
Organophosphate (Ops) neurotoxicity is attributed both to its well-known cholinergic and non-choliner-

gic effects. In the present study we compared enzymatic and morphologic changes in neurons exposed

to paraoxon during one day and one week. The effect of exposure time is important in neurotoxicity of

Ops. The longer the exposure time is the more damage is observed in neurons, although there are few

investigations about the effect in the post-exposure period. Hippocampal cells were obtained from rat

neonates and cultured in Neurobasal/B27. Paraoxon at 50 and 100 μM were added. Inverted microscope

and electron microscope were used to study cell morphology and Neutral Red staining was used to mea-

sure viability. We also assayed caspase-3 and (acetylcholinesterase) AChE activity. Hoechst staining was

utilized to determine the type of cell death. Culture medium was replaced after 24 h in one-day group,

however, tests were all carried out at the end of the first week in both group.

The results indicate that paraoxon reduced the viability in a dose-dependent manner. Our results do

not confirm apoptosis in either group; it seems that the cell death in one-day exposure group was not

AChE dependent. In conclusion, present data imply that the toxicity of paraoxon is both dose and dura-

tion dependent, which may even remain after the cessation of exposure.
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INTRODUCTION

The extreme toxicity of organophosphate compounds (OPs) poses important chal-

lenges to toxicologist. Paraoxon, a powerful cholinesterase inhibitor, is the active

metabolite of parathion. Most acute parathion/paraoxon toxic effects result from

AChE inhibition and hypercholinergic stimulation, spanning from local to systemic

peripheral and central nervous system. In severe cases, signs include convulsions and

fatalities due to respiratory and cardiac failure [27]. Repeated or prolonged exposures

to low levels of OPs can affect multiple brain function, suggesting that even brief

periods of exposure to the OPs can trigger long-lasting alterations in brain biochem-

istry and morphology [24]. There remains a considerable controversy over whether

additional neurotoxicity results from prolonged exposure to low levels of the OPs

[1]. Also it must be noted that not all studies find evidence of persisting CNS abnor-

malities following the cessation of paraoxon exposure [21]. Acute or chronic intoxi-

cation with OPs is characterized by dangerous and even lethal effects which cannot

be solely explained by their cholinesterase actions. There are evidences that show,

even at very low concentrations, OPs directly interact with other molecular targets or

cellular functions in the CNS [10, 25]. Recent evidence on direct roles of AChE on

neuronal differentiation and development, provide additional ground for investigat-

ing the developmental toxicity of anticholinesterases.

During vertebrate development, apoptosis is in action as part of a natural process

to remove superfluous or no-longer needed cells, including neurons [23]. It has been

reported that OPs induce apoptosis in SH-SY5Y human neuroblastoma cells [6] and

neurons [7]. In addition it has been demonstrated that (1 to 10 nM) of paraoxon, caus-

es apoptotic cell death in murine EL4 T-lymphocyte leukemia cells [26]. These data

demonstrate that OPs induce apoptosis through exposure to low or high concentra-

tions independent of their AChE inhibition.

In our previous study [35] we tried to identify the neurotoxicity of one-week expo-

sure to paraoxon in cultured hippocampal neurons. In that study we showed the effect

of different doses of paraoxon during one-week exposure on the structure of hip-

pocampal neurons and the type of cell death. Because of introducing paraoxon as

inducer of apoptosis in different studies, we decided to examine apoptosis by con-

sidering the time in paraoxon-induced hippocampal cell death. To reveal the impor-

tance of exposure duration, we compared the viability, growth and morphology of

hippocampal neurons and their type of cell death in culture after one day and one

week of exposure to paraoxon. In order to simulate the effects of AChE on neurite

outgrowth, we also assessed AChE activity in hippocampal neurons exposed to

paraoxon.
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MATERIALS AND METHODS

Materials

Neurobasal/B27 medium and Hank’s balanced salt solution were optained from

Gibco (Auckland, NZ). Caspase-3 inhibitor III(Ac-DEVD-CMK) was optained from

Roche (Mannheim Germany). Glutaraldehyed and OsO4 were optained from Taab

(UK) Paraoxon and all other material were purchased from Sigma-Aldrich (Stein-

heim, Germany).

Cell culture

Hippocampal neurons were isolated from the brains of neonatal Wistar rats (1–3

days). Six hippocampi were transferred to 3 ml dissociation buffer (DB) [calcium

and magnesium free Hank’s balanced salt solution (0.976%), sodium bicarbonate

(0.035%, Sigma), pyruvate (1 mM), HEPES (4-(2-hydroxyethyl)-1-piperazineetha-

nesulfonic acid) (10 mM), pH = 7.4] at room temperature. Then cells were suspend-

ed with trituration 15–20 times through the fire-polished tip of a Pasteur pipette. The

supernatant was centrifuged at 200 × g for 1 min. The cell pellet was then resus-

pended in fresh dissociation buffer. An aliquot was removed and mixed with an equal

volume of 0.4% trypan blue and counted for dye-excluding cells in a hemocytome-

ter. Cells were then plated on polylysine-coated plastic culture dishes (35 mm Petri

dish or ninety-six well plastic culture dish) in B27/neurobasal medium [35]

[B27 (2%), NB (96.75%), L-glutamine (200 mM) (Sigma), penicillin/streptomycin

(100 μg/ml)], with 1 × 106 cell/ml. Cells were incubated in 5% CO2 at 37 °C.

Paraoxon in 50 and 100 μM concentrations was added to the cultured dishes after

48 h. Then the paraoxon was washed away after 24 h in one experimental group and

glutamate-free fresh neurobasal/B27 medium was replaced. In one week exposed

group, paraoxon (at 2 doses) was presented in the culture throughout the whole week,

and then, at the end of the week, both groups were washed and were studied. The

morphological features and the growth of neurons were studied using invert phase

contrast, scanning electron and fluorescence microscopes.

Staining procedures

Neutral Red

Cell viability was examined using Neutral Red (NR) staining procedure according to

Griffiths (1994). After one week, hippocampal cells exposed to paraoxon were

stained according to the following protocol: M199 containing NR (0.005% w/v) was

prepared (M199/NR solution) and added to the wells for 1 h at 37 °C and then the

cell layer in each well was washed twice using formaldehyde (4% w/v) in PBS.



4 F. BAHRAMI et al.

Acta Biologica Hungarica 60, 2009

Retained dye was solubilized with solution containing acetic acid (1% v/v) and

ethanol (50% v/v) for 20 minutes. The absorbance of NR in cells was measured at

540 nm using ELISA reader.

Hoechst

Hippocampal cells were fixed for 24 h with paraformaldehyed and washed three

times by phosphate-buffered saline; the nuclei of cells were stained with 0.5 g/ml of

Hoechst 33258 (fluorescent dye, Wako, Osaka, Japan). A fluorescence microscope

was used to observe apoptotic fragments containing condensed chromatin. The apop-

totic cells were identified and counted randomly among one hundred hippocampal

neurons at ×1000 magnification.

Scanning electron microscopy

For SEM procedure cells were cultured on coverslips and fixed in 2.5% glutaralde-

hyde, for 2 h at 25 °C, and then washed three times with phosphate-buffer (0.1M) for

1 h at (8 °C). Cells were further fixed with 1% OsO4, for 2 hours at 25 °C, after being

washed again with phosphate-buffer 0.1M (1 h) for three times. Cells were dehy-

drated with 50%, 70%, 85%, and 100% (II) ethanol. After air drying and mounting

with silver paint, they were coated at 70 mA for 90 sec by spoutter coater (FCD-005)

and viewed in a scanning electron microscopy Zeiss (DSM 940 A) [2].

Cholinesterase activity assay

Cells exposed to paraoxon for one day and one week, were washed three times with

cold phosphate-buffer and lysis-buffer (tris-HCl 50 mM, NaCl 500 mM, EDTA

5 mM, Triton X-100, 0.2%, pH = 7.4) supplemented with protease inhibitors were

added and incubated for 30 min on ice. Then cells were scraped and transferred to

separate tubes and sonicated for 30 sec by Sonicator (UP 200H). AChE activity was

assayed according to the method of Ellman and colleagues with minor modification

[11]. Briefly, the activity measurements were carried out at 25 °C in 100 mM phos-

phate-buffer (pH = 7.4) and 0.42 mM (2,2´-dinitro 5,5´-diptio-dibenzoic acid) DTNB

(Ellman’s reagent) using 1 mM acetylthiocholine (final concentration) as the sub-

strate. One unit of enzyme activity was defined as the amount of enzyme that

hydrolyzes 1 μM of substrate at 25 °C. The specific activity of enzyme was obtained

by dividing enzyme activity to the protein concentration. To examine the presence of

paraoxon in the medium during the whole week, we measured the inhibitory effect

of paraoxon remained in culture medium. 100 μl of rat serum was diluted with PBS

(1/10) and the 25 μl sample of exposure medium were added to reaction mixture

(DTNB and acetylthiocholine iodide), during 0, 1, 3, 5, 6 days of exposure.
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Protein assay

Protein contents were determined by the method of Bradford [4], using bovine serum

albumin as the standard.

Caspase-3 activity assay

The level of caspase-3 activity is a quantitative indicator for neuronal apoptosis [17,

30]. In this study, the activity of caspase-3 was assayed from the cytosolic extracts

using a fluorogenic substrate AC-DEVD-AFC. Assays were performed according

to the protocol of the manufacturer.

Statistical analysis

Statistical significance was determined using ANOVA + Tukey, with a statistical

significance level of P < 0.05. The data are presented as the mean ± standard devia-

tion (SD).

RESULTS

Morphological changes

Our results indicated that one-week exposure to paraoxon induced considerable mor-

phological changes in rat hippocampal neurons. Blebs on somata, shorter neuronal

processes and also decreased arborization were amongst prominent alterations

(Fig. 1). Similar changes occurred in neurons of one-day exposure to 100 μM

paraoxon, though mild to moderate; but there were no such changes in 50 μM

(Fig. 1).

Staining results

NR staining revealed that cell viability in one-day group was about 77% at 100 μM;

however in one-week exposure, it was 40%. 50 μM of paraoxon, reduced cell via-

bility to 50% in one week exposed neurons (Fig. 2).

In Hoechst staining, the results indicated that neither one-day nor one-week expo-

sure of paraoxon induced apoptosis in cultured hippocampal cells; however, there

was a significant decrease in apoptotic cells in the group exposed to 100 μM for a

week (Fig. 3).
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Fig. 1. Morphological changes demonstrated by invert microscopy: (a) in control group, cells with

smooth surface, long and arborized process were seen, (c) 1 week and (b) 24 h exposure to 50 μM

paraoxon, (e) 1 week and (d) 24 h exposure to 100 μM paraoxon (bar = 50 μm)
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Scanning electron microscopy

The results of SEM showed that one-week exposure to paraoxon induced destruction

in the processes of neurons and many blebs appeared on somata (Fig. 4). In one-day

exposed neurons there was little destruction in processes and no blebs observed.

AChE activity

One-day exposure of paraoxon did not induce sustained changes in AChE activity

after one week. In the one-week exposed group, however, there was a significant

decrease in AChE activity in 100 μM dose of paraoxon (Fig. 5). In another experi-

ment we examined the inhibitory power of cultured-withdrawn paraoxon on rat

serum AChE. Our results indicated that the inhibition of AChE by paraoxon gradu-

ally decreased during one-week exposure but never dropped below half (Fig. 6). This

indicated that there was a considerable amount of paraoxon still functionally effec-

tive in culture media.

Fig. 2. Changes of cell viability in presence of paraoxon were shown with NR: (a) 1 week exposure

(n = 4, p < 0.001), (b) 24 h exposure (n = 4, p < 0.5)

Fig. 3. Percentage of apoptotic cells in (a) 24 h and (b) 1 week exposure to paraoxon (n = 4, p < 0.5)
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Caspase-3 activity

Analysis showed that paraoxon (50 and 100 μM) could not increase caspase-3 activ-

ity in cultured hippocampal cells. Various exposure times indicated that caspase-3

activity did not increase either (Fig. 7).

Fig. 4. Scanning microscopy: (a) control group, (b) 24 h and (c) 1 week exposure to 100 μM

paraoxon, there is no significant difference between (a) and (b) but there is severe deformation in (c)

Fig. 5. Changes in AChE activity in presence of paraoxon in 24 h (a) and 1 week (b) exposure (n = 4)
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Fig. 6. Inhibition of AChE in rat serum by the rest of paraoxon in culture mediume during the time

Fig. 7. Changes in caspase-3 activity in presence of paraoxon in 24 h (a) and one week

(b) exposure (n = 3)
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DISCUSSION

This study indicates that neuropathological and morphological changes induced by

paraoxon are both dose and time-dependent. Viability of cultured hippocampal cells

decreases due to one-day exposure of paraoxon (50 and 100 μM). In addition, one-

week exposure to paraoxon reduces viability of cells down to 40%; however, the type

of cell death does not confirm the occurrence of apoptosis in either group. In our pre-

vious study we showed necrotic changes in one-week exposed group [35].

Many investigators have studied cellular effects of OPs in different doses and

durations and have reported different results. For example, in the study of Poovala et

al. [20], exposure of LLC-PK1 cells to Birdin from 6 to 48 h induced cell injury and

death [20]. Other investigators have applied chlorpyrifos to PC12 cell culture for 48

h [5] and a few have studied the effects of Diazinon on NB2a (neuroblastoma) cell

culture for 8 weeks and have reported that such exposure can induce neurotoxicity

(1). Prendergast et al. [22] exposed neurons in organotypic hippocampal preparation

to CPF (cholorpyrifos) for 7 days and showed structural changes in hippocampal

neurons [22]. Other studies have determined electrophysiological changes in ion

channel current by applying Sarin, VX (O-ethyl-S-[2(di-isopropylamino) ethyl]

methylphosphonothiolate) and paraoxon in hippocampal cell culture lasting from a

few second to at least 10 minutes [10]. Deshpande et al. [8] have shown that direct

exposure of cultured hippocampal neurons to soman, even for one-day, does not pro-

duce neurotoxicity [8]. However, our results indicate that one week after one-day

exposure to low doses of paraoxon induces minor toxicity. One may conclude that

paraoxon induces neurotoxicity leading to cell death with time. In prolonged expo-

sure we exposed the hippocampal cultured neurons to paraoxon for one week and our

proof for the presence of paraoxon in the culture medium indicate that in spite of the

hydrolysis of paraoxon, it is still and sufficiently present in the culture medium to

impose neurotoxicity.

The Hoechst staining reveals that paraoxon at both 50 and 100 μM concentrations

is unable to induce significant apoptosis in cultured hippocampal neurons exposed to

paraoxon in either group. On the other hand, our results on caspase-3 activity also

confirm that paraoxon (50 and 100 μM) does not induce apoptosis in cultured hip-

pocampal neurons. However, Carlson et al. [6] reported that paraoxon (1 M) and

parathion (1 mM) induced a significant time-dependent increase in traditional apop-

tosis [6]. This inconsistency may reside in different doses of paraoxon that we used,

since the ultrastructural changes shown in our previous study indicated that one-

week exposure to 50 μM of paraoxon induced necrosis in rat hippocampal neurons.

Hence, the decrease in the number of apoptotic cells in the group exposed longer to

paraoxon may account for the increase in the number of necrotic cells.

Although apoptosis is a natural means for omitting the injured and unwanted cells

in disease and developmental states [12, 23], it seems that chemical induction of

apoptosis under laboratory conditions is not an easy task [31]. Some scientists have

reported that chemical agents such as OPs induce apoptosis in both neural and non-

neural cells [6]. In addition, exposure of cerebellar granule neurons to paraoxon
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(400 μM) induces a time-dependent activation of caspase-3 throughout the 24-h

period of the experiment with maximum value occurring at 18th hour [34]. Since our

results show no changes in caspase-3 activity in either group, it may be due to lower

concentration of paraoxon in our experiment. Moreover, timing of our assessment

may not have been appropriately chosen, as compared with other studies not exceed-

ing 48 h.

AChE activity was reduced only in one-week exposed group and only in response

to the higher dose of paraoxon. Since there was no parallel alteration in AChE activ-

ity in other groups the question rises as to why paraoxon elicited such an effect. In

neocortical and hippocampal neurons, various external stimuli induce rapid and long-

lasting activation of AChE expression [32]. In fact, psychological stress, environ-

mental stimuli (anti-AChE intoxication) and head injury increase AChE transcription

[18, 29]. It is presumed that the initial stimulus induces excitation through acetyl-

choline release and feedback over expression of AChE acts to dampen excessive neu-

rotransmission back toward the normal levels [14].

What seems more important, our finding regarding reduction in the viability of

neurons in one-day group in which AChE activity was not altered allows to attribute

the results to paraoxon targeting other molecules such as receptors or channels [10].

Although in the present study we did not attempt to understand the underlying mech-

anism, a survey in the literature reveals that the sequence of cellular events involved

in glutamate-induced neurotoxicity mediated by the NMDA receptor may be a cru-

cial factor [16]. Two main components of neurotoxicity induced by glutamate and

NMDA receptors have been reported: the first marked by acute neuronal swelling

depending on Na influx through the NMDA receptor ion channel followed by a sec-

ondary influx of water into the affected neurons.

In conclusion, dose and exposure duration as well as post-exposure time are

important to identify the cholinergic or non-cholinergic effects of paraoxon, so is the

type of cell death.
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