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Abstract
Organophosphorus (OP) pesticides elicit acute toxicity by inhibiting acetylcholinesterase (AChE),
the enzyme responsible for inactivating acetylcholine (ACh) at cholinergic synapses. A number of
OP toxicants have also been reported to interact directly with muscarinic receptors, in particular the
M2 muscarinic subtype. Parasympathetic innervation to the heart primarily regulates cardiac function
by activating M2 receptors in the sinus node, atrial-ventricular node and conducting tissues. Thus,
OP insecticides can potentially influence cardiac function in a receptor–mediated manner indirectly
by inhibiting acetylcholinesterase and directly by binding to muscarinic M2 receptors. Young animals
are generally more sensitive than adults to the acute toxicity of OP insecticides and age related
differences in potency of direct binding to muscarinic receptors by some OP toxicants have been
reported. We thus compared the effects of the common OP insecticide chlorpyrifos (CPF) on
functional signs of toxicity and cardiac ChE activity and muscarinic receptor binding in neonatal and
adult rats. Dosages were based on acute lethality (i.e., 0.5 and 1 × LD10: neonates, 7.5 and 15 mg/
kg; adults, 68 and 136 mg/kg). Dose- and time-related changes in body weight and cholinergic signs
of toxicity (involuntary movements) were noted in both age groups. With 1 × LD10, relatively similar
maximal reductions in ChE activity (95%) and muscarinic receptor binding (≈ 30%) were noted, but
receptor binding reductions appeared earlier in adults and were more prolonged in neonates. In
vitro inhibition studies indicated that ChE in neonatal tissues was markedly more sensitive to
inhibition by the active metabolite of chlorpyrifos (i.e., chlorpyrifos oxon, CPO) than enzyme in
adult tissues (IC50 values: neonates, 17 nM; adults, 200 nM). Chelation of free calcium with EDTA
had relatively little effect on in vitro cholinesterase inhibition, suggesting that differential A-esterase
activity was not responsible for the age-related difference in cholinesterase sensitivity between age
groups. Pre-incubation of neonatal and adult tissues with selective inhibitors of AChE and
butyrylcholinesterase (BChE) indicated that a majority (82–90%) of ChE activity in the heart of both
neonates and adults was BChE. The rapid onset (by 4 hours after dosing) of changes in muscarinic
receptor binding in adult heart may be a reflection of the more potent direct binding to muscarinic
receptors by chlorpyrifos oxon previously reported in adult tissues. The results suggest that ChE
activity (primarily BChE) in neonatal heart may be inherently more sensitive to inhibition by some
anticholinesterases and that toxicologically significant binding to muscarinic receptors may be

© 2007 Elsevier Ireland Ltd. All rights reserved.
*Corresponding author. Tel. (405) 744-6257, fax (405) 744-0462, carey.pope@okstate.edu.
+Currently at Consumer Healthcare Products Association
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Toxicology. Author manuscript; available in PMC 2010 October 14.

Published in final edited form as:
Toxicology. 2007 September 5; 238(2-3): 157–165. doi:10.1016/j.tox.2007.05.030.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



possible with acute chlorpyrifos intoxication, potentially contributing to age-related differences in
sensitivity.
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organophosphate; acetylcholinesterase; butyrlcholinesterase; cardiac; muscarinic receptors; age-
related

Introduction
In 2000–2001, US pesticide use exceeded 0.5 billion kilograms, with organophosphorus
insecticide use accounting for approximately 50 million kilograms of active ingredients (Kiely
et al., 2004). While the indoor use of chlorpyrifos (CPF) has been eliminated in the US (U.S.
EPA, 2000), it remains one of the most commonly used OP insecticides worldwide. The acute
toxicity of OP insecticides including CPF is typically initiated by inhibition of
acetylcholinesterase (AChE; E.C. 3.1.1.7), with consequent alteration of cholinergic
neurotransmission in the peripheral and central nervous systems. Acetylcholine (ACh) is the
neurotransmitter involved in cholinergic neurotransmission, released by presynaptic
cholinergic terminals and activating nicotinic and/or muscarinic receptors to modify
postsynaptic cell function. Normally, acetylcholinesterase rapidly and efficiently degrades
ACh, thereby terminating its signaling action (Saunders and Harper, 1994; Ecobichon, 1996;
Lefkowitz et al., 1996). OP toxicants alter cholinergic neurotransmission by “irreversibly”
binding to AChE and blocking the enzyme’s ability to cleave Ach molecules.

Accumulation of synaptic ACh following acetylcholinesterase inhibition leads to prolonged
stimulation of cholinergic receptors. It is generally thought that there are “spare” enzyme
molecules, requiring extensive inhibition to affect cholinergic neurotransmission (Lotti,
1990; Norstrandt et al., 1997; Casida and Quistad, 2005). A variety of cholinergic signs are
possible following exposure to anticholinesterases including salivation, lacrimation, urination
and defecation (SLUD signs), bradycardia, tachycardia, nausea, vomiting, and respiratory
dysfunction.(Kumawat et al., 1984; Kecik et al., 1993; Saunders and Harper, 1994; Ecobichon,
1996). Serious complications are often associated with disruption of cardiac function (Saadeh
et al., 1997; Peter and Cherian 2000).

Although OP pesticides elicit toxicity through a common mechanism initiated by AChE
inhibition, some discrepancies have been reported in the expression of toxicity relative to
degree of acetylcholinesterase inhibition (Chaudhuri et al., 1993; Pope et al., 1995; Liu and
Pope, 1998). Pope (1999) suggested that different OP pesticides likely act via additional
pathways to either modulate the expression of cholinergic toxicity elicited by AChE or to
modify other non-cholinergic signaling pathways. Many reports have indicated that some OP
insecticides can interact with macromolecular targets in addition to AChE, including
muscarinic receptors (Bakry et al., 1988; Jett et al., 1991; Ward et al., 1993, Huff et al.,
1994; Huff and Abou-Donia, 1995; Ward and Mundy, 1996; van den Beukel et al., 1997,
Quistad et al., 2001, 2002, Quistad and Casida, 2004). It is well known that prolonged AChE
inhibition leads to a reduction in cholinergic receptor density at innervated sites, contributing
to the development of tolerance to cholinergic toxicity (Costa et al., 1982a). The toxicological
consequences of direct binding of some OPs to cholinergic receptors remains unclear, however.

Bomser and Casida (2001) reported that radiolabeled chlorpyrifos oxon phosphorylated
muscarinic receptors in adult mouse heart in vitro. We reported a concentration-dependent
inhibition of [3H]oxotremorine-M binding to muscarinic receptors in both neonatal and adult
rat heart by chlorpyrifos oxon, with somewhat higher potency towards binding in adult tissues
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(IC50 = 7 vs 15 nM, Howard and Pope, 2002). We hypothesized that the direct binding of
chlopyrifos oxon to muscarinic receptors in neonatal and adult heart may contribute to age-
related differences in sensitivity to chlorpyrifos. The current study evaluated the effects of
equitoxic dosages of chlorpyrifos on cholinergic toxicity, cardiac cholinesterase inhibition and
muscarinic receptor binding in neonatal and adult rats.

Materials and Methods
Animals

Neonatal (7-day, males and females) and adult (90-day, male only) Sprague-Dawley rats were
used throughout the experiments. Untimed pregnant females were obtained from Harlan
Sprague Dawley (Indianapolis, IN) and pups culled to 10–12/dam on postnatal day 2 (date of
birth was defined as postnatal day 0). All animals were kept in polycarbonate cages and
acclimated for 7 days prior to any treatments. Animals were maintained on 12L:12D cycle and
were given food (PMI® Laboratory Rodent Diet 5001, PMI Feeds, Richmond, IN) and tap
water ad libitum. All studies were conducted with the approval from the Animal Care and Use
committee of Oklahoma State University.

Chemicals
Chlorpyrifos (CPF, O, O′-diethyl-O-(3,5,6-tricholoro-2-pyridyl) phosphorothioate) and
chlorpyrifos oxon (CPO, O,O′-diethyl-O-(3,5,6-trichloro-2-pyridyl) phosphate) were
purchased from Chem Service (West Chester, PA). Both were ≥97% in purity. Solutions of
chlorpyrifos were made in peanut oil (2 ml/kg) on the day of treatment for in vivo studies. A
stock solution of chlorpyrifos oxon was prepared in dry ethanol (100%), kept at −70°C and
diluted in potassium phosphate buffer on the day of assay for in vitro studies (final
concentration of solvent was kept constant in all assays at 0.1%).

Acetylcholine iodide, [acetyl-3H], specific activity 82.0 mCi/mmol; oxotremorine-M acetate,
[methyl-3H], specific activity 85.8–86.4 Ci/mmol; and quinuclidinyl benzilate,L-
[benzilic-4,4’-3H], specific activity 37.0–49.0 Ci/mmol were purchased from Perkin Elmer
(Boston, MA). All other reagents were obtained from Sigma Chemical Company (St. Louis,
MO).

Animal Treatments
Neonatal and adults animals were treated with chlorpyifos by gavage. The dosages selected
were based on the LD10 (i.e., either vehicle, 0.5 × LD10 or 1 × LD10: neonates = 0, 7.5 or 15
mg/kg; adults = 0, 68 or 136 mg/kg [Zheng et al., 2000]). Functional signs of toxicity were
evaluated and rats were euthanized at 4, 24 and 96 hours after treatment.

Functional Signs of Toxicity
Animals were evaluated for cholinergic signs of toxicity measured as involuntary movements
(IM) and SLUD (salivation, lacrimation, urination, defecation) signs by the method of Moser
et al. (1988) as described previously (Liu and Pope, 1996).

Tissue Collection and Membrane Preparation
Animals were euthanized by decapitation. The hearts were quickly removed and rinsed in 10
mM Tris, pH 7.4, 1 mM EDTA (McMahon, 1989). Heart tissue was separated from blood
vessels, blood clots and connective tissue, after which it was minced and frozen at −70°C until
the day of assay. Thawed tissues were homogenized (1:15; w/v) in 5 mM Hepes buffer, pH
7.4 on ice for four 30-second cycles at 25,000 rpm (Polytron, Brinkmann Instruments,
Westbury, NY), pausing one minute between cycles. Homogenates were centrifuged at 1,000
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× g at 4°C for 10 minutes and the resulting supernatant was subsequently centrifuged at 40,000
× g at 4°C for 45 minutes. The final membranous pellet was resuspended in the original
homogenate volume of buffer with 10 strokes of a Dounce-type homogenizer and used
immediately for the biochemical assays.

Cholinesterase Activity
ChE activity was determined by the radiometric method of Johnson and Russell (1975) as
described previously (Won et al., 2001). Tissues were simultaneously incubated at room
temperature with the substrate [3H] ACh (1 mM) under conditions established to cause linear
rates of hydrolysis.

In Vitro Inhibition of Cholinesterase by Chlorpyrifos oxon
Hearts from neonatal and adult rats were collected and homogenized as described above.
Aliquots of homogenates were incubated with equal volumes of either vehicle (0.1% ethanol)
or CPO (30 pM - 10 µM final concentration) for 30 minutes at 37°C in the presence or absence
of 2 mM EDTA (to eliminate potential CPO hydrolysis by A-esterases). Following the pre-
incubation period, residual cholinesterase activity was measured as described above.

Evaluation of relative AChE and BChE content in neonatal and adult rat heart
BW284C51 (BW) and iso-OMPA (tetraisopropyl pyrophosphoramide) are highly selective
inhibitors of acetylcholinesterase and butyrylcholinesterase, respectively (Caselli et al.,
2006). Preliminary studies with a range of concentrations of BW and iso-OMPA (1–100 µM)
indicated that 10 µM concentration of both inhibitors was maximally effective at inhibiting the
respective enzyme activities. Therefore this concentration of both BW and iso-OMPA was
used to estimate the relative amounts of AChE and BChE. Homogenates were pre-incubated
with BW or iso-OMPA for 15 min at 37°C and then residual ChE activity was measured as
described above.

Muscarinic Receptor Binding
Muscarinic receptor binding was conducted essentially by the method of Silveria et al. (1990)
with minor modifications. Membranes (300 – 350 µg/rxn) were incubated in the presence of
the high affinity muscarinic agonist, [3H] oxotremorine-M acetate (OXO; 1 nM final
concentration) for 90 minutes at 21°C. Incubation was terminated by vacuum filtration over
Whatman GF/B filters (Brandel Inc., Gaithersburg, MD) saturated with cold 0.05% (w/v)
polyethylenimine in 5 mM HEPES buffer, pH 7.4 prior to harvest (van den Beukel et al.,
1997) to reduce non-specific binding. Filter disks were allowed to equilibrate overnight in
scintillation cocktail (Fisher Scientific, Pittsburgh, PA) prior to counting. Protein content was
determined by the method of Lowry et al. (1951). Assays were conducted in duplicate and
specific binding was calculated as the difference in radioligand binding in the presence and
absence of atropine (10 µM).

Data Analyses
Receptor binding and ChE activity data were analyzed by ANOVA and Newman-Keul’s where
appropriate. Body weight was analyzed by repeated measures ANOVA. Functional signs of
toxicity were analyzed using MANOVA. IC50 values were estimated by one-site competition
using non-linear regression. All analyses were conducted using GraphPad Prism ® software
with p<0.05 being considered statistically significant.
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Results
Body Weight and Functional Signs Following Acute Chlorpyrifos

Figure 1 shows body weight changes in both age groups following chlorpyrifos exposure. There
was a significant dose-related decrease in body weight in both adults and neonates occurring
by 24 hours after treatment in both age groups (Figure 1A, 1B). Body weight then increased
in neonates at a relatively similar rate in both controls and treated animals from 24–96 hours
after treatment. In adults, body weight reductions peaked later (48 hours with 136 mg/kg). In
both neonates and adults, body weights were still significantly lower in both CPF treatment
groups relative to controls at the last timepoint.

Tables 1 and 2 show signs of toxicity in adults and neonates at 4, 24 and 96 hours after
chlorpyrifos dosing. Adults treated with CPF showed cholinergic signs (involuntary
movements) as early as 24 hours after treatment in the low dose group and by 4 hours after
exposure in the high dose group (Table 1). No significant differences were noted by 96 hours
after dosing. In neonates, involuntary movements were only noted in the high dose group
starting at 4 hours after treatment, and these dissipated by 48 hours after treatment (Table 2).
No SLUD signs were noted in either adults or neonates (data not shown).

Cholinesterase Activity and Muscarinic Receptor Binding Following Acute Chlorpyrifos
Changes in cholinesterase activity and muscarinic receptor binding following chlorpyrifos
dosing are shown in Figure 2. Cholinesterase activity in the heart was significantly reduced in
adults with both dosages and in neonates with the high dosage at all time points examined
(Figures 2A and 2B). Heart cholinesterase activity was significantly reduced in the neonatal
tissues following the lower dosage (7.5 mg/kg) at 4 and 24 hours but not at the final time-point
(96 hours, Figure 2B). Peak inhibition with the higher dosage was reached at 24 hours after
dosing in both age groups. Figures 2C and 2D show changes in muscarinic receptor agonist
([3H]oxotremorine-M) binding following chlorpyrifos dosing. Binding was maximally
reduced (approximately 30%) in tissues from both adults and neonates, but significant
reductions were noted earlier (by 4 hours after dosing) in adults. Interestingly, an increase in
OXO binding was noted at 96 hours after dosing in adult tissues, but only with the lower dosage
of exposure, with no differences in agonist binding between controls and the higher dosage
group (Figure 2C). In contrast, agonist binding was reduced in neonatal tissues at 24 hours,
and remained decreased at 96 hours in the higher dosage treatment group (Figure 2D).

In Vitro Sensitivity of Neonatal and Adult Cardiac Cholinesterase to Chlorpyrifos Oxon
The in vitro potency of chlorpyrifos oxon (CPO) against cholinesterase activity in neonatal
and adult heart and its sensitivity to calcium chelation is shown in Table 3. CPO was
approximately 12 times more potent at inhibiting cholinesterase activity in tissues from
neonates than adults. A previous report (Mortensen et al., 1998) suggested no age-related
differences in sensitivity of acetylcholinesterase from brain and other tissues to inhibition by
CPO if the enzymes were immuno-isolated from other tissue components, e.g., A-esterases.
We therefore evaluated whether maturational differences in A-esterase activity in heart might
be responsible for the observed higher sensitivity of neonatal heart cholinesterase to inhibition
by CPO. A-esterases are completely dependent on Ca2+ for activation. Homogenates of heart
tissue were prepared as above except in the presence of EDTA (2 mM final concentration) to
sequester Ca+2 ions. As shown in Table 3, chelation of Ca+2 had relatively little effect on
inhibition of neonatal ChE activity by CPO, but did slightly reduce the IC50 value (1.6 fold)
in adult tissues. There remained about a 9-fold difference in IC50 values between the two age
groups under these conditions, however.

Howard et al. Page 5

Toxicology. Author manuscript; available in PMC 2010 October 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The in vitro effects of BW and iso-OMPA on ChE activity in neonatal and adult tissues are
shown in Figure 3. While BW had minimal effect (4–8 % inhibition), iso-OMPA inhibited ≥
88% of the ChE activity in tissues from both adult and neonatal heart.

Discussion
A number of studies have evaluated differences in acute sensitivity between neonatal and adult
rats to the OP insecticide chlorpyrifos. These studies focused on neurotoxicity endpoints,
however, with few studies evaluating possible differences in sensitivity of the heart. As vagal
cholinergic innervation is critical in the regulation of heart function, and as chlorpyrifos oxon
has been reported to bind directly to the predominant form of muscarinic receptors in the heart
(M2), we studied the comparative effects of acute chlorpyrifos exposure on cholinesterase
activity and muscarinic receptor binding in neonatal and adult rats.

Neonatal and adult rats were challenged with vehicle, the respective LD10, or one-half of that
dosage. Even though LD10 was approximately nine-fold lower in the neonates (neonates, 15
mg/kg; adults, 136 mg/kg), relatively similar dose-related decreases in body weight (Figure
1A, 1B), functional signs of toxicity (Tables 1, 2) and dose-related reduction in ChE activity
in heart (Figure 2A, 2B) were observed in adult and neonatal rats treated with equitoxic dosages.
There appeared to be a time-dependent difference in cholinesterase inhibition, however, with
more extensive reduction in neonates (about 80%) than in adults (about 65%) at the initial time-
point evaluated (4 hours after dosing), but more rapid recovery in cholinesterase activity being
noted in neonates (Figure 2A, 2B). More rapid peak inhibition and faster recovery of
cholinesterase activity in neonates compared to adults has also been reported in brain following
chlorpyrifos exposure (Pope et al. 1991; Won et al. 2001).

We previously reported that muscarinic receptor agonist ([3H]oxotremorine-M) binding was
displaced in vitro in a potent manner by chlorpyrifos oxon in membranes from both neonatal
and adult rat heart (IC50, 90 minutes at 21°C: neonates, 15 nM; adults, 7 nM, Howard and
Pope, 2002). Following in vivo challenge, agonist binding in adult heart was significantly
reduced with the LD10 dosage by 4 hours and both dosages by 24 hours after exposure. In
neonates, while cholinesterase inhibition was more extensive by 4 hours after dosing, no
significant effect on muscarinic receptor agonist binding was noted at this timepoint, but
significant reductions were noted at later time-points (24–96 hours after treatment, Figure 2C,
2D).

Down-regulation of muscarinic receptors following prolonged acetylcholinesterase inhibition
has been reported for decades (Costa et al., 1982a,b). Schwab and coworkers (1981) found that
repeated exposure to the OP insecticide disulfoton caused a significant reduction in brain [3H]
QNB binding but no receptor binding changes in the heart. Zhu et al. (1991) reported that
repeated exposure to subcutaneous di-isopropylfluorophosphate (DFP) in rats led to a decline
in both the concentration of cardiac mAChR and mRNA, suggesting that prolonged AChE
inhibition may also alter muscarinic receptor transcription in heart. Repeated oral disulfoton
significantly reduced [3H] QNB binding and differentially affected mRNA levels in brain
(i.e., unchanged or reduced mRNA in a region-specific manner; Yagle and Costa, 1996).
Together, these studies suggested that there may be differential adaptive changes in cardiac
muscarinic receptors depending on the specific toxicant and route of administration.

The observed changes in muscarinic agonist binding in response to chlorpyrifos exposure could
be due to either direct or indirect actions at the receptor. It generally takes some time before
down-regulation can occur. Zhu and coworkers (1991) reported a significant reduction in [3H]
quinuclidinyl benzilate (QNB) binding 24 hours following acute DFP exposure in adult rats.
The early (4 hours after dosing) reduction in [3H]oxotremorine-M binding noted in adult heart
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following the LD10 of chlorpyrifos (Figure 2C) could be an indication that chlorpyrifos oxon
bound directly to the receptors and prevented subsequent agonist binding. All five muscarinic
receptor subtypes (M1–M5) have been found in human heart (Wang et al., 2001) although the
M2 subtype predominates (Lefkowitz et al., 1996). Chlorpyrifos oxon appears to irreversibly
phosphorylate the M2 receptor in heart (Bomser and Casida, 2001; Howard and Pope, 2002).
The greater in vitro potency of chlorpyrifos oxon in displacing agonist binding to cardiac
muscarinic receptors in adult compared to neonatal heart (Howard and Pope, 2002) may be
sufficient to differentially modulate cardiac muscarinic receptor binding between the two age
groups following in vivo chlorpyrifos exposure.

A number of studies have shown that neonatal rats are more sensitive than adults to the acute
toxicity of chlorpyrifos and other OP insecticides (Benke and Murphy, 1975; Mendoza,
1976; Pope et al., 1991; Atterberry et al., 1997). While neonates are more sensitive than adults
to acute chlorpyrifos exposure, brain cholinesterase showed similar sensitivity to inhibition by
chlorpyrifos oxon in vitro across age groups (Mortensen et al., 1998b). We evaluated the
relative sensitivity of neonatal and adult heart cholinesterase activity to chlorpyrifos oxon
(Table 3). Cholinesterase activity in neonatal heart was markedly more sensitive to inhibition
by chlorpyrifos oxon than activity in adult tissues. By immunoprecipitating
acetylcholinesterase from liver samples prior to evaluating in vitro sensitivity, Mortensen and
coworkers (1998a) showed that acetylcholinesterase was markedly influenced by
detoxification capacity within the specific tissues, e.g., the enzyme in liver homogenate was
approximately 35–175-fold less sensitive to inhibition than following its immunological
isolation. Thus, cholinesterase in neonatal heart could be more sensitive to in vitro inhibition
by chlorpyrifos oxon due to lesser detoxification capacity in the tissue compared to adult
tissues. A primary mechanism of chlorpyrifos oxon detoxification in liver is degradation by
Ca+2-dependent A-esterases (Costa et al., 2005). Chelation of free Ca+2 had relatively little
effect, however, on cholinesterase inhibition by CPO in tissues from either age group.

Our results (Figure 3) suggest that BChE in neonatal rat heart is inherently more sensitive to
inhibition by CPO than the enzyme in adult heart. Li and coworkers (2000) previously reported
that BChE activity was higher in concentration than AChE in the adult rat heart and suggested
BChE may be a “back-up” for AChE. BChE may also serve a protective role during OP
exposure by limiting inhibition of AChE. As the predominant cholinesterase in both neonatal
and adult heart was BChE (Figure 3), Darvesh and colleagues (1998) reported that BChE-
selective inhibitors could alter the tonic activity of cardiac ganglia. Based on our in vitro
findings regarding CPO potency in 7-day versus 90-day rat heart, there could be maturational
differences in BChE isoforms, thus potentially influencing the response to OP inhibitors.

These studies suggest that while relatively similar changes in cholinesterase activity in the
heart and cholinergic signs of toxicity may be elicited, cardiac muscarinic receptors may be
differentially affected in neonatal and adult rats by “equitoxic” dosages of chlorpyrifos.
Changes in muscarinic receptor dynamics following acute exposure to chlorpyrifos may be
due to both direct interaction of chlorpyrifos oxon with the receptor, and indirect receptor
regulation mediated by extensive cholinesterase inhibition. Differential changes in cardiac
muscarinic receptors following exposure to chlorpyrifos or other OP insecticides could
contribute to age-related differences in response.
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Figure 1.
In vivo effects of chlorpyrifos on body weight in adult (A) and neonatal (B) rats after acute
chlorpyrifos exposure. Rats were treated with vehicle (square), 0.5 × LD10 (triangle: 7.5 mg/
kg in neonate; 68 mg/kg in adult) or 1 × LD10 (circle: 15 mg/kg, neonate; 136 mg/kg, adult).
Values represent mean (± SEM) body weight relative to pre-treatment weight (i.e., percent of
day 0). Data were analyzed using repeated measures ANOVA. An asterisk indicates
statistically different from control (p< 0.05). A pound sign indicates statistical difference from
the lower dose group (p< 0.05).
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Figure 2.
In vivo effects of chlorpyrifos on cholinesterase activity (A, B) and [3H]oxotremorine-M
binding (C, D). Rats were treated with vehicle (open bar), 0.5 × LD10 (black bar: 7.5 mg/kg in
neonate; 68 mg/kg in adult) or 1 × LD10 (shaded bar: 15 mg/kg, neonate; 136 mg/kg, adult)
and sacrificed at the specified times. Data represent percent of control (mean ± SEM). Data
for each time point were analyzed individually by ANOVA and Newman-Keuls post hoc test.
An asterisk indicates statistically different from control (p< 0.05). A pound sign indicates
statistically different from the lower dose group (p< 0.05).
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Figure 3.
In vitro effects of BW and iso-OMPA on cholinesterase activities in neonatal and adult heart.
Tissue homogenates from adult and neonatal rats (n=3/age group) were prepared as described
in Materials and Methods and pre-incubated with either BW284C51 (BW, 10 µM, a selective
inhibitor of acetylcholinesterase) or tetraisopropyl pyrophosphoramide (iso-OPMA, 10 µM, a
selective BChE inhibitor) for 15 minutes at 37°C and residual ChE activity measured.
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Table 3

Effects of addition of EDTA on in vitro inhibition of cholinesterase in neonatal and adult rat heart by chlorpyrifos
oxon.

EDTA Adult Neonate

0 mM 200 (78–514) 17 (12–25)

2 mM 128 (74–221) 14 (9–24)

Adult and neonatal hearts were minced and frozen at −70°C. Thawed samples were then homogenized in 5 mM HEPES buffer, pH 7.4 in the presence
or absence of EDTA (2 mM). Aliquots of homogenates were pre-incubated with a range of chlorpyrifos oxon concentrations for 30 minutes at 37°C.
Residual enzyme activity was then measured as described in the Materials and Methods section. Data represent IC50 values (nM) with 95% confidence
intervals in parentheses.
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