, 1999). Since
AChE is present in C6 cells (Li and Casida, 1998) and both CPF
and CPO are known AChE inhibitors, it is possible that, apart from
changes in key microtubule/cytoskeletal proteins, the morpholog-
ical effects induced by the two OP compounds may be related to
AChE effects. In this context, it can be noted that CPO, which is
at least two orders of magnitude more potent than CPF in inhibit-
ing brain AChE (Monnet-Tschudi et al., 2000) also exerts, at all con-
centrations employed, the strongest inhibitory effect on C6
extension development. On the other hand, the extension out-
growth inhibition noted after 24 h has been found not to be tempo-
rally related to AChE inhibition. The lack of significant AChE
inhibition found after 4 h exposure to CPO may indicate that CPO
is rapidly destroyed in C6 cells by hydrolysis.

During development, glial and neuronal cells form a dynamic
reciprocal relationship. Glial cells are essential for extension (neu-
rite) outgrowth and synaptogenesis (Barone et al., 2000). Conse-
quently, the toxic effects that CPF and its major in vivo
metabolite may exert on glial cells could also have implications
for the development of neurons in vivo. Conversely, since neurons
for their part are known to regulate glial cell differentiation during
development (LoPachin and Aschner, 1999), effects of CPF on
developing neuronal cells could also interfere indirectly with glial
cell differentiation. Indeed, results from our previous work (Sacha-
na et al., 2001, 2005) demonstrate that CPF, at a subcytotoxic con-
centration of 3 lM, readily inhibits the development of axon-like
extensions from differentiating mouse N2a neuroblastoma cells.
A similar effect was observed in other neuronotypic cells such as
rat PC12 pheochromocytoma cells (Das and Barone, 1999) and pri-
mary cultures of embryonic rat sympathetic neurons (Howard
et al., 2005). Exposure of differentiating N2a cells to CPF was linked
to decreased levels of the neuron-specific cytoskeletal protein NFH,
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but in agreement with the present work has no effect on tubulin
levels (Sachana et al., 2005). Similarly, levels of the neuron-specific
cytoskeletal protein neurofilament light chain (NFL) (Garcia et al.,
2003) are not affected.

On the basis of all the data outlined above, it can be inferred
that differentiating glial and neuronal cells both constitute cellular
targets of sublethal, micromolar concentrations of CPF. Although
micromolar concentrations are only likely to be found in adults
in cases of severe poisoning, it has been argued that they may be
more relevant for the developing neonate, as in the latter, due to
deficient CPF plasma protein binding, a larger proportion of the
OP will be in its free, biologically active form (Qiao et al., 2001).
On the basis of the current study, it would also seem that CPO af-
fects the microtubule network of differentiating C6 cells at suble-
thal concentrations. Since glial development continues well after
the end of neurogenesis, the data from this study may reflect a pro-
longed period of susceptibility of the developing organism to CPF
toxicity.
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