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CARR, R. L. AND J. E. CHAMBERS. Acute effects of the organophosphate paraoxon on schedule-controlled behavior and 
esterase activity in rats: Dose-response relationships. PHARMACOL BIOCHEM BEHAV 40(4) 929-936, 1991.--The effects of 
acute intraperitoneal administration of paraoxon on behavioral and biochemical parameters were studied in male rats. Rats were 
trained to press a lever under an FRI0 schedule of reinforcement. Rats were injected with 3 sublethal doses of paraoxon (0.5, 
0.75, and 1.0 mg/kg) and performance was monitored for four days after exposure. Response rates were depressed significantly 
for days 1 and 2 with 0.75 and 1.0 mg/kg, but not 0.5 mg/kg, even though there was inhibition of brain and plasma cholinest- 
erases at all doses. Performance recovered prior to brain AChE recovery. There was no clear-cut threshold of brain AChE inhibi- 
tion required to yield performance deficits, nor was there a direct correlation between significant inhibition in peripheral enzymes 
which could serve as markers (plasma aliesterases, butyrylcholinesterase, non-iso-OMPA-sensitive cholinesterase, and hepatic ali- 
esterases) and performance deficits, suggesting that other noncholinergic targets may play a role in OP-induced behavioral deficits. 
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PRESENTLY, low levels of organophosphorus (OP) insecticides 
are frequently applied in agricultural and household situations. 
The risk of acute exposure to these compounds is a constant 
threat, and they are responsible for numerous poisonings annu- 
ally (1). These insecticides or their metabolites are inhibitors of 
acetylcholinesterase (ACHE) and exposure can lead to behavioral 
deficits (22, 30, 34). 

The brain cholinergic system is implicated in learning and 
memory (1, 2, 35). According to the cholinergic theory of 
memory (8), remembering and forgetting are the results of time- 
dependent changes in the cholinergic synapse. It is thought that 
the OP's  play a role in inhibition of memory by producing a 
cholinergic dysfunction at the level of the synapse. However, the 
main focus of past work dealing with the effects of OP's on be- 
havior has been investigation of the more potent nerve gases 
(i.e., soman and sarin) and diisopropylfluorophosphate (DFP) (4, 
13, 14, 19, 21). These compounds have somewhat different 
physiological effects than the insecticides. However, little behav- 
ioral work has been done with the less potent OP insecticides 
and that done has focused primarily on either higher doses (6), 
repeated exposures (22) or the development of tolerance (15). 
The adverse behavioral effects of acute low level insecticidal 
exposures are commonly overlooked in the investigation of OP's.  
Therefore, the evaluation of the effects of acute low levels of 
organophosphate insecticides and their metabolites on complex 
behavioral tasks is critical in determining the ability of exposed 

organisms to meet the demands of their environment. 
Parathion (diethyl p-nitrophenyl phosphorothioate) inhibits 

learned behavior in mice during a simple one-trial passive avoid- 
ance test (30) and in monkeys during a visual discrimination test 
(31). Parathion, in its original form, has extremely low acute 
toxicity (12). It is activated to its oxygen analog, paraoxon (di- 
ethyl p-nitrophenyl phosphate) through the cytochrome P450-de- 
pendent oxidative desulfuration of parathion (20, 27, 36). 

In previous work, it has been found that acute exposure to 
lethal levels of paraoxon when administered with an antidote (to 
mimic an acute accidental poisoning and treatment) produces 
deficits in schedule-controlled behavior. In this work, a high 
sublethal dose of paraoxon, 1.3 mg/kg, resulted in 52% and 34% 
depressions in schedule-controlled performance at days 1 and 2, 
respectively, following exposure, while brain AChE levels re- 
mained below controls (6). However, no work has been done on 
the effects of lower levels of paraoxon on this type of positively 
reinforced behavior and its relation to the cholinergic system in 
the brain. Thus it is not presently known how much AChE inhi- 
bition can occur without eliciting adverse effects. It has also 
been proposed that OP-induced behavioral deficits result from 
peripheral effects as well as central effects (4), though this is 
not a widely accepted theory. Therefore, analysis of peripheral 
plasma cholinesterase (ChE) inhibition was also included. Also, 
other serine esterases which could serve as alternate phosphory- 
lation sites for OP's,  such as aliesterases (carboxylesterases), 
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TABLE 1 

ACETYLCHOLINESTERASE SPECIFIC ACTIVITY AND PERCENT INHIBITION 
IN THE CEREBRAL CORTEX OF RATS FOLLOWING EXPOSURE TO THREE 

SUBLETHAL DOSAGES OF PARAOXON 

Dosages 

Time 0.5 mg/kg 0.75 mg/kg 1.0 mg/kg 

2 h 17.36 ± 4.28"A 6.71 ± 1.11*A 3.58 -+ 0.98"A 
58.13% (5) 83.82% (5) 91.37% (5) 

1 Day 20.07 --- 1.15*A 15.15 --- 1.25"B 13.63 _ 0.81*B 
51.60% (5) 63.46% (5) 67.13% (5) 

2 Day 25.96 ± 1.00*B 21.71 ± 1.35"C 21.62 ± 1.04"C 
37.39% (5) 47.64% (5) 47.86% (5) 

3 Day 30.11 ± 1.38"BC 26.43 --- 1.37"CD 22.10 _ 0.99"CD 
27.39% (5) 36.26% (5) 46.70% (5) 

4 Day 33.07 ± 3.73"C 29.55 ± 0.81*D 26.73 ± 0.58"D 
20.25% (4) 28.74% (4) 35.54% (4) 

Specific activity is expressed as nmoles substrate hydrolyzed per min per mg 
protein --- S.E.M. Number of replications in parentheses. Control specific activity is 
41.46---0.70 (24). 

*Indicates significantly different (p<0.01) from control. Means within a column not 
followed by the same letter are significantly different (/7<0.01). 

have been postulated to be a protective mechanism against OP- 
induced toxicity. Therefore, the initial inhibition and recovery 
of liver and plasma aliesterases were quantified to study their 
possible protective role in low-level paraoxon exposures. A cor- 
relation between inhibition of  these peripheral enzymes and in- 
hibition of performance would suggest that the enzymes could 
serve as a biomarker of OP-induced neurobehavioral deficits. 

Currently, the literature contains many behavioral studies in 
which only a single dose of individual neurotoxic compounds 
were tested (32,37). Other studies present behavioral results but 
no accompanying biochemical analysis for comparison (26,29). 
By establishing a behavioral dose-response curve with accompa- 
nying biochemical analysis, inferences can be made about the 
biochemical causes of the behavioral effects. These experiments 
were designed to study the effects of acute low-level exposures 
to paraoxon on fixed ratio performance. Three dosages of paraoxon 
(0.5, 0.75, and 1.0 mg/kg) were administered. The initial inhi- 
bition and recovery of brain ACHE, two plasma cholinesterases 
(butyrylcholinesterase (BChE) and plasma non-iso-OMPA-sensi- 
five CITE), and liver and plasma aliesterases were also studied to 
determine any correlations between central and/or peripheral 
biochemical parameters and performance deficits. 

METHOD 

An/ma/s 

Male experimentally naive Sprague-Dawley [Crl:CD(SD)BR] 
rats (originally from Charles River) weighing 250-300 g were 
used. The rats used in the behavior studies were housed sepa- 
rately in wire-bottom cages (28x21  x23  cm) with tap water 
freely available except during behavioral testing. Food (Purina 
rat chow) was freely available prior to experimentation. The rats 
used for biochemical studies were housed in the colony until 
designated for the study, at which time they were injected and 
housed in groups of four; food and water were available ad lib 
throughout testing. The room was maintained at a temperature 
of 2 2 - 2 ° C  on a 12:12 LD cycle. Eight animals were used for 

each behavioral treatment group and 4-5 for the biochemical ex- 
periments. 

Chemicals 

The paraoxon was a gift from Howard W. Chambers, De- 
partment of Entomology, Mississippi State University, and was 
synthesized according to described procedures (7). The same 
batch of paraoxon was used throughout the study and was greater 
than 99% pure. Corn oil was used as the vehicle. All biochemi- 
cals were obtained from Sigma Chemical Company (St. 
Louis, MO). 

Behavioral Protocol 

In preparation of the animals for training in the schedule- 
controlled behavioral study, food was deprived for 48 h with 
water freely available. The rats were housed in pairs in order to 
reduce the stress of food deprivation. The rats were separated 
into individual cages following the 48 h. The rats were placed 
in an experimental chamber and trained by successive approxi- 
mations to press a lever for 48 mg food pellets (P. J. Noyes 
Company, Inc.). Training took place for 15 min/day until the 
rats were responding independently. The subjects were then 
placed in a microcomputer-monitored experimental chamber. All 
experimental chambers were BRS-LVE (Model #143-03) and 
were equipped with a houselight, a sound-masking ventilation 
fan, a single response lever, and a magazine for delivery of food 
pellets. The behavioral testing was performed at the same time 
daily and no water was available during the tests. To maintain 
motivation, the rats were kept at about 80% of their free-feeding 
weight through a restricted feeding schedule which involved 
providing an additional 10-12 g of  Purina Lab Chow to each rat 
after a test. Each test session ended after 50 min or after the 
delivery of 50 food pellets, whichever occurred first. 

The rats began on a Fixed Ratio of One (FR1) schedule on 
the first day in the microcomputer-monitored box. The rats pro- 
gressed to and were maintained under an FR10 schedule. The 
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TABLE 2 

AcErYLCHOLINES~E SPECIFIC ACTIVITY AND PERCENT INH/BITION 
IN THE MEDULLA OBLONGATA OF RATS FOLLOWING EXPOSURE TO 

THREE SUBLETHAL DOSAGES OF PARAOXON 

Dosages 

Time 0.5 mg/kg 0.75 mg/kg 1.0 mg/kg 

2 h 35.72 --- 8.37"A 12.93 - 1.91*A 8.05 +_ 1.57"A 
54.67% (5) 83.60% (5) 89.78% (5) 

1 Day 51.57 _ 5.01*B 39.19 - 1.54"B 37.70 - 2.29"B 
34.56% (5) 50.27% (5) 52.16% (5) 

2 Day 58.09 ± 5.09"BC 49.63 --- 4.80"B 47.22 -+ 4.60"B 
26.28% (5) 37.02% (5) 40.08% (5) 

3 Day 54.30 - 1.99"BC 48,27 _ 2.38"B 48.74 _ 2.78"BC 
28.09% (5) 38.74% (5) 38.15% (5) 

4 Day 67.33 - 5.98"C 64.24 - 4.22"C 62.41 - 2.77"C 
14.56% (4) 18.48% (4) 20.80% (4) 

Specific activity is expressed as mnoles substrate hydrolyzed per min per mg protein __. 
S.E.M. Number of replications in parentheses. Control specific activity is 78.80 __. 1.64 
(24). 

*Indicates significantly different (p<0.01) from control. Means within a column not 
followed by the same letter are significantly different (p<0.01). 

daily response rate (responses/s) was monitored by the micro- 
computer. After about 3-5 weeks, the animals normally devel- 
oped a stable response rate that varied less than 10% over 3 
days. After reaching this criterion of stability, the rats were 
treated. Each dose was injected intraperitoneally (IP) at 1 ml/kg 
about 22 h prior to the next test session. Controls were injected 
with an equivalent amount of corn oil. This time period elimi- 
nated from the behavioral tests the immediate acute effects of 
the paraoxon. The rats, 8 per dose, were tested for 4 days fol- 
lowing exposure to the paraoxon and the response rate was re- 
corded. The response rates for the 3 days prior to injection were 
averaged and considered the pretreatment average ( " 0 "  day). 

Biochemical Studies 

On the fourth day, the behavioral animals were euthanized 
by decapitation and the cerebral cortex and medulla oblongata 
were removed for AChE analysis. Separate untrained rats were 
injected with the same dosages and sacrificed after 2 h and 1, 2, 
3, and 4 days. From these animals, the brain was removed and 
chilled to obtain the cerebral cortex and medulla oblongata for 
AChE analysis. Also, 0.05 g of liver was removed for aiiesterase 
determination. Blood was collected using EDTA to prevent clot- 
ting and the plasma was obtained by centrifuging at 17,000 x g 
for 5 min for subsequent determination of aliesterase, BChE, and 

TABLE 3 

ALIESTERASE SPECIFIC ACTIVITY AND PERCENT INHIBITION IN THE LIVER OF 
RATS FOLLOWING EXPOSURE TO THREE SUBLETHAL DOSAGES OF PARAOXON 

Dosages 

Time 0.5 mg/kg 0.75 mg/kg 1.0 mg/kg 

2 h 372.9 - 54.0"A 259.9 +- 37.2"A 225.6 - 62.8"A 
65.72% (5) 76.11% (5) 79.26% (5) 

1 Day 765.7 +- 22.2"B 535.2 +_ 76.1"B 499.1 __ 56.0"B 
29.61% (5) 50.80% (5) 54.12% (5) 

2 Day 797.7 __ 42.9"B 723.3 +- 70.0*BC 656.5 --- 79.4"B 
26.68% (5) 33.51% (5) 39.65% (5) 

3 Day 814.5 - 72.8"B 728.2 -+- 82.5"BC 686.5 +_ 73.8"B 
25.13% (5) 33.06% (5) 36.89% (5) 

4 Day 961.1 - 68.8 B 804.2 - 65.8"C 757.2 +-- 70.6"B 
11.65% (4) 26.08% (4) 30.37% (4) 

Specific activity is expressed as nmoles substrate hydrolyzed per rain per nag protein _+ 
S.E.M. Number of replications in parentheses. Control specific activity is 1087.9 ± 35.4 
(24). 

*Indicates significantly different (p<0.01) from control. Means within a column not 
followed by the same letter are significantly different (p<O.Ol). 
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TABLE 4 

ALIESTERASE SPECIFIC ACTIVITY AND PERCENT INHIBITION IN THE PLASMA OF 
RATS FOLLOWING EXPOSURE TO THREE SUBLETHAL DOSAGES OF PARAOXON 

Dosages 

Time 0.5 mg/kg 0.75 mg/kg 1.0 mg/kg 

2 h 6.9 __, 2.5"A 5.5 --- 1.5*A 3.9 ± 1.3*A 
96.28% (5) 97.06% (5) 97.91% (5) 

1 Day 108.0 _ 20.0*B 99.3 - 8.1*B 76.1 ± 7.3"B 
42.61% (5) 47.22% (5) 59.54% (5) 

2 Day 127.9 - 10.2*BC 115.8 --- 5.1*B 100.9 ± 8.4"BC 
32.04% (5) 38.47% (5) 46.39% (5) 

3 Day 141.6 ± 7.3 BC 125.2 ± 8.6"B 121.0 ± 5.3"C 
24.77% (4) 33.48% (4) 35.71% (5) 

4 Day 156.5 _ 9.6 C 135.8 - 17.2"B 125.1 + 7.0"C 
16.71% (4) 27.84% (4) 33.53% (4) 

Specific activity is expressed as nmoles substrate hydrolyzed per rain per mg protein -.+ 
S.E.M. Number of replications in parentheses. Control specific activity is 188.2 - 4.9 
(24). 

*Indicates significantly different (p<0.01) from control. Means within a column not 
followed by the same letter are significantly different (p<0.01). 

non- iso-OMPA-sens i t ive  ChE activity. 
A C h E  activity in the brain was measured spectrophotometr i-  

cally using a modif icat ion (5) o f  El lman et al. (9) using acetyl- 
thiocholine as the substrate and 5,5 ' -di thiobis(2-ni t robenzoate)  as 
the chromogen.  Duplicate subsamples  were run for all samples 
at a final concentrat ion o f  1 mg/ml .  

Liver  was homogenized  at 5 mg/ml  in 0.05 M Tris-HC1 
buffer  (pH 7.4 at 25°C). For  determinat ion o f  aliesterase activ- 
ity, liver (0.0283 mg/ml)  and plasma (0.625 p,l/ml) were  incu- 
bated in 4 ml o f  the same buffer  and paraoxon was used in the 
enzyme blank at a final concentrat ion o f  0.01 mM.  Fol lowing a 
15 min preincubation,  the substrate, 4-nitrophenyl valerate (final 
concentrat ion o f  0.5 mM),  was added. The reaction was termi- 

nated by the addition o f  250 ixl/ml o f  a mixture containing 2% 
sodium dodecyl  sulfate and 2% Tris base.  Absorbance was 
measured at 400 nm in a Perkin-Elmer Lambda  5 spectro- 
photometer .  

Plasma non- iso-OMPA-sens i t ive  ChE activity was measured 
spectrophotometrically using a modificat ion o f  Ellman et al. (9) 
similar to Chambers  et al. (5). Plasma (50 p,l/ml) was preincu- 
bated with a final concentrat ion o f  0.01 m M  i so -OMPA (tetra- 
sopropyl pyrophosphoramide) ,  an inhibitor specific for BChE,  to 
eliminate BChE activity and eserine sulfate (final concentration 
o f  0.01 mM) was used to correct for non-ChE hydrolysis .  
Acetyl thiocholine was the substrate and 5,5 '-di thiobis(2-nitro-  
benzoate) was the chromogen.  

TABLE 5 

NON-ISO-OMPA-SENSITIVE CHOLINESTERASE SPECIFIC ACTIVITY AND 
PERCENT INHIBITION IN THE PLASMA OF RATS FOLLOWING EXPOSURE 

TO THREE SUBLETHAL DOSAGES OF PARAOXON 

Dosages 

Time 0.5 mg/kg 0.75 mg/kg 1.0 mg/kg 

2 h 0.567 - 0.03*A 0.525 - 0.03*A 0.447 _ 0.02*A 
74.23% (5) 76.14% (5) 79.68% (5) 

1 Day 1.706 - 0.02*B 1.610 _ 0.04*B 1.613 - 0.03*B 
22.45% (5) 26.82% (5) 26.68% (5) 

2 Day 1.866 --+ 0.05*B 1.845 - 0.04'C 1.777 --- 0.04*BC 
15.18% (5) 16.14% (5) 19.23% (5) 

3 Day 2.111 _ 0.04 C 2.036 __. 0.02 CD 1.909 - 0.07"C 
4.05% (4) 7.45% (4) 13.23% (4) 

4 Day 2.136 ± 0.12 C 2.155 + 0.08 D 1.924 ± 0.04"C 
2.91% (4) 2.05% (4) 12.55% (4) 

Specific activity is expressed as nmoles substrate hydrolyzed per min per mg protein --- 
S.E.M. Number of replications in parentheses. Control specific activity is 2.20 - 0.03 
(23). 

*Indicates significantly different (p<0.01) from control. Means within a column not 
followed by the same letter are significantly different (p<0.01). 
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TABLE 6 

BUTYRYLCHOLINESTERASE SPECIFIC ACTIVITY AND PERCENT INHIBITION 
IN THE PLASMA OF RATS FOLLOWING EXPOSURE TO THREE 

SUBLETHAL DOSAGES OF PARAOXON 

Dosages 

Time 0.5 mg/kg 0.75 mg/kg 1.0 mg/kg 

2 h 0.444 - 0.06*A 0.411 --- 0.05*A 0.307 - 0.03*A 
50.94% (5) 54.59% (5) 66.07% (5) 

1 Day 0.729 --- 0.04AB 0.639 - 0.13*AB 0.511 ___ 0.03*AB 
19.45% (5) 29.39% (5) 43.54% (5) 

2 Day 0.811 +__ 0.10 B 0.798 - 0.13 B 0.653 ± 0.07*BC 
10.39% (5) 11.82% (5) 27.85% (5) 

3 Day 0.918 +-- 0.08 B 0.824 - 0.10 B 0.766 - 0.08 BC 
0% (4) 8.95% (4) 15.36% (4) 

4 Day 1.051 _ 0.09 B 0.975 - 0.08 B 0.915 +_ 0.15 C 
0% (4) 0% (4) 0% (4) 

Specific activity is expressed as moles  substrate hydrolyzed per rain per mg protein --- 
S.E.M. Number of replications in parentheses. Control specific activity is 0.905 +-- 0.04 
(23). 

*Indicates significantly different (p<0.01) from control. Means within a column not 
followed by the same letter are significantly different (p<0.01). 

Plasma BChE activity was measured spectrophotometrically 
using a modification of Ellman et al. (9) similar to Chambers et 
al. (5). Butyrylthiocholine was the substrate and 5,5'-dithiobis(2- 
nitrobenzoate) was the chromogen. Iso-OMPA was used to cor- 
rect for non-BChE hydrolysis. 

For all tissues, proteins were quantified by the method of 
Lowry et al. (23), using bovine serum albumin as a standard. 

Statistical Analysis 

For all acute behavioral studies, the data were analyzed as a 
repeated measurements (split plot) design using general linear 
model (GLM) with one grouping variable (treatment) and one 
within-treatment variable (day). For the analyses the " 0 "  day 
values were the average of the last 3 pretreatment tests (the day 
of treatment and the previous two days). Appropriate least sig- 
nificant means (LSM) comparisons were made to separate days 
within treatment. 

For the biochemical assays, the differences in specific activi- 
ties were determined between control and treated groups using 
GLM followed by LSM separation of days within treatment. 

RESULTS 

Signs of Poisoning 

Within 30 minutes following exposure, the treated animals 
showed dose-dependent signs of paraoxon intoxication. The two 
higher doses caused more typical signs of OP poisoning such as 
tremors, salivation, and lacrimation with the 1.0 mg/kg dosage 
being more severe. Although the lowest dosage did not induce 
these typical signs of poisoning, there was a lack of normal ac- 
tivity. Animals treated with 0.5 mg/kg paraoxon did not seem to 
be interested when approached and remained stationary in the 
cage. However, all outward signs of paraoxon toxicity had sub- 
sided by one day following all treatments. 

Behavior 

Behavioral performance was initially decreased on days 1 and 
2 following treatment in a dose-dependent fashion with all 

paraoxon treatments (Fig. 1). The control group maintained a 
stable response rate throughout the test period. There were no 
significant differences between the control groups and the pre- 
treatment response rates of any treatment group. Therefore, the 
posttreatment response rates were statistically compared to the 
pretreatment response rates of that group. 

There was no significant difference between pretreatment re- 
sponse rates and posttreatment response rates with 0.5 mg/kg 
paraoxon though response rates did decrease. The response rates 
of rats given 0.75 mg/kg were significantly lower than pretreat- 
merit rates by 25% and 18% on days 1 (p<0.0004)  and 2 
(p<0.008) ,  respectively, while 1.0 mg/kg yielded performance 
deficits of 56% and 32% on days 1 (p<0.0001) and 2 (p<0.0001),  
respectively. 

Biochemical 
AChE activity in the cerebral cortex and medulla oblongata 
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FIG. 1. Percentage depression of FR-10 performance in rats exposed to 
three sublethal doses of paraoxon. Control=O; 0.5 mg/kg=O; 0.75 
mg/kg= A; 1.0 mg/kg = A. Day 0 indicates three day pretreatment aver- 
age as 100%. *Indicates a significant difference from pretreatment levels 
(p<0.01). 
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Was significantly inhibited in a dose-dependent manner through- 
out the study for all paraoxon treatments (Tables 1 and 2). Re- 
covery occurred faster in the medulla oblongata than in the 
cerebral cortex. Though not presented, percentage brain AChE 
inhibition on day 4 in the behavioral subjects was comparable to 
the day 4 percentage inhibition of the nonbehavioral subjects 
with less than 7% differences in the two lower doses and less 
than 11% differences in the highest dose. Although rats used for 
biochemical measures were not food deprived as were the be- 
havioral animals, the similar inhibition of AChE on day 4 in 
both groups suggests that the biochemical parameters are com- 
parable. 

Liver aliesterase activity was significandy inhibited for 3 
days for all paraoxon treatments, but the 0.5 mg/kg group re- 
covered by day 4 (Table 3). Initial inhibition of liver aliesterase 
activity appeared to occur in a dose-dependent manner. Plasma 
aliesterase activity was significantly inhibited with the two higher 
doses throughout the study, but activity had recovered by day 3 
in rats exposed to 0.5 mg/kg (Table 4). Initial inhibition of 
plasma aliesterases was nearly 100% with all doses of paraoxon 
a t2h .  

Plasma non-iso-OMPA-sensitive ChE activity was inhibited 
for 2 days in all paraoxon-treated groups. Recovery of activity 
did not occur in the highest dose but the 0.5 mg/kg and 0.75 
mg/kg groups recovered by day 3 (Table 5). 

Plasma BChE activity was initially inhibited on day 1 with 
all paraoxon treatments and day 2 with 1.0 mg/kg (Table 6). 
Activity recovered much faster than plasma aliesterases and 
non-iso-OMPA-sensitive ChE, and reached 100% of control by 
day 4 with all dosages. 

DISCUSSION 

In the present study, acute exposure of rats to different levels 
of paraoxon produced initial dose-dependent deficits in sched- 
ule-controlled behavior. All biochemical measures were also ini- 
tially inhibited in a dose-dependent manner with the exception 
of plasma aliesterases whose activity was virtually eliminated. 

Aliesterases in the plasma and fiver seem to provide a pro- 
tective mechanism against OP toxicity (8,20). Greater percent- 
age inhibition was observed with plasma than with liver aliesterase 
activities. This rapid inhibition was expected because the chemi- 
cal used, paraoxon, was an active antiesterase and did not re- 
quire hepatic activation as the parent insecticide would. If these 
phosphorylation sites for paraoxon were not present, the amount 
of brain AChE inhibition would probably have been greater. 

The inhibition of AChE by these lower doses of paraoxon 
was substantial and persistent, with no significant recovery ob- 
served. The slow rate of recovery could have been the result of 
the aging of the phosphorylated AChE (7). During the latter part 
of the study when there were no significant deficits in behavior, 
cholinergic hyperactivity could still have been present in the 
brain. On the other hand, cholinergic hyperactivity may only re- 
sult after a certain threshold of AChE inhibition has been achieved. 

Behavioral deficits have been shown to recover prior to brain 
AChE recovery following exposure to several anticholinesterase 
insecticides (33) including parathion, the parent insecticide of 
paraoxon (30). Similar results were indicated here with paraoxon. 
It appears that brain AChE activity is more sensitive than per- 
formance to inhibition, suggesting that there is a fraction of brain 
AChE activity which is not necessary for normal performance of 
this task. 

It has been hypothesized that the obvious signs of OP intoxi- 
cation are associated with the performance deficits in schedule- 
controlled behavior (25). Since noticeable signs of intoxication 
frequently occur during the time of peak AChE inhibition, the 

correlation of peak inhibition and peak performance deficits 
could be partially attributed to incapacitation of the animal fol- 
lowing exposure to an OP. With these lower doses of paraoxon, 
the obvious signs of intoxication had disappeared by day 1. Thus 
deficits in schedule-controlled behavior can occur without con- 
current overt signs of toxicity. 

These data do not directly agree with studies with DFP in 
which brain AChE was lowered to 46% of normal and no con- 
sequent operant behavioral deficits occurred (28). In the present 
study, behavioral deficits occurred with brain AChE levels at 
50% of control. Thus a difference exists in the sensitivity of 
brain AChE and performance when exposed to different OP's. 
In previous studies, following intrastriatal injection of three OP 
ChE inhibitors, DFP, soman and satin, only DFP produced gross 
motor deficits while all three produced similar brain AChE inhi- 
bition (24). Also, it has been demonstrated that differences in 
time course recovery of AChE differs with OP's such as DFP 
and paraoxon (3), and even different brain areas have different 
recovery rates after peripheral exposure to OP's (7,19). These 
rate differences have been observed in this study with the me- 
dulla oblongata recovering faster than the cerebral cortex. 

It has been proposed that to obtain a deficit in behavior, brain 
AChE must be lowered to below a threshold at 45% of normal 
(16). However, no threshold was observed here. The amount of 
inhibition of AChE in the cerebral cortex at the same time as a 
behavioral deficit varied among treatment groups. AChE inhibi- 
tion was greater than 60% on day 1 when behavioral deficits 
occurred in the 0.75 mg/kg and 1.0 mg/kg paraoxon groups, 
while no behavioral deficits were present with 0.5 mg/kg paraoxon 
even though AChE inhibition was 51% (Tables 1 and 2). In 
contrast, the inhibition of AChE was below 50% on day 2, but 
behavioral deficits were still present in the two higher groups. 

All doses of paraoxon significantly inhibited plasma BChE 
and non-iso-OMPA-sensitive ChE at 2 h. Non-iso-OMPA-sensi- 
rive ChE was initially inhibited to levels comparable to brain 
AChE inhibition. However, recovery of plasma non-iso-OMPA- 
sensitive ChE was faster than that of brain AChE. Since the 
function of non-iso-OMPA-sensitive ChE is not known, it is dif- 
ficult to make inferences about its toxicological significance. Its 
lack of sensitivity to iso-OMPA and its sensitivity to eserine 
suggests that this may be AChE. Plasma BChE seemed to be 
less sensitive to paraoxon inhibition than non-iso-OMPA-sensi- 
tive ChE (Tables 6 and 7). The recovery of BChE activity was 
much faster than the recovery of both brain AChE and plasma 
non-iso-OMPA-sensitive ChE. There was no direct correlation 
between the inhibition of either of the plasma ChE's and behav- 
ioral deficits. Unfortunately, the plasma parameters measured 
here do not seem to be accurate biomarkers for either brain 
AChE inhibition or behavioral deficits. 

The lack of correlation between behavior and central or pe- 
ripheral ChE activity indicates that AChE is not the sole deter- 
minant of this behavior or that the critical brain region was not 
monitored. There is a difference in the target areas of different 
OP's (37). For example, studies have been conducted with 
paraoxon in which paraoxon in vitro was found to act directly 
as an agonist on certain subtypes of central muscarinic receptors 
(17). This type of noncholinesterase action could affect behav- 
ioral performance. 

In schedule-controlled behavior, obtaining the food reward is 
thought to depend upon appetite and motivation; therefore, these 
could negate the role of memory in these types of behavioral 
results (6). However, alterations in appetite and motivation were 
probably not responsible for the performance deficits observed 
in this study. Following completion of behavioral testing prior 
to exposure to paraoxon, about half of the animals were accus- 
tomed to obtain their daily ration of food from the author's hand 



ACUTE BEHAVIORAL EFFECTS OF PARAOXON 935 

above the edge of the cage. Following exposure to paraoxon, no 
animal failed to obtain food in this manner. This behavior sug- 
gests that appetite and motivation were still present in these ani- 
mals. Certain behaviors may be more susceptible to inhibition 
by OP's  than others. It has been proposed that types of behavior 
that involve higher CNS function and require motor activity, 
such as schedule-controlled behavior, are more sensitive to ChE 
inhibitors (37). 

It can be hypothesized that exposure to OP's  disrupts the 
ability of an organism to perform a learned task via inhibition of 
AChE in the brain. The data presented here indicates that brain 
AChE inhibition alone does not explain the deficits in the per- 
formance observed. While the involvement of the brain cholin- 
ergic system in learning has been well documented (1, 2, 35), it 
is possible that the disruption of FR performance caused by 
paraoxon can be attributed to both central and peripheral effects. 
Behavioral deficits have been demonstrated with other anti- 
cholinesterases such as sarin (21), which has a predominantly 
peripheral mode of action (37). Following treatment with par- 
athion and DFP, whole brain AChE did not correlate with the 
saccharin preference ratio while plasma ChE did, suggesting that 
a peripheral site might mediate OP-induced conditioned taste 
aversion (32). In comparison, if the peripheral data present in 
the form of plasma cholinesterases are an indication of the pe- 
ripheral system, then a much faster recovery occurs in the pe- 
ripheral than in the central nervous system, and could indicate 

that both the peripheral and central cholinergic system may be 
involved in behavioral deficits. There is no doubt that the cen- 
tral cholinergic system plays an important role in behavioral 
performance but the effects of anticholinesterases may not to- 
tally depend upon their action at cholinergic synapses but may 
also result as a secondary effect upon noncholinergic synapses 
(18) such as abnormal increases in choline (11) or alterations in 
postsynaptic receptor mechanisms (10). These types of effects 
are usually not correlated with OP-induced behavioral deficits. 

In conclusion, although there were obvious dose-response re- 
lationships present in both biochemistry and behavior, there was 
no clear-cut threshold of brain AChE inhibition which was re- 
quired to yield performance deficits, nor was there a direct cor- 
relation between significant inhibition in peripheral enzymes and 
performance deficits. These experiments did not elucidate a pe- 
ripheral enzyme which could serve as a biomarker to predict 
OP-induced deficits in schedule-controlled behavior. Therefore, 
further investigation is needed to understand the OP-induced 
biochemical and physiological effects that cause alterations in 
behavior. 
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