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Chronic and acute exposure to organophosphate (OP) pesticides
may lead to persistent neurological and neurobehavioral effects,
which cannot be explained by acetylcholinesterase (AChE) inhibi-
tion alone. It is suggested that other brain proteins are involved.
Effects of commonly used organophosphate pesticides on rat
neuronal 04P2 nicotinic acetylcholine receptors (nAChRs)
expressed in Xenopus laevis oocytes have been investigated using
the two-electrode voltage clamp technique. Several OP pesticides,
e.g., parathion-ethyl, chlorpyrifos and disulfoton, inhibited the
ACh-induced ion current with potencies in the micromolar range.
The potency of inhibition increased with increasing concentrations
of the agonist ACh. Comparison of the potency of nAChR inhibition
with the potency of AChE inhibition demonstrated that some OPs
inhibit nAChRs more potently than AChE. Binding experiments on
04P2 nAChRs showed that the OPs noncompetitively interact with
nAChRs. The inhibitory effects on nAChRs are adequately
described and explained by a sequential two-step mechanism, in
which rapidly reversible OP binding to a separate binding site
leads to inhibition followed by a stabilization of the blocked state
or receptor desensitization. It is concluded that OPs interact directly
with neuronal 0432 nAChRs to inhibit the agonist-induced
response. This implicates that neuronal 0432 nAChRs are addi-
tional targets for some OP pesticides.

Key Words: organophosphate pesticides; neuronal nicotinic
acetylcholine receptor; rat brain acetylcholinesterase; Xenopus
oocytes; two-microelectrode voltage clamp.

Acute toxic symptoms of organophosphate (OP) poisoning
are generally caused by inhibition of the enzyme acetylcho-
linesterase (AChE, EC 3.1.1.7), which leads to accumulation
of acetylcholine (ACh) (O’Malley 1997; Solberg and Belkin,
1997). In addition, acute poisoning with organophosphates may
lead to arange of neurological sequelae. Several OP compounds,
e.g., mipafox, leptophos and diisopropylfluorophosphate (DFP),
cause degeneration of long axons in the spinal cord and periph-
eral nerves, a syndrome known as organophosphate-induced
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delayed neuropathy (OPIDN) (Ehrich et al., 1994). It has
been demonstrated that the neurodegeneration is associated
with a decreased activity or inhibition of the enzyme neuropathy
target esterase (Winrow et al., 2003). Other organophosphates,
e.g., fenthion and dimethoate are associated with the intermedi-
ate syndrome (Senanayake and Karalliedde, 1987). The syn-
drome occurs after recovery of cholinergic crisis but before
the expected onset of OPIDN, and symptoms involved are mus-
cle weakness and paralysis.

Studies on repeated low-level exposure to organophosphates
of many occupational groups such as sheep dippers, pesticide
sprayers, and farmers give equivocal results (for review see
Ray and Richards, 2001). Some studies describe no adverse
health effects or even indicate improvement of cognitive func-
tions (Ivens et al., 1998). However, several studies describe a
range of neurobehavioral and neuropsychiatric disorders after
chronic OP exposure at levels that cause no symptoms of acute
poisoning (Salvi et al., 2003; Stephens et al., 1995). Some of
these OP pesticides, e.g., chlorpyrifos, show different
toxicology profiles depending on age and gender of the animals
(Levin et al., 2002; Moser et al., 1998, 2000). However, these
differences cannot be explained by a different sensitivity of
AChE of the animals to these pesticides (Mortensen et al.,
1998). It is clear that exposure to low-level doses of OP pesti-
cides, as well as acute poisoning, can lead to several neurological
and neurobehavioral changes, which cannot be accounted for on
the basis of AChE inhibition alone. It has been suggested that
other, more sensitive brain proteins are involved (Ray and
Richards, 2001).

In addition to inhibition of AChE, several organophosphates
also interact directly with receptors of the cholinergic system or
modulate the receptor expression levels. A number of organo-
phosphorous compounds, e. g., the warfare agents VX and soman
and the pesticide metabolites paraoxon and malaoxon, displace
the agonist *H-cis-methyldioxolane from its binding site, sug-
gesting that these compounds interact directly with rat M2 mus-
carinic ACh receptors (Bakry et al., 1988; Chaudhuri et al.,
1993; Ward et al., 1993). Binding to the agonist site of M2
as well as M4 muscarinic ACh receptors is also observed for
the pesticide metabolites chlorpyrifos oxon, paraoxon, and
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methylparaoxon (Howard and Pope, 2002; van den Beukel et al.,
1997). Apart from direct receptor interactions, the pesticides
parathion and chlorpyrifos differentially upregulate and down-
regulate muscarinic ACh receptor expression in neonatal rats
(Betancourt and Carr, 2004; Chaudhuri et al., 1993; Richardson
and Chambers, 2004; Tang et al., 2003). Effects on nicotinic
acetylcholine receptors (nAChRs) are also reported. Some orga-
nophosphates, e.g., echothiophate, DFP, and VX, block the open
channel of muscle type nAChRs and desensitize the receptor
(Bakry et al., 1988; Eldefrawi et al., 1988; Rao et al., 1987,
Tattersall 1990). The pesticides chlorpyrifos and parathion and
their oxon metabolites were shown to inhibit the carbamylcho-
line-stimulated binding of >H-thienyl-cyclohexylpiperidine
(TCP) to the open ion channel of Torpedo electric organ
nAChRs, but enhanced TCP binding in the absence of agonist.
In addition, the OPs enhanced the apparent affinity of the
nAChRs to carbamylcholine, suggesting that they induce recep-
tor desensitization (Katz et al., 1997). Chronic DFP treatment
results in loss of hippocampal neuronal nAChRs (Stone et al.,
2000). Although the effects of OP pesticides on muscarinic and
muscle type nAChRs have been investigated extensively and are
suggested to play a role in OP toxicity, the modulation of neu-
ronal nAChR function by OP pesticides remains to be elucidated.

We have systematically investigated effects of a range of
organophosphate pesticides on neuronal 0432 nAChRs hetero-
logously expressed in Xenopus laevis oocytes. From 21 orga-
nophosphates tested, the six compounds that were the more
potent ones to inhibit nAChRs were selected. For these com-
pounds the potencies for inhibition of the nAChRs were com-
pared to the potencies for inhibition of rat brain AChE. In
addition, receptor binding data and a kinetic analysis of the
effects further elucidate the mechanism of action of OPs on
neuronal nAChRs.

MATERIALS AND METHODS

Chemicals. ACh (acetylcholine chloride), collagenase type I, DMSO
(dimethylsulfoxide; ACS reagent), MS-222 (3-amino benzoic acid ethyl ester,
methane sulfonate salt), NaCl, and neomycin solution (10 mg neomycin/ml in
0.9% NaCl) were obtained from Sigma (St. Louis, MO). Acephate, azinphos-
methyl, chlorpyrifos, diazinon, dibrom, dimefox, dimethoate, disulfoton, EPN
(phenylphosphonothioic acid O-ethyl O-(4-nitrophenyl) ester), fenthion,
leptophos, malaoxon, malathion, methamidophos, paraoxon-ethyl, parathion-
ethyl, parathion-methyl, and phoxim were purchased from Riedel-de Haén
(Seelze, Germany). Tri-p-tolyl-phosphate and tri-p-tolyl-phosphite were
obtained from Acros Organics (Geel, Belgium). Echothiophate iodide was a
kind gift from Wyeth (Hoofddorp, The Netherlands). CaCl, (1 M solution),
MgCl, (1 M solution), ethanol (AnalaR, 99.7-100% v/v), MgSO,, NaHCO3,
and NaOH were purchased from BDH Laboratory Supplies (Poole, England).
Ca(NOs),, HEPES, and KCI were from Merck (Darmstadt, Germany). For AChE
assays acetylthiocholine iodide, 5,5’-dithio-bis-(2-nitro)benzoic acid, ethopro-
pazine, Triton X-100, and EDTA (ethylenediamine tetraacetic acid) were
from Sigma. NaCl, K,HPO, and KH,PO, were bought from Merck, and Tris
(2-amino-2-(hydroxymethyl)-1,3-propanediol) was obtained from Boehringer
(Mannheim, Germany).
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Saline solutions for electrophysiology were prepared with distilled water, and
solutions for AChE assays were prepared with Milli-Q filtered water (Millipore
SA, Molsheim, France). Stock solutions (0.1 M) of azinphos-methyl, diazinon,
dibrom, chlorpyrifos, disulfoton, EPN, fenthion, leptophos, malaoxon,
malathion, methamidophos, paraoxon-ethyl, phoxim, tri-p-tolyl-phosphate,
and tri-p-tolyl-phosphite were prepared in DMSO. Stock solutions (0.01 M)
of acephate, dimefox, dimethoate, and echothiophate iodide were prepared in
Milli-Q filtered water. Stock solutions (0.1 M and 1 M) of parathion-ethyl and
parathion-methyl were prepared in ethanol. The final ethanol concentration in all
experiments was < 0.03% (v/v), at which the ACh-induced ion currents were not
affected. ¢cDNAs of nicotinic receptor subunits ligated into the pSM
plasmid vector containing the SV40 viral promoter were a kind gift from
Dr. J. W. Patrick (Baylor College of Medicine, Houston, TX).

Brain AChE preparation. Male Wistar rats (~350 g, n = 5; Harlan, Horst,
The Netherlands) were decapitated and the brains were removed. The tissue was
homogenized (900 rpm, 10 % w/v homogenate) in ice-cold buffer containing
50 mM Tris, 1 M NaCl, 5 mM EDTA and 1 % (v/v) Triton X-100, pH 7.4 and
subsequently centrifuged for 10 min at 36,000 X g in a Ti50 rotor at 4°C (L8-70;
Beckman Coulter Inc., Fullerton, CA). The supernatant was kept on ice and used
within 3 h. An aliquot was drawn to determine the protein content, which ranged
from 30 to 37 mg/ml.

Brain AChE inhibition. The stock solutions of the AChE inhibitors were
diluted in a phosphate buffer (§ mM KH,PO, and 48 mM K,HPO,, pH 7.4) to
obtain work standards containing 0.001 UM to 1 mM of the inhibitor. Then 25 ul
aliquots of the work standard were added to 225 pul of brain homogenate. After
incubation for I minat37°C, 25 ul, samples were drawn, added to 250 pl ice-cold
phosphate buffer, mixed, and rapidly frozen in liquid nitrogen. These samples
were stored at —70°C until analysis. Thawed samples were appropriately diluted
and were assayed in quadruplicate for AChE activity using a 96-well microplate
modification of the Ellman method (Bueters et al., 2003). Ethopropazine (10 uM)
was used as a specific inhibitor of butyrylcholinesterase.

Receptor expression in oocytes. Mature female Xenopus laevis frogs
(AmRep, Breda, The Netherlands) were anesthetized by submersion in 0.2%
MS-222, and some ovarian lobes were surgically removed. Experimental pro-
cedures involving animals were approved by a local ethical committee and were
in accordance with Dutch law. Oocytes were defolliculated manually after treat-
ment with collagenase type I (1.5 mg/ml calcium-free Barth’s solution) for 1.5 h
at room temperature. Plasmids coding for 04 and 2 subunits of rat neuronal
nAChRs (Boulter et al., 1987) were dissolved in distilled water. Stock solutions
containing 04 or 32 subunit cDNAs at a 1:1 molar ratio, were injected into the
nuclei of stages V and VI oocytes within 8 h after harvesting, using a Drummond
microinjector. Approximately 1 ng of each plasmid containing oL or § cDNA was
injected in a total injection volume of 18.4 nl/oocyte. After injection, the oocytes
were incubated at 19°C in modified Barth’s solution containing 88 mM NaCl,
1 mM KCl, 2.4 mM NaHCO;, 0.3 mM Ca(NO3),, 0.41 mM CaCl,, 0.82 mM
MgSOy, 15 mM HEPES, and 50 pg/ml neomycin. Experiments were performed
on oocytes after 3—6 days of incubation (Zwart and Vijverberg, 1997).

Electrophysiology. Oocytes were voltage clamped using two microelec-
trodes (0.5-2.5 MQ) filled with 3 M KCI and a custom-built voltage clamp
amplifier with high-voltage output stage (Zwart and Vijverberg, 1997). The
external saline was clamped at ground potential by means of a virtual ground
circuit using an Ag/AgCl reference electrode and a platinum black-covered
platinum electrode for current passing. Membrane current was measured with
a current-to-voltage converter incorporated into the virtual ground circuit. The
membrane potential was held at —40 mV and all experiments were performed at
room temperature (21°-23°C). Oocytes were placed in a piece of tubing (internal
diameter 3 mm), which was continuously perfused with saline solution (115 mM
NaCl, 2.5 mM KCl, I mM CaCl,, 10 mM HEPES, pH 7.2 with NaOH) at a rate of
approximately 20 ml/min. Aliquots of concentrated stock solutions of ACh in
distilled water were added to the saline immediately before the experiments.
Compounds were applied by switching between control and compound-
containing saline with a servomotor-operated valve. The compounds were
applied for 20 s during the 40 s ACh application. Agonist applications were
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alternated by 5 min of superfusion with agonist-free saline to allow the receptors
to recover completely from desensitization. To minimize adsorption of organo-
phosphates in the superfusion system, glass reservoirs and Teflon (PTFE) tubing
(4 X 6 mm, Rubber, Hilversum, The Netherlands) were used. Membrane currents
were low-pass filtered (eight-pole Bessel; —3 dB at 0.3 kHz), digitized (12 bits,
1,024 samples/record), and stored on disk for off-line computer analysis (Zwart
and Vijverberg, 1997).

Binding studies—preparation of oocyte homogenates. Batches of 50-80
frozen oocytes expressing rat 0432 nAChRs were thawed and homogenized in
a Potter homogenizer in an excess of buffer A (50 mM Tris-HCI pH 7,
120 mM NaCl, 5 mM KCI, I mM MgCl,, 2.5 mM CaCl, and 2 mM
phenylmethylsulfonyl fluoride), centrifuged for 60 min at 30,000 X g, and
rinsed twice. The homogenates were resuspended in the same buffer contain-
ing 20 pg/ml of the protease inhibitors leupeptin, bestatin, pepstatin A, and
aprotinin. Receptor expression ranged from 172 to 286 fmol/mg protein,
which corresponds to an average nAChR density of 41 to 50 fmol/oocyte
(443 = 1.6; mean = SEM, n = 5).

SH-Epibatidine binding. Preliminary time course experiments were per-
formed before saturation and competition analyses to determine the time
required for *H-epibatidine to reach equilibrium with the 04B2 nAChRs.
In the epibatidine saturation experiments, aliquots of oocyte homogenates
were incubated overnight at 4°C with concentrations of *H-epibatidine ran-
ging between 0.005 and 2.5 nM diluted in buffer A. Nonspecific binding was
determined in parallel by means of incubation in the presence of 100 nM
unlabeled epibatidine. At the end of the incubation, the samples were filtered
on GFC filters pre-soaked in polyethylenimine through a Brandell apparatus,
and the filters were counted in a § counter. To test the ability of parathion-
ethyl and disulfoton to inhibit *H-epibatidine binding, parathion-ethyl and
disulfoton were dissolved in DMSO and then diluted in buffer A just before
use. Serial dilutions were pre-incubated for 30 min at room temperature with
homogenates containing 04p2 nAChRs. Subsequently, a final concentration of
0.05 nM *H-epibatidine was added for overnight incubation at 4°C.

Data analysis. Amplitudes of ion currents were measured and normal-
ized to the amplitude of ACh-induced control responses (100%) to adjust for
differences in receptor expression levels between oocytes and for small var-
iations in response amplitude over time. The percentage of inhibition of the
ACh-induced ion current by the organophosphates was calculated from the
quotient of the amplitude of the response after 20 s coapplication of
the organophosphate and that of the control response at the same time
point. Standard concentration-effect curves were fitted to the experimental
data according the Hill equation:

E = 100/[1 + (C/ICs)™]. (1)

where E represents the percentage response, C the concentration organo-
phosphate, ICs, the concentration that reduces the response by 50%, and
ny the Hill slope. Each inhibition curve was fitted to data obtained from a
single experiment. The mean concentration-effect curves are drawn using the
calculated mean estimated values of the ICs, and Hill slope from n experi-
ments. All data are represented as mean = SD of n oocytes or brains.
GraphPad Prism software (version 3.00) was used to fit the data and to assess
statistical significance.

Ligand-binding data. The experimental data obtained from the saturation
binding experiments were analyzed by means of a nonlinear least-squares
procedure using the LIGAND program (Gotti et al., 1998). The binding para-
meters were calculated by fitting the saturation data. An “extra sum of
squares” F-test was performed by the LIGAND program to evaluate the dif-
ferent binding models statistically (i.e., one-site vs. two-site models, compar-
ison of the binding parameters, etc.). The K; values were determined by means
of LIGAND, using the data obtained from three independent competition
experiments.

Kinetics and two-step model.  The dual rate of inhibition and the apparently

concentration-dependent kinetics of reversal of inhibition were interpreted as
a two-step sequential chemical equilibrium between organophosphate and
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nicotinic receptor:

k k
C+R <% CR <% CR' 2)
Kofr k-

In the model R is the activated nAChR, C the OP molecule, CR is a rapidly
reversible (low affinity) blocked state of the receptor, and CR” is a slowly
reversible (high affinity) blocked state. Note that the transition from CR to
CR" and vice versa occurs without binding or dissociation of the OP molecule.
The first step is considered to be fast as compared to the second. Forward rate
constants k,, (M ™' s™") and k,; (s~") and backward rate constants kg (s~ ') and
k_; (s~!) were calculated from the following relations between the concentration
of the organophosphate [C] and the observed rapid (Kg) and slow (Kgow)
components of the inhibitory effect (e.g., Zhao et al., 1999):

kfasl = kof{ + kon [C] (23.)

Kgow = ko1 + k41 /(1 +Kg,1/[C]). (2b)

Note that with Kq 1 = Kogr / Kon and Kgq» = k_; / ky this accounts for a
concentration-dependent inhibitory effect with an apparent affinity of:

Kd,apparenl = Kd,l/(1 + I/Kd,z)'

The apparent rate constants of inhibition (kg and Kgow) were obtained
from fitting the inhibition of ion current with a dual exponential function
using custom-designed software (Labview, National Instruments Corporation,
Austin, TX).

(20)

RESULTS

Effects of Organophosphates on Rat a432 nAChRs

The effects of 0.1 uM and 10 uM of 21 organophosphates, i.e.,
acephate, azinphos-methyl, chlorpyrifos, diazinon, dibrom,
dimefox, dimethoate, disulfoton, echothiophate iodide, EPN,
fenthion, leptophos, malaoxon, malathion, methamidophos,
paraoxon-ethyl, parathion-ethyl, parathion-methyl, phoxim,
tri-p-tolyl-phosphate, and tri-p-tolyl-phosphite, on ion currents
evoked by 1 uM ACh on rat 042 neuronal nAChRs have been
investigated. The organophosphate pesticides were coapplied
with ACh during the ACh-evoked response in order to assess
possible potentiating or inhibitory actions. The organophos-
phates acephate, azinphos-methyl, diazinon, dibrom, dimefox,
dimethoate, echothiophate iodide, leptophos, malaoxon,
malathion, methamidophos, paraoxon-ethyl, phoxim, tri-p-
tolyl-phosphate, and tri-p-tolyl-phosphite produced <3% effect
at a concentration of 0.1 uM and <15% effect at 10 uM (data
not shown).

Chlorpyrifos, disulfoton, EPN, fenthion, parathion-ethyl, and
parathion-methyl inhibited the ACh-induced ion current sub-
stantially. For all of these compounds, inhibition of the 1 uM
ACh-induced ion current was less than the inhibition of the | mM
ACh-induced ion current (Fig. 1). The concentration-dependent
effects of chlorpyrifos, disulfoton, EPN, fenthion, parathion-
ethyl, and parathion-methyl at I uM ACh and 1 mM ACh
were investigated in detail, as shown for the inhibition of the
1 mM ACh-induced ion current by disulfoton in Figure 2. The
kinetics of the responses in Figure 2 illustrate that the rate of
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FIG. 1. Inhibitory effects of 30 uM of the OP pesticides chlorpyrifos,
EPN, and parathion-ethyl on 1 uM and 1 mM ACh-induced ion currents
mediated by 042 nAChRs expressed in Xenopus oocytes. The horizontal bars
on top of the traces indicate the period of superfusion with external solution
containing ACh and OP at the concentrations indicated. The OPs were applied
for 20 s during the 40 s ACh application. Note that the OPs inhibit | mM ACh-
induced ion currents more potently than ion currents induced by 1 uM ACh.

onset of inhibition increased with the concentration of
organophosphate. At wash-out of the organophosphate, the
reverse was observed. The rate of recovery of the ACh-induced
ion current decreased with the concentration of organopho-
sphate. On the wash-out of high concentrations of organopho-
sphates the ACh-induced ion current did not fully recover before
termination of the superfusion with ACh.

The concentration dependence of inhibition by disulfoton,
fenthion, parathion-ethyl, and parathion-methyl was assessed
at agonist concentrations of 1 UM ACh and 1 mM ACh
(Fig. 3). Coapplication of the solvent DMSO at concentrations
up to 0.1% (v/v) with ACh did not result in detectable effects.
Marginal inhibitory effects were observed for 0.3% and 1%
DMSO, i.e., solvent concentrations associated with the organo-
phosphate concentrations of 0.3 mM and 1 mM, respectively.
Because of solubility problems, it was not possible to obtain
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FIG. 2. Concentration-dependent inhibition of ion currents evoked by
1 mM ACh by disulfoton. The horizontal bars on top of the traces indicate the
period of superfusion with external solution containing 1 mM ACh and
disulfoton at increasing concentrations as indicated. After application of high
concentrations disulfoton (i.e., >3 uM) the response did not fully recover
upon wash-out of the OP. The scale bar applies to all traces, which were from
the same oocyte.

0.1 uM disulfoton 1 uM disulfoton

3 uM disulfoton

complete concentration-effect curves for chlorpyrifos and
EPN. For the same reason, data points of 0.3 mM disulfoton,
fenthion, parathion-ethyl, and parathion-methyl were omitted
from the curve fit. Disulfoton, fenthion, parathion-ethyl, and
parathion-methyl inhibited 1 uM ACh induced ion currents
with potencies ranging from 7 uM for disulfoton to 75 uM
for fenthion (Table 1). The potency order is disulfoton > para-
thion-ethyl, parathion-methyl > fenthion. For all organophos-
phates, a clear left-shift of the inhibition curves is observed when
the agonist concentration is raised from 1 uM to 1 mM (Fig. 3;
Table 1). Approximate ICs, values of chlorpyrifos and EPN
to inhibit the 1 mM ACh-induced ion current were in the
range of 3—30 uM and 10-100 uM, respectively.

Effects of Organophosphates on Rat Brain AChE

The inhibitory effects of the different organophosphate pes-
ticides on rat brain AChE activity were also determined for
comparison with the effects on the nAChR demonstrated
here. Rat brain homogenate was incubated with increasing con-
centrations of the organophosphates chlorpyrifos, disulfoton,
EPN, fenthion, parathion-ethyl, and parathion-methyl. The con-
centrations of the compounds ranged from 10 nM to 1 mM. The
solvent DMSO, at the maximum final concentration of 1% (v/v)
in these experiments, did not noticeably affect the rat brain
AChE activity. The concentration-dependent reduction of
rat brain AChE activity by the organophosphates is shown in
Figure 4. Concentration-effect curves were fitted to the data
according to the Hill equation. Disulfoton, EPN, and fenthion
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FIG. 3. Concentration-effect curves for the inhibition of I uM ACh- (solid circles) and 1 mM ACh-evoked (open circles) ion current by disulfoton, fenthion,
parathion-ethyl, and parathion-methyl. The data are depicted as mean = SD. Error bars smaller than the size of the symbols are not shown. The lines are drawn
according to the mean parameters of 3—4 inhibition curves fitted to data from different oocytes. Estimated values of ICsy and ny are shown in Table 1.

TABLE 1
Pharmacological Parameters of nAChR Inhibition and nAChR Binding by OPs

1 uM ACh 1 mM ACh Binding
ICso (LM) ny ICso (LM) Ny K; (mM)
disulfoton 70* 15 0.66 = 0.01 1.5 205 0.88 = 0.19 >100
fenthion 74.6 =203 1.05 = 0.11 17.8 £ 14.2 0.70 = 0.14 n.d.
parathion-ethyl 30.1 = 14.8 0.86 £ 0.18 3.6 £0.7 1.00 £ 0.36 >100
parathion-methyl 37.0 £ 13.0 0.77 = 0.09 49 *+23 1.14 = 0.06 n.d.
Note. All values are mean = SD of the parameters of concentration-effect curves fitted to the data obtained from 3—4 oocytes.
100 TABLE 2
AChE Inhibition by OP Pesticides
80
>
= ICs0 (UM) ny
S 60 @® chlorpyrifos
u“j B disulfoton Chlorpyrifos 153 + 88 1.09 £ 0.18
5 40 A EPN Disulfoton >1,000 —
< < fenthion EPN >1,000 —
s A parathion-methyl Fenthion >1,000 —
20 o parathion-ethyl Parathion-ethyl 82+ 6 1.19 = 0.13
Parathion-methyl >1,000 —
0
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log [organophosphate] (M)

FIG. 4. The concentration-dependent inhibition of rat brain AChE by the
OP pesticides chlorpyrifos, disulfoton, EPN, fenthion, parathion-ethyl, and
parathion-methyl. The data are depicted as mean * SD. Error bars smaller
than the size of the symbols are not shown. The drawn lines are the mean
inhibition curves obtained from 4-5 independent experiments. Estimated
values of ICsq and ny are given in Table 2.

Note. Values are mean * SD of the parameters of concentration-effect curves
fitted to the data obtained from 4-5 independent experiments.

up to concentrations of 1 mM did not cause a marked reduction
of the AChE activity. Parathion-methyl inhibited the AChE
activity at concentrations >100 uM. The low potency of
parathion-methyl precluded the fitting of inhibition curves
and the estimation of the ICsq value, which was well beyond
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1 mM. Chlorpyrifos and parathion-ethyl inhibited the rat brain
AChE activity virtually completely, with ICs( values of 153 *
88 UM and 82 = 7 uM, respectively. The potency order for rat
brain AChE inhibition by the organophosphates is parathion-
ethyl > chlorpyrifos > parathion-methyl > disulfoton, EPN,
fenthion (Fig. 4).

Competition Binding of Disulfoton and Parathion-ethyl with
’H-epibatidine

The dependence of the inhibitory effects of the organophos-
phate pesticides on agonist concentration might indicate that
both interact with the same sites on the nAChR. Therefore,
experiments have been performed on membranes of oocytes
transfected with rat 042 nAChRs to investigate possible
competition between the binding of disulfoton and
parathion-ethyl and that of *H-epibatidine, a radiolabeled
agonist of the nAChR. Saturation binding (Fig. 5A) yielded
a K4 of 46 pM 3H—epibatidine (coefficient of variation 11%)
and a B ,,,x of 237 = 30 fmol/mg protein (mean = SEM, n =5).
The binding data were analyzed for a single vs. two-site
interaction, but there was no statistical better fit for the two-
site. model. Nonspecific binding, determined in parallel by
means of incubation in the presence of unlabeled epibatidine,
amounted to 5-15% of total binding. Analysis of the specific
binding data yielded linear Scatchard plots, demonstrating the
presence of a single class of high-affinity epibatidine binding
sites in membranes of oocytes transfected with rat 042
nAChRs. No specific *H-epibatidine binding was found in
membranes prepared from untransfected oocytes.

Specific *H-epibatidine binding to oocyte homogenates
showed no significant displacement by the organophosphates
up to concentrations of 10 mM (Fig. 5B). The K; values for
disulfoton and parathion-ethyl estimated from the displacement
experiments were >100 mM. Similar experiments with ACh
yielded a K; value for the displacement of *H-epibatidine by
ACh of 39 nM (coefficient of variation 13%). These results show
that the agonist epibatidine bound to the agonistrecognition sites
of rat 04B2 nAChRs is neither displaced by disulfoton nor by
parathion-ethyl.

Noncompetitive Mechanisms

The binding experiments demonstrate that the inhibition
of the ACh-induced ion current by the organophosphates
disulfoton and parathion-ethyl is due to noncompetitive
effects. Therefore, various possibilities for noncompetitive
inhibition of the neuronal type nAChR by the organophos-
phates have been investigated. To assess whether the orga-
nophosphate itself is the agent causing the inhibitory effect,
experiments were performed in which ACh and parathion-
ethyl were coapplied and subsequently washed out, each sepa-
rately or both together. The result shows a rebound tail current
indicating reversal of block only when parathion-ethyl is
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washed out (Fig. 6A). On wash-out of ACh, the remaining
inward current rapidly declined to zero irrespective of whether
parathion-ethyl remained present or not and rebound tail cur-
rents were not observed. These results show that parathion-
ethyl blocks the ion current and rules out the possibility that
the inhibitory effect is caused by an enhancement of
the channel blocking potency of ACh in the presence of
parathion-ethyl.

The possible alternatives of open and closed channel
block were also evaluated. The results in Figure 6B show
that parathion-ethyl at a concentration that causes nearly
complete block when applied during the ACh-induced
response also causes a strong inhibitory effect when applied
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FIG. 5. Competition binding of disulfoton and parathion-ethyl with
3H-epibatidine in homogenates of oocytes expressing rat 42 nAChRs. (A)
Saturation curve of *H-epibatidine binding. For the total binding the oocyte
homogenate was incubated with the indicated concentration of *H-epibatidine.
Nonspecific binding was determined in the presence of 100 nM unlabeled
epibatidine. Data are mean * SEM values from three experiments, each
performed in duplicate. (B) Displacement of bound *H-epibatidine by ACh,
disulfoton, and parathion-ethyl. Oocyte homogenate was preincubated with the
indicated concentration of disulfoton and parathion-ethyl for 30 min and then
0.05 nM *H-epibatidine was added and the samples were incubated overnight
at 4°C. Data are mean = SEM values of four experiments, each performed in
duplicate.
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FIG. 6. The mechanism of noncompetitive inhibition of rat 042 nAChRs
expressed in Xenopus oocytes by parathion-ethyl. (A) The ion current evoked
by 1 mM ACh rapidly declines when the agonist is washed out (left panel).
After coapplication of 30 uM parathion-ethyl and 1 mM ACh to the same
oocyte, a rebound tail current, indicating reversal of inhibition, is observed
when parathion-ethyl is washed out in the presence of ACh (middle panel). On
wash-out of ACh in the presence of parathion-ethyl, the remaining current
rapidly declines to baseline level (right panel). This indicates that parathion-
ethyl alone is the agent causing the inhibitory effect. (B) Application of 30 uM
parathion-ethyl for a period of 20 s immediately prior to the application of
1 UM ACh in an oocyte expressing 042 nAChRs causes extensive inhibition
(right panel) as the coapplication of the two compounds to the same oocyte for
the same period (left panel). This shows that inhibition by parathion-ethyl
occurs in the absence of ACh, i.e., when the ligand-gated ion channels are
closed. Horizontal bars indicate the periods of application of ACh (dashed
bars) and parathion-ethyl (solid bars) at the concentrations indicated.

before application of ACh. These results demonstrate that the
presence of the agonist is not required for the inhibitory effect
to occur and that open channel block cannot account for the
noncompetitive, inhibitory effect of parathion-ethyl.

Onset and Reversal of Inhibition

The kinetics of the effects of parathion-ethyl show that the
rate of onset of inhibition increased with organophosphate
concentration (Fig. 7A). Values of the apparent fast and
slow rate constants of the onset of inhibition were obtained
by fitting eq. (3) to the data as shown in the inset of Figure 7A
and plotted against parathion-ethyl concentration. An inverse
relation between organophosphate concentration and the rate
of reversal of inhibition was obtained on wash-out (Fig. 7B).
The rate of reversal of inhibition of the ACh-induced
ion current decreased with increasing concentration of
parathion-ethyl. After administration of high concentrations
of organophosphates, the inhibitory effect did not fully reverse
on wash-out of the organophosphate within the period until the
termination of superfusion with ACh (Fig. 7 inset). The fea-
tures of inhibition are consistent with a sequential model as
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FIG.7. Kinetics of inhibition of rat 0432 nAChR-mediated ion current by
parathion-ethyl. (A) The onset of inhibition shows a dual exponential decay.
The data points (mean = SD, n = 3) are the rate constants obtained from a
dual exponential fit to current traces as in the inset in B. The drawn lines in A
are eq. (2a) and eq. (2b) fitting the relation between the rate constants Kg,g
(filled circles) and kg, (open circles) and parathion-ethyl concentration. The
superimposed traces (inset B) represent the increasing inhibitory effects of 0.3,
1, 3, 10, 30, and 100 uM parathion-ethyl superfused for 20 s during the | mM
ACh-induced response. (B) The reversal of inhibition after 20 s of superfusion
with parathion-ethyl and ACh on switching to saline containing ACh only (see
inset). The rate of reversal of the inhibitory effect, obtained from fitting a
single exponential function to the traces as in the inset, decreased with
increasing inhibition by increasing concentrations of parathion-ethyl.

shown in equation (2). Regression lines according to eq. (2a)
and eq. (2b) in Figure 7A show an approximate compliance of
the effects observed with the two-step sequential mechanism of
equation (2). The rate constants obtained from the regressions
are: Koy = 0.013 UM 's ™! ke = 1.45 s (Kgy = 112 uM),
and ky; = 0.60 s ', k_; = 0.057 s (Kq, = 0.10), and
the apparent affinity of the overall process of inhibition by
parathion-ethyl, according to eq. (2¢), Kgapparent = 9.8 UM.
For disulfoton rate constants obtained are: K., 0.046
UM s ko = 048 71, (Kg; = 10 pM), kyy = 0.23 s,
and k_; = 0.021 s, (Kg2 = 0.09) resulting in an apparent
affinity for disulfoton of 0.85 uM. These values are within the
same order of magnitude as the ICs, values of the inhibition
curves of parathion-ethyl and disulfoton (Table 1).
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DISCUSSION

The results demonstrate that several organophosphate pesti-
cides inhibit ACh-induced ion currents in Xenopus laevis
oocytes transfected with rat neuronal 0432 nAChRs with micro-
molar potencies. The absence of effects of malaoxon and para-
oxon-ethyl indicates that the effects on neuronal 04P2 type
nAChRs are associated with the ‘“‘thio-” form and not the
“oxon-"" form of the organophosphates. Conversely, muscarinic
M2 type ACh receptors have been reported to have a higher
affinity for the “oxon” as compared to the “thio-” form of
some OP pesticides (Howard and Pope, 2002; Ward ez al., 1993).

The organophosphates tested have a wide range of inhibitory
potencies. For the inhibition of nAChRs, the more potent pesti-
cides, in order of potency, were disulfoton > parathion-ethyl,
parathion-methyl > fenthion. The inhibitory effects are more
potent at high concentrations of ACh than at low concentrations
of the agonist (Fig. 3). For six organophosphates, that were shown
to inhibit 042 nAChRs, the potencies for inhibition of rat brain
AChE were determined: chlorpyrifos and parathion-ethyl sig-
nificantly inhibited AChE activity, whereas parathion-methyl,
fenthion, EPN, and disulfoton did not. This was expected,
because most organophosphates need to be metabolized to
their active oxons to cause potent AChE inhibition; e.g., reported
values of the ICs, of inhibition of rat brain cholinesterase are 3—5
nM for paraoxon and 35-36 nM for malaoxon (Ward ez al., 1993).
Theoretically, the first effect of exposure to an organophosphate
may consist of impairment of cholinergic transmission resulting
from nAChR inhibition. After formation of the active metabo-
lites, AChE will be inhibited, resulting in an increase of ACh in
the synaptic cleft (Soreq and Seidman, 2001). The elevated con-
centration of ACh will, at the same time, cause an increase of
nAChR activation and enhance the inhibitory effect of the orga-
nophosphates on the nAChRs. Thus the stimulating effects of
AChHE inhibition on nicotinic neurotransmission are counter-
acted by an enhanced potency of inhibition of nAChRs by the
organophosphates. In practice, symptoms related to inhibition of
AChE may prevail, even for poisoning by the “thio”” OP com-
pounds, because of the much higher potency of the oxon metab-
olites for inhibition of AChE. Kinetic studies with chlorpyrifos
have shown that AChE inhibition in plasma occurs within min-
utes and changes over hours after oral dosing (Timchalk et al.,
2002), indicating that the oxon metabolite is rapidly formed.
Thus, the main effect of the interaction of the parent compound
with the nAChR may be to postpone the symptoms of AChE
inhibition. A carefully designed study would be required toinves-
tigate the various possibilities and to distinguish between symp-
toms specifically related to effects of OP compounds on AChE
and on muscarinic and nicotinic AChR.

Although the mechanisms of AChE inhibition have been
described in detail (Soreq and Seidman, 2001), the nature of
the inhibitory effect of the organophosphate pesticides on nico-
tinic ACh receptors is less evident. Competition binding experi-
ments demonstrate that the organophosphates parathion-ethyl
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and disulfoton at concentrations <10 mM do not bind to
the agonist-recognition site of rat o4B2 nAChRs (Fig. 5).
This demonstrates that a noncompetitive mechanism is respon-
sible for the inhibitory effect of the organophosphate on the
nAChR-mediated ion current. Because parathion-ethyl can
inhibit the 04B2 nAChRs in the absence of ACh (Fig. 6), it is
concluded that channel opening is not required for the inhibitory
effect. The biphasic kinetics of onset of inhibition and the
concentration-dependence of the kinetics of reversal of inhibi-
tion (Fig. 7) suggest that the ion current is inhibited by a two-
step mechanism. Fitting a sequential two-step equilibrium,
with a rapidly reversible association and dissociation of the
organophosphate followed by a slowly reversible transition
(Zhao et al., 1999), to the inhibitory effects of parathion-ethyl
and disulfoton (Fig. 7) yielded potencies of the OPs comparable
to those obtained from the inhibition curves (Fig. 3). The
kinetics of reversal of inhibition are inversely related to OP
concentration. This finding is similar to what has been reported
before for the inhibition of human muscle type nAChRs in
TE-671 cells by the philanthotoxin PhTX-(12). PhTX-(12) is
aweak open channel blocker and is supposed to enhance receptor
desensitization (Brier et al., 2003). In addition, it has been
suggested that the noncompetitive interaction of chlorpyrifos
and parathion and their oxons with muscle nAChRs also
leads to receptor desensitization (Katz et al., 1997). Based on
these and the present results, it is more likely that the secondary
blocked state in our model (eq. 2) represents a desensitized state
rather than a blocked state, because enhancement of desensitiza-
tion would also account for the enhanced potency of parathion-
ethyl and disulfoton at elevated ACh concentration (Fig. 3).

The toxicological relevance of effects of OP pesticides on
neuronal nAChRs lies in the fact that a number of neurotoxic
symptoms cannot be accounted for on the basis of AChE inhibi-
tion alone. Although the effects of desensitization of o4p2
nAChRs are still unclear, some indication of effects to be
expected can be derived from studies on knockout mice.
Mice lacking the o4 nAChR subunit display a reduced anti-
nociceptive effect of nicotine (Marubio ez al., 1999) and elevated
anxiety (Ross ef al., 2000). Knock-out of the 32 nAChR subunit
demonstrated that the B2 subunit is involved in the reinforcing
properties of nicotine (Picciotto et al., 1998) and in passive
avoidance learning (Cordero-Erausquin er al., 2000). Thus,
chronic or repeated desensitization of 042 nAChRs might
result in several neurological and neurobehavioral deficits. In
this respect, it is remarkable that in farmers chronically exposed
to OP pesticides, increased anxiety is one of the more frequently
diagnosed symptoms (Salvi et al., 2003).

In conclusion, a number of OP pesticides have been demon-
strated to interact directly with neuronal o042 nAChRs to
inhibit the ACh-induced response in a noncompetitive way.
The inhibition is accounted for by a two-step mechanism
resulting in receptor desensitization. The results indicate
that neuronal AChRs constitute additional targets for the
effects of OPs on the nervous system.
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