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Chlorpyrifos: Assessment of Potential for Delayed Neurotox-
icity by Repeated Dosing in Adult Hens with Monitoring of
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Previous work has shown that acute exposures to chlorpyrifos
(CPS; diethyl 3,5,6-trichloro-2-pyridyl phosphorothionate)
cannot produce >70% inhibition of brain neurotoxic esterase
(NTE) and cause organophosphorus compound-induced de-
layed neurotoxicity (OPIDN) unless the dose is well in excess of
the LD50, necessitating aggressive therapy for chelinergic toxic-
ity. The present study was carried out to determine if repeated
doses of CPS at the maximum tolerated daily dose without pro-
phylaxis against cholinergic toxicity could cause cumulative in-
hibition of NTE and OPIDN. Adult hens were dosed daily for
20 days with CPS (10 mg/kg/day po in 2 ml/kg corn oil) or corn
oil (vehicle control) (2 ml/kg/day po} and observed for an addi-
tional 4 weeks. Brain acetylcholinesterase (AChE), brain and
lymphocyte NTE, and plasma butyrylcholinesterase (BuChE)
activities were assayed on Days 0 (control only), 4, 10, 15, 20,
and 48. During Days 4-20, brain AChE and plasma BuChE
activities from CPS-treated hens were inhibited 58-70% and
49-80% of contemporaneous conirols, respectively. At 4 weeks
after the end of dosing, brain AChE activity in treated birds had
recovered to 86% of control and plasma BuChE activity was
134% of control. Brain and lymphocyte NTE activities of
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treated animals throughout the study were 82-99% and 85-
128% of control, respectively. Neither brain nor lymphocyte
NTE activities in treated hens exhibited cumulative inhibition.
The 18% inhibition of brain NTE seen on days 10 and 20 was
significant, but substantially below the putative threshold for
OPIDN. Body weight of treated hens decreased 10-25% during
Days 4-20 and recovered to 87% of control by the end of the
study. Some treated hens developed a slight staggering gait dur-
ing the first week of dosing, which disappeared by the second
week. Throughout the 4-week observation period, alt hens ap-
peared normal and were able to perch on a horizontal rod. The
results indicate that daily dosing with CPS at a level sufficient to
cause significant loss of body weight as well as marked inhibi-
tion of brain AChE and plasma BuChE resulted in no signifi-
cant change in lymphocyte NTE activity, a maximum inhibition
of brain NTE of 18%, no cumulative inhibition of lymphocyte
or brain NTE, and no clinical signs of OPIDN. @ 1993 Society
of Toxicelogy.

Chlorpyrifos (CPS; diethyl 3,5,6-trichloro-2-pyridyl
phosphorothionate; Dursban) was developed in 1965 as a
broad-spectrum organophosphorus (OP) insecticide (Eto,
1979). The parent compound is metabolically activated to
CPS oxon (CPQ} by oxidative desulfuration (Chambers
and Chambers, 1989) and detoxified principally by A-ester-
ase hydrolysis of CPO to diethyl phosphate and 3,5,6-tri-
chloro-2-pyridinol (Sultatos ef al., 1984, 1985; Costa et al.,
1990). The insecticidal action of CPS stems from inhibition
of acetylcholinesterase (AChE) by CPO, resulting in acute
cholinergic toxicity (Eto, 1979). CPS is widely employed for
a variety of agricultural and public health applications, and
its use is likely to increase as a replacement for other insecti-
cides that are either less effective for certain applications or
no longer available due to regulatory action (Sultatos et al.,
1982; Jitsunari et af., 1989; Barron et al., 1991).

Sufficiently high acute or repeated doses of some OP
compounds can cause a distal degeneration of sensory and
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motor axons in peripheral nerves and spinal cord called OP
compound-induced delayed neurotoxicity (OPIDN). Pre-
sumably because of spinal tract involvement, recovery
from the resultant sensory loss and paresis in OPIDN is
generally poor. This neurodegenerative disease is thought
to be initiated by irreversible inhibition of a critical concen-
tration of neurotoxic esterase (neuropathy target esterase,
NTE) by neuropathic OP compounds in neural tissue
(Davis and Richardson, 1980; Johnson, 1982). The approx-
imate threshold of NTE inhibition in brain that correfates
with initiation of OPIDN is >70% for acute exposures, but
may be >50% for repeated exposures to some QP com-
pounds (Davis ef al., 1985). Behavioral signs of ataxia and
paresis typically appear following a delay of 8—18 days after
threshold inhibition has been reached from either acute or
repeated exposure to a neuropathic OP compound (Davis
and Richardson, 1980; Davis et al., 1985). Current guide-
lings for assessment of the neuropathic potential of OP
compounds initially require acute dosing in adult chicken
hens (female of Gallus gallus domesticus, >8 months of age
at the beginning of the study). Specified endpoints include
assays of brain AChE and NTE as well as behavioral obser-
vation of gait and histopathological examination of spinal
cord and peripheral nerves. The guidelines also require re-
peated dosing with examination of the same endpoints stip-
ulated for acute dosing if there have been positive or equivo-
cal findings of OPIDN in acute studies (USEPA, 1991).

Published studies on behavioral evaluation of gait after
acute treatment of adult hens (Gaines, 1969) or subchronic
treatment of young hens (<8 months of age at the begin-
ning of the study) (Francis ez al., 1985) with CPS reported
reversible leg weakness, which is inconsistent with the per-
sistent paresis seen in OPIDN. Similarly, unpublished cor-
porate reports were negative for both behavioral and histo-
pathological signs of OPIDN following acute (Rowe ef al.,
1978) or subchronic {(Barna-Lloyd ¢! a/l., 1986) administra-
tion of CPS to adult hens. Likewise, other subchronic or
chronic studies of CPS toxicity in fish, rats, or young chick-
ens have shown no indications of OPIDN (Schlinke, 1970;
Miyazaki and Hodgson, 1972; Sherman and Herrick, 1973;
McCollister et al., 1974; Jarvinen et al., 1983; Ogawa et al.,
1988; and Corley ¢t af., 1989), but these experiments did
not use the adult hen, which is the currently accepted ani-
mal model of choice for evaluation of OP compounds for
their potential to produce OPIDN (Davis et al, 1985;
USEPA, 1991). Moreover, none of these studies included
NTE assays, which would have enabled subthreshold neuro-
pathic potential to have been detected (Davis et al., 1985;
Johnson, 1990; USEPA, 1991).

In apparent agreement with the earlier animal studies, an
epidemiological study of 175 workers involved in the man-
ufacture or formulation of CPS did not detect any cases of
OPIDN (Brenner et al., 1989). However, a human case of
mild OPIDN resulting from ingestion of an estimated 300
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mg/kg dose of CPS in a suicide attempt has been reported
{Lotti et al., 1986). This incident prompted the World
Health Organization to categorize CPS as a delayed neuro-
toxicant capable of producing OPIDN (WHOQ, 1986) and
triggered further investigations of the neuropathic potential
of this compound. The most recent studies have shown that
hen brain AChE is approximatety 25-100 times more sensi-
tive than NTE to inhibition by CPO in vitro, and that the
acute dose of CPS required to reach the threshold for initia-
tion of OPIDN in hens protected against acute cholinergic
toxicity is several times the unprotected LD50 (Capodicasa
et al., 1991; Richardson ef al., 1993).

Although in vitro and single-dose studies have confirmed
that the risk of developing OPIDN from acute environmen-
tal exposures to CPS is essentially nil, the fact that NTE
inhibition and OPIDN can be produced at all means that
repeated-dose studies with NTE assays are required to as-
sess the possibility that cumulative inhibition of NTE
bevond the threshold for initiation of OPIDN could occur
during continuous low-level exposures (Johnson, 1990;
USEPA, 1991). The need for such studies has been under-
scored further by recent preliminary case reports: Schaum-
burg et al. (1992) have found sensory peripheral neuropa-
thy in 5 people who were environmentally exposed to CPS
sprayed in confined areas, and the total number of such
cases has increased to 11 in an updated study reported in
abstract form (Kaplan et al., 1992).

The present study was carried out in order to provide new
data for use in the assessment of the neuropathic risk of
repeated exposures to CPS. Adult hens were dosed with
CPS for 20 days with the previously reportied maximum
tolerated daily dose without prophylaxis against cholinergic
toxicity of 10 mg/kg/day po (Francis et al., 1985; Barna-
Llovd er al., 1986). During the dosing interval and subse-
quent 4-week observation period, general health and behav-
ioral signs indicative of OPIDN were appraised by monitor-
ing body weight, posture, gait, and perching ability.
Cholinergic potency was evaluated by measuring brain
AChE and plasma butyrylcholinesterase (BuChE) activi-
ties, and neuropathic tendency was evaluated by assaying
brain and lymphocyte NTE activities. None of the previous
repeated-dose studies of CPS toxicity included either brain
or lymphocyte NTE assays, and the only other repeated-
dose study of CPS in fully adult hens (Barna-Lloyd et al.,
1986) also omitted brain AChE or plasma BuChE assays.
Brain AChE and NTE are now required by current neuroc-
toxicity testing guidelines (USEPA, 1991), and plasma
BuChE and lymphocyte NTE were included as accessible
biomonitors of cholinergic or neuropathic OP compound
exposures that are applicable to humans (Schwab and
Richardson, 1986; Lotti e al., 1986). A preliminary ac-
count of this work has been presented and published in
abstract form (Richardson et al., 1991).
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METHODS

Chemicals. CPS, (100% pure, Lot No. AGR 220406) was kindly pro-
vided by The Dow Chemical Company (Midland, MI). Other chemicals
were acquired from the following commercial sources: mipafox and
phenyl valerate (Lark Enterprises, Webster, MA); acetylthiocholine iodide
(ATCh) and paraoxon {Aldrich Chemical Co.. Milwaukee, WI); butyryl-
thiocholine iodide (BuTCh) (Eastman-Kodak, Rochester, NY); 5,5-
dithiobis-(2-nitrobenzoic acid) (DTNB) and bovine serum albumin, frac-
tion V (BSA-V) (Sigma Chemical Co., St. Louis, MO); 4-aminoantipynne
(Fisher Scientific, Livoma, MI); and Ficoll-Paque (Pharmacia, Piscata-
way, NJ}. All other chemicals were reagent grade or the highest grade
commercially available. Aqueous solutions were prepared in distilled-
deionized water.

Animals and treatments. Adult white Leghorn laying hens {Omega
Chicks, Haslett, MI) approximately 18 months of age and weighing 1.77 +
0.02 kg (mean + SE, n = 33) at the start of the study were used. These
animals were housed in stainless steel cages with a maximum of four per
cage, in AAALAC-approved facilities maintained at 21-23°C witha 12-hr
light—dark cycle. Hens were given Layena feed (Ralston Purina, St. Louis,
MO) and tap water ad libitum throughout the i-week acclimation and
7-week study pertods.

The starting flock was randomized into two groups of 18/group (corn oil
control) and 15/group (CPS-treated). Surviving birds were dosed daily by
gavage for 20 days {Study Days 0-19), with corn 0il (2 ml/kg) or CPS (10
mg/kg/day po in 2 ml/kg corn oil). The CPS solution was prepared fresh
daily just prior to dosing. The hens were weighed daily during Days 0-20
and weekly during the subsequent 4-week observation period. They were
observed daily for signs of treatment effects throughout the study, with
particutar attention to changes in posture or gait indicative of OPIDN
(Davis and Richardson, 1980). Durning the 4-week post-treatment observa-
tion period, the ability of the birds to maintain a perch was tested on Study
Days 31, 34, 38, 41, 45, and 48 (1.e., starting on Day 12 and ending on Day
29 after the final daily dose) by placing them on a horizontal wooden rod
{length, 100 em; diameter, 2.4 c¢m) securely mounted 72 ¢cm above the
floor. Previous experience in our laboratory has shown that hens consis-
tently fail the perch test beginning on Day 10-12 after receiving a sufficient
dose of a neuropathic OP to produce OPIDN (Huggins, 1982}).

Tissue collection. Three hens per group were sacrificed by decapitation
on Study Days ( (control only), 4, 10, 15, 20, and 48. During the treatment
period (Days 0-19), animals were not dosed on the day they were sacri-
ficed. Whole bloed from each animal {20-30 ml) was collected by exsangui-
nation into a siliconized Erlenmever flask containing 0.3 ml heparin
(10,000 units/ml). The brain was quickly removed, placed in ice-cold Tris
buffer (30 mm Tris/0.2 mm EDTA, pH 8.00, at 25°C), stripped of superfi-
cial blood vessels and meninges, blotted, and weighed. Brains were homog-
enized in Tris buffer (10%, w/v) and further diluted 1:25 (v/v)in Tris buffer
to 4.0 mg/ml for the NTE assay, or 1:50 in phosphate buffer (20 mm Na
phaosphate, pH 7.60) 10 2.0 mg/ml for the AChE assay.

Preparation of plasma and lymphocyte samples. A 5.0-ml aliguot of
the heparinized blood was centrifuged at 1600g in a Beckman J-6 centri-
fuge for 10 min at room temperature. The plasma supernatant was diluted
1:50 (v/v) in 20 mM Na phosphate buffer, pH 7.60. Lymphocytes were
1solated by a modification of the method reported by Schwab and Richard-
son (1986). Whole blood was diluted 1:1 (v/v} with a balanced salt solution
(BSS) (14.5 mmM Tns, 0.01% (w/v) D-glucose, 0.005 mm CaCl,, 0.098 mm
MgCly, 0.54 mm KCl, 126 mm NaCl, pH 7.60); 8.0 ml of this preparation
was then layered onto 7.0 ml of Ficoll-Paque. The layered samples were
centrifuged at 500g for 30 min at 20°C in siliconized test tubes, The lym-
phocytes were recovered from the interface between the plasma and the
Ficoll-Paque. The volume of lymphocytes collected was diluted 1:1 with
BSS and centrifuged at 1000g for 10 min at 20°C. The pellet was resus-
pended in 10 ml of BSS and recentrifuged. The washed pellet was resus-
pended in 50 mM Tris/0.2 mM EDTA, (pH 8.0 at 25°C) to a volume equal

to that of the original dituted blood volume. Prior to assaying for NTE
activity, the samples were sonicated for 3 X 10 sec at a power output of 50
W with a Branson cell disrupter (Branson Sonic Power, Danbury, CT)
fitted with a microtip which was immersed halfway into the suspension.

ACHhE and BuChE assays. The AChE and BuChE assays were per-
formed according to a modification (Gorun ¢t al., 1978) of the colorimet-
ric method of Ellman et a/. (1961). Whole hen brain homogenate (2.0 mg
tissue/ml) or plasma (20 ul plasma/ml) (200 ul) was prewarmed (37°C) for
3 min, ATCh or BuTCh (4.0 mm) (200 gl) was added, and the samples
were incubated for 30 min. Enzyme activity was stopped by the addition of
DTNB reagent in ethanol (3.60 ml). Absorbance of the 5-thio-2-nitroben-
zoate chromophere formed from the reaction of thiocholine with DTNB
was measured at 412 nm and activity was calculated using an e valuc of
13,600 M~ cm™!. Activities were expressed per gram of tissue for AChE
and per milliliter of plasma for BuChE.

NTE assay. The NTE assay was modified from that of Johnson (1977).
Aliquots of paraoxon (400 uM, 0.25 ml) and buffer (0.25 ml) or paraoxon
and mipafox {200 M, 0.25 ml) in 50 mM Tris/0.2 mMm EDTA, pH 8.00
(pH at 25°C). were prewarmed (37°C) for 5 min. After the addition of
whole hen brain homogenate (0.50 ml of 4 mg tissue/ml) or lymphocyte
sonicate, samples were preincubated for 20 min to effect differential inhibi-
tion of NTE between samples incubated only with paraoxon (to inhibit
esterases other than NTE) or with paraoxon plus mipafox (1o inhibit ester-
ases including NTE). Phenyl valerate substrate {1.00 ml of 5.30 mM) was
added and the samples incubated for 15 min. Enzyme activity (hydrolysis
of phenyl valerate to phenol and valeric acid) was stopped by the addition
of 1.00 ml of 1.0% (w/v) sodium dodecy] sulfate containing 0.025% (w/v)
of the color reagent, 4-aminoantipyrine, K Fe(CN), (0.50 ml of 0.40%,
w/v} was added to develop the phenol chromophore and its absorbance
was measured at 510 nm. Activity was calculated based on the difference in
absorbance between tubes with or without mipafox, using an ¢ value of
13,900 M~ cm ™!, Activities were expressed per gram of tissue for brain and
per milligram of protein for lymphocyies. Protein concentration in lym-
phocyte samples was measured by the colorimetric method of Bradford
(1976), using BSA-V as the reference standard.

Statistical analyses. All statistical calculations and analyses were
carried out using SYSTAT statistical software (SYSTAT, 1992). Homoge-
neity of variances was evaluated by Bartlett’s test (p < (.05). Body weight
cata represent mean values of all remaining animals at each time point in
the control and treated groups; because the number of animals in each
group decreased over time, differences between control and treated mean
values at each time point were determined by an independent ¢ test using
the Bonferroni correction for six comparisons (critical value for signift-
cance, a, = 0.05). Brain AChE, brain NTE, and lymphocyte NTE data
were evaluated by two-way ANOVA; significance of differences between
control and treated mean values at each time point were determined by
post hoc pairwise comparisons using the Bonferroni test adjusted for five
comparisons {(p < (.05}. Plasma BuChE data had heterogeneous variances;
therefore, differences between control and treated mean values at each
time point were determined by an independent ¢ test using separate vari-
ances and the Bonferroni correction for five compansons (a = 0.05).

RESULTS

Daily oral dosing of CPS at the rate of 10 mg/kg/day for
20 days (Days 0-19) resulted in an apparent decrease in
body weight in CPS-treated hens during Days 4-20, which
was statistically significant except for Day 13 (Fig. 1). The
mean body weight of the CPS-treated hens was 75% of the
contemporaneous control value on Day 20. Despite the
weight loss, these birds were active and alert and appeared
to feed well. Several of the birds in the treated group exhib-
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FIG. 1. Time course of body weight (mean = SE) of control and CPS-

treated hens. CPS (10 mg/kg/day po in 2.0 ml/kg corn oil) was given on
Days 0-19; control hens received corn oil (2.0 mi/kg/day). The number of
animals for each time point is shown in parentheses; three animals were
sacrificed from each group on Days 0 {control only), 4, 10, 15, 20, and 48
for biochemical measurements. Significance of differences between CPS-
treated and contemporaneous control values; *« < (.05, independent ¢ test
with Bonferroni correction for six comparisons,

ited a slight staggering gait and suffered from diarrhea dur-
ing the first week of the study. These are expected choliner-
gic signs, although some of the control animals also had
diarrhea, suggesting that this response may have been due
in part to daily treatment with the corn oil vehicle. Any
signs of leg weakness or abnormal gait in the treated birds
disappeared by the second week of dosing. At the end of the
4-week post-treatment observation period, the mean body
weight of the surviving treated hens was 87% of control,
which was not statistically significant. Throughout the 4-
week observation period, the birds in both groups appeared
behaviorally normal and were able to maintain their bal-
ance on a perch (horizontal wooden rod). Perching ability
was assessed on Study Days 31, 34, 38, 41, 45, and 48,
which encompassed Days 12-29 after the last daily dose.
As expected for a cholinesterase inhibitor given at its
maximum tolerated daily dose, marked inhibition of both
brain AChE and plasma BuChE activity was observed
(Figs. 2 and 3). Brain AChE activity was inhibited 58-70%
during Days 4-20; inhibition was statistically significant for
every time point during this interval, but the small apparent
increase in inhibition over time was not significant (Fig. 2).
By 4 weeks after the end of the dosing period, brain AChE
activity had recovered to 86% of control, which was not
significantly different from control (Fig. 2). Plasma BuChE
activity in treated hens was inhibited 49-80% during Days
4-20 with no evident pattern of increasing or decreasing
inhibition over time; even though appareni inhibition was a
substantial 66-67% on Days 15 and 20, these values were
not statistically significant due to heterogeneity of var-
ances. At the completion of the study, plasma BuChE activ-
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FIG, 2. Time course of brain AChE activity (mean = SE, # = 3) in
control and CPS-treated hens. CPS (10 mg/kg/day po in 2.0 ml/kg corn
oil) was given on Days 0-19; control hens received corn oil (2.0 ml/kg/
day). Significance of differences between CPS-treated and contempor-
aneous control values: *p < (.05, two-way ANQOVA with post hoc Bon-
ferroni test adjusted for five comparisons.

ity in treated animals had recovered to 134% of control,
which was not significantly different from control (Fig. 3).

In contrast to the high levels of inhibition of brain AChE
and plasma BuChE activities produced by CPS treatment,
brain NTE activities in treated hens were 82-99% of con-
temporaneous control values and lymphocyte NTE activi-
ties were 85-128% of contemporaneous control values
throughout the study. There were no statistically significant
differences observed between treated and control values at
any time point for lymphocyte NTE, but the 18% inhibition
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FIG. 3. Time course of plasma BuChE activity (mean + SE, n = 3} in
control and CPS-treated hens. CPS (10 mg/kg/day po in 2.0 ml/kg corn
oily was given on Days 0-19; centrol hens received comn oil (2.0 mi/kg/
day). Significance of differences between CPS-treated and contempor-
aneous control values: *a < (.05, independent ¢ test with separate vari-
ances and Bonferroni correction for five comparisons.
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seen in brain NTE on Days 10 and 20 was statistically signif-
icant. Neither lymphocyte nor brain NTE showed cumula-
tive inhibition during Days 4-20 (Figs. 4 and 3).

DISCUSSION

This paper describes the first repeated-dose study of CPS
in adult hens to include assays for target enzymes in brain
{AChE and NTE) as stipulated by current guidelines for
neurotoxicity testing of OP compounds (USEPA, 1991). In
addition, determinations of biomarker enzymes in blood
{plasma BuChE and lymphocyte NTE) that could be moni-
tored in human exposures were also carried out (Lotti e af.,
1983; Richardson and Dudek, 1983; USEPA, 1992). Al-
though erythrocyte AChE can be a useful index of OP com-
pound exposure in humans (Sanz et al., 1991), this parame-
ter could not be used in the present study because hen eryth-
rocytes do mnot contain this enzyme (Pickering and
Pickering, 1977). This work was completed using a 20-day
dosing interval before the neurotoxicity guidelines recom-
mending a 28-day period were published (USEPA, 1991).
Nevertheless, 20 days at the high dose rate that was used
were sufficient to show that there was no cumulative inhibi-
tion of any of the esterases assayed, even though pro-
nounced inhibition of brain AChE and plasma BuChE had
occurred by Day 4. Moreover, the present study used a 4-
week postexposure observation period rather than the 21-
day period recommended in the guidelines, thus providing
additional time for signs of OPIDN to be detected.

The most consistent biochemical indicator of exposure
to CPS in this study was the marked decrease in brain
ACHE activity, reflecting its inhibition by CPQ. Substantial
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FIG. 4. Time course of brain NTE activity (mean + SE, # = 3} in
control and CPS-treated hens. CPS (10 mg/kg/day po in 2.0 ml/kg corn
oil) was given on Days 0-19; control hens received corn oil {2.0 ml/kg/
day). Significance of differences between CPS-treated and contempora-
neous control values; *p < 0.05, two-way ANOVA with post hec Bon-
ferront test adjusted for five comparisons.
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FIG. 5. Time course of lymphocyte NTE activity {mean + SE, # = 3)
in control and CPS-treated hens. CPS (10 mg/kg/day po in 2.0 ml/kg corn
oil} was given on Days 0-19: control hens received corn oil (2.0 mi/kg/
day). There were no significant differences between CPS-treated and con-
temporaneous control values at any time point (two-way ANOVA with
post hoc Bonferroni test adjusted for five comparisons).

depression of brain AChE was expected in view of the high
inhibitory potency of CPO for this enzyme (Capodicasa et
al, 1991; Richardson et 4/., 1993) and the fact that the dose
used has been reported to be the maximum tolerated daily
dose without using prophylactic agents against cholinergic
toxicity (Francis er /., 1985; Barna-Lloyd et al., 1986).
Plasma BuChE activity was also assayed in order to provide
information on an accessible biomarker of anticholinester-
ase action. While pronounced inhibition of plasma BuChE
activity was seen, there was also a high degree of variability
in this activity, both in control and CPS-treated animais.
Large variances in plasma BuChE determinations during
repeated-dose studies of OP compounds are not uncom-
mon (USEPA, 1992}, Such variability may be due in part to
the fact that activity measurements are not yet routinely
corrected for plasma concentrations of the enzyme, which
are known to fluctuate in response to physiological changes
that can be unrelated to anticholinesterase exposure {Wills,
1972; Sanz, 1991; USEPA, 1992).

Reversible decreases in body weight along with transient
effects on gait and apparent leg strength as seen in the pres-
ent study have also been observed in other repeated-dose
studies of 10 mg/kg/day CPS in young (Francis e al., 1985)
and adult {Barna-Lloyd et al, 1986) hens and are most
likely to be the result of cholinergic hyperstimulation
(Murphy, 1986). It is important to note that the ostensibly
cholinergic effects of unsteady gait and leg weakness disap-
peared by the second week of our study, even though CPS
treatment and concomitant brain AChE inhibition contin-
ued. This apparent development of tolerance to the behav-
ioral effects of repeated exposures to CPS is similar to what
has been described for a variety of anticholinesterase com-
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pounds (Costa et al., 1982a). Tolerance has been attributed
to an attenuation of cholinergic responsiveness arising from
a postsynaptic reduction in the densities of muscarinic
(Costa et al., 1982b) and nicotinic (Costa and Murphy,
1983) receptors, although presynaptic mechanisms may
also be involved (Lim et al., 1987). For acute doses in naive
animals, the relative tendency for a given OP compound to
mhibit AChE versus NTE determines whether the com-
pound can be tolerated in sufficient quantity to cause su-
prathreshold NTE inhibition in target neural tissue and pre-
cipitate behavioral signs of OPIDN (Richardson, 1992).
However, for repeated doses of OP compounds, the devel-
opment of tolerance to cholinergic effects would enable
higher doses to be survived than would be the case in naive
animals {Schwab and Murphy, 1981), thus increasing the
likelihood that NTE inhibition could accumulate to thresh-
old levels even in the face of high AChE inhibition.

There is some question about the threshold level of NTE
inhibition in neural tissue required to precipitate OPIDN,
both in acute and repeated exposures (Davis er al., 1985;
Schwab and Richardson, 1986). Because brain NTE inhibi-
tion in hens either parallels or exceeds that in spinal cord or
peripheral nerve following dosing with neuropathic OP
compounds, brain NTE is used as a convenient index of
inhibition throughout the nervous system (Davis and
Richardson, 1980; Johnson, 1982). For acute exposures,
the threshold for initiation of OPIDN corresponds to a
brain NTE inhibition of about 70%, although some experi-
ments suggest that the actual threshold is considerably
higher (Lotti, 1992), For repeated exposures, comparatively
little work has been done to assess the steady-state brain
NTE inhibition needed to initiate OPIDN, but experiments
with mono-2-cresyl diphenyl phosphate (MOCP) in hens
indicate that a high-point of inhibition similar to that re-
quired in acute exposures must be reached (Johnson and
Lotti, 1980; Lotti and Johnson, 1980), However, other re-
peated-dose experiments with di-2-propylphosphorofluori-
date in hens (Sprague ef al., 1981) as well as ethyl 4-nitro-
phenyl phenylphosphonothionate ord4-bromo-2,35-dichloro-
phenyl methyl phenylphosphonothionate (leptophos) in
mallards (Hoffman et al., 1984) suggest that the threshold
brain NTE inhibition for OPIDN from repeated dosing
may be as low as 50%. In the present study, brain NTE
inhibition during the dosing interval fluctuated between ap-
proximately 2 and 18%. Even though the 18% level attained
on Days 5 and 20 was statistically significant, there was no
apparent trend of increasing inhibition over time, and the
maximum level attained was well below the suggested mini-
mum threshold of 50% required to cause OPIDN by re-
peated dosing. This biochemical result is consistent with
the observation that all hens in the present study were able
to maintain a perch on a wooden rod and exhibited normal
posture and gait throughout the postexposure observation
period {(Days 12-29 after the last daily dose), indicating that

no functional or behavioral signs of OPIDN had developed
during this time.

Since its discovery in our laboratory, lymphocyte NTE
has been proposed for use as an accessible biomarker of
exposure to neuropathic OP compounds (Dudek and
Richardson, 1982). Early work demonstrated that there was
an excellent correlation between brain and lymphocyte
NTE inhibition within 4 hr of dosing with seven different
NTE inhibitors (Richardson and Dudek, 1983). Further
study of three neuropathic OP esters showed that brain and
lymphocyte NTE inhibition were well correlated within 24
hr of an acute exposure, but the correlation was poor or not
significant 48 hr after exposure (Schwab and Richardson,
1986). Repeated daily dosing of MOCP at a level that pro-
duced a steady-state inhibition of brain NTE of about 60%
within 2-3 weeks and no signs of OPIDN for up to 8 addi-
tional weeks resulted in no consistent effects on lymphocyte
NTE activity throughout the experiment (Lotti and John-
son, 1980). Taken together, the foregoing results suggest
that lymphocyte NTE might serve as a good biomarker if
assayed within 24 hr of an acute exposure but that it would
not be useful if assayed at longer times or during repeated
exposures. However, a massive acute ingestion of CPS in a
suicide attempt produced 60% inhibition of lymphocyte
INTE 30 days after exposure (Lotti et af., 1986), and a supra-
lethal neuropathic dose of 300 mg/kg CPS administered to
adult cats caused 46% inhibition of lymphocyte NTE 7 days
after dosing (Fikes et al., 1992). Moreover, prolonged occu-
pational exposure (approximately 4 weeks) of humans
to tributylphosphorothioate and tributylphosphorothioite
(merphos) resulted in 40-60% inhibition of lymphocyte
NTE activity (Lotti et al., 1983). Therefore, while the lack
of inhibition of lymphocyte NTE seen in the present study
would appear to be consistent with the slight {2-18%) inhibi-
tion observed in brain, further work is needed to assess prop-
erly the value of lymphocyte NTE assays as a biomarker of
neuropathic OP exposures, particularly in repeated-dose sit-
uations.

In conclusion, the results of the present study indicate
that daily oral dosing of adult hens with 10 mg/kg/day CPS
for 20 days caused significant loss of body weight as well as
marked inhibition of brain AChE and plasma BuChE. How-
ever, this dosing regimen produced no significant change in
lymphocyte NTE activity, a maximum noncumulative inhi-
bition of brain NTE activity of approximately 18%, and no
behavioral signs of OPIDN during the dosing interval or
subsequent 4-week observation period. Moreover, the de-
creases in body weight and esterase activities observed dur-
ing the dosing interval recovered to levels that were not
significantly different from control values by the end of the
4-week postexposure observation period. These results pro-
vide new biochemical data along with confirmatory behav-
ioral observations that are in accord with those of Barna-
Lloyd er al. (1986), who found that daily oral dosing of
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adult hens with CPS up to the maximum tolerated rate of
10 mg/kg/day for 91 days failed to produce any behavioral
signs or histopathological lesions characteristic of OPIDN.
These negative findings with respect to the development of
OPIDN from repeated exposures to CPS would appear to
be inconsistent with recent preliminary reports of sensory
neuropathy occurring in humans environmentally exposed
to high levels of this insecticide (Schaumburg et al., 1992;
Kaplan et afl,, 1992). It is not clear whether this sensory
neuropathy, which is completely reversible after cessation
of exposure (Schaumburg, 1992), represents a peripheral
sensory component of OPIDN or an entirely new phenome-
non, but further research is needed to characterize this ef-
fect and to assess the risk of its occurrence.
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