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Abstract. Chlorpyrifos [0,0-diethyl 0-(3,5,6-trichloro-py- 
ridyl) phosphorothioate] caused delayed polyneuropathy in 
man. Contrary to previous studies, we report here that it 
also causes delayed polyneuropathy in the hen, the animal 
model for this toxicity. The minimal neuropathic dose was 
60-90 mg/kg p.o., corresponding to 4 - 6  times the esti- 
mated LDs0. Consequently, pralidoxime (2-PAM) in con- 
junction with atropine was necessary to reverse acetylcho- 
linesterase (ACHE) inhibition and cholinergic toxicity in 
hens given high enough doses of chlorpyrifos to cause 
neuropathy. Chlorpyrifos was slowly absorbed after single 
oral doses and the threshold of inhibition (>70%) of neu- 
ropathy target esterase (NTE), the putative target for 
delayed neuropathy, was reached within 5 - 6  days. High 
AChE inhibition (>90%), however, was measured within 
hours after dosing because of the higher potency of 
chlorpyrifos to inhibit this enzyme. In vitro studies showed 
that chlorpyrifos-oxon, the active metabolite of chlorpy- 
rifos, was 10-20 times more active against AChE than 
against NTE, confirming the clinical observation. No 
differences were seen between human and hen enzymes in 
this respect. Hen and human brain homogenates contain 
A-esterases which hydrolysed chlorpyrifos to about the 
same extent in both species. In conclusion, chlorpyrifos 
causes delayed polyneuropathy in the hen, as was reported 
in man. The reasons for previous negative data in the hen 
are probably due to the relatively lower doses which were 
used. Judging from in vitro studies with hen and human 
enzymes, there are no differences in the two species as far 
as their relative sensitivity to delayed polyneuropathy. It is 
likely that delayed polyneuropathy would develop in both 
species only after severe cholinergic toxicity requiring ag- 
gressive antidotal treatment. 

* Part of this work was presented at the 25th Annual Meeting of the 
Society of Toxicology held in New Orleans, LA, USA, March 1986, at 
the International Symposium on "Biochemical and Cellular Indices of 
Toxicity in Occupational and Environmental Medicine" held in Milan, 
Italy, June 1986, and at the 9th Meeting of the Peripheral Nerve Study 
Group, Praglia (PD), Italy, August - September, 1989 
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Introduction 

Chlorpyrifos [0,0-diethyl 0-(3,5,6-trichloro-2-pyridyl) 
phosphorothioate] is a broad range organophosphorus 
(OP) insecticide (Worthing 1987), widely used in agricul- 
ture and indoor disinfestation. 

Chlorpyrifos toxicities are caused by its activated oxy- 
gen analog chlorpyrifos-oxon, which is a more active in- 
hibitor of esterases. Activation occurs mainly in the liver, 
but it is likely to be more important in other organs (Sulta- 
tos 1988). Experiments using mouse liver perfusion tec- 
niques indicated that chlorpyrifos-oxon was produced and 
also hydrolyzed very efficiently by liver enzymes, pre- 
venting the passage of intrahepatically-generated chlorpy- 
rifos-oxon into the general circulation (Sultatos et al. 
1984). OP hydrolysis by enzymes called A-esterases is 
known to occur in several other organs including plasma 
(Aldridge and Reiner 1972). 

Accidental ingestion of chlorpyrifos causes acute tox- 
icity in man (Lores et al. 1978), which is known to be due 
to inhibition of acetylcholinesterase (ACHE) at nerve 
endings and to the subsequent accumulation of acetylcho- 
line. Occupational exposures after indoor spraying led to 
acute symptomatology in five office workers (Hodgson et 
al. 1986), whereas no cases of acute toxicity have been 
described in other studies on workers exposed during 
chlorpyrifos manufacturing (Brenner et al. 1989) and in 
agriculture (Hayes 1982). There is considerable variation 
in the susceptibility of different species to the cholinergic 
effects of chlorpyrifos (McCollister et al. 1974). 

Organophosphate-induced delayed polyneuropathy 
(OPIDP) is a rare non-cholinergic toxicity caused by some 
OPs only and was reported in man after poisoning with 



several OP pesticides (Lotti et al. 1984; Lotti  1987). 
OPIDP is related to the inhibi t ion of an enzyme  in the 
nervous tissue called neuropathy target esterase (NTE). 
The phosphorylat ion of NTE and the subsequent  molecular  
rearrangement of  the phosphorylated NTE,  called aging, 
are thought to initiate OPIDP (Johnson 1982). When  such 
changes affect more than 70% NTE, usually within hours 
after dosing, they correlate with the cl inical  onset  of 
OPIDP 2 - 3  weeks later. The potential of  OP pesticides to 
cause OPIDP is rout inely  tested in the hen (OECD 1983; 
Lotti 1990). 

All but two OP pesticides which caused OPIDP in ma n  
were positive in the hen test. Methamidophos  (0,S-dimeth- 
yl-phosphoroamidothioate) caused several cases of OPIDP 
in man, but  failed in  the hen (Senanayake and Johnson 
1982) and a possible explanat ion of this species selectivity 
is the relatively lower cholinergic toxicity of one optical 
isomer of methamidophos  in man  (Lotti and Caroldi  1990). 
A case of OPIDP was observed after massive suicidal 
intoxication with chlorpyrifos (Lotti et al. 1986). This con- 
trasts with previous reports where chlorpyrifos was found 
negative in the hen test (Miyazaki  and Hodgson  1972; 
FAO/WHO 1973; Dow Chemical  Company ,  private com- 
munication).  Moreover,  when NTE inhibi t ion was mea- 
sured in hen brain  24 h after dosing, it was below the 
threshold, suggesting that the cl inical  response would have 
been negative 2 weeks later (Johnson 1981). 

This paper  shows that high doses of  chlorpyrifos also 
cause OPIDP in  the hen, and that the reason for the pre- 
viously negative response is the insuff icient  dose of 
chlorpyrifos which was g iven to the hens. Some peculiar  
aspects of chlorpyrifos pharmacokinet ics  in the hen are 
also reported. 

Mater ia l s  a n d  m e t h o d s  

151 

toneally (i. p.) 10 min before treatment with OPs as standard prophylaxis 
for cholinergic toxicity. Additional treatment with atropine (20 mg/kg) 
and 2-PAM (100 mg/kg in saline, i.p.) was given when necessary. 

Animals were killed by decapitation, brain, spinal cord and sciatic 
nerve were removed immediately and washed in ice-cold buffer 
(TRIS/HCI, 50 mM containing 0.2 mM EDTA, pH 8.0). Tissues were 
immediately homogenized for assays or stored at -80~ until assayed. 
Birds were observed daily for cholinergic toxicity and OPIDP and the 
degree of ataxia was assessed according to a 0-4  point scale (Johnson 
and Barnes 1970). 

Human nucleus caudatus and cerebral cortex were obtained during 
post-mortem examinations performed within 36 h after death, from the 
bodies of patients who died of extranervous causes. Samples were then 
subdivided into fragments of about 300 mg, washed and stored at -80 ~ C. 
Homogenates of nucleus caudatus or homogenates of nucleus caudatus 
and cortex were used for enzyme assay. 

Assays 

Human and hen brain NTE activity was assayed according to Johnson 
(1977). For peripheral nerve NTE assay, a modification of Johnson's 
method was used (Caroldi and Lotti 1982; Moretto et al. 1989). AChE 
activity was measured according to the method of Ellman et al. (1961), 
slightly modified. AChE hydrolysis in spinal cord and peripheral nerves 
followed the incubation of homogenates with DTNB for 10 and 30 min, 
respectively, in order to eliminate DTNB reduction due to components 
other than enzymatically generated thiocholine. 

Acute toxicity experiments 

a. Four groups of five birds were administered 4, 8, 16 or 32 mg/kg p. o. 
of"pure" chlorpyrifos and observed for cholinergic symptoms and mor- 
tality. 
h. Three groups of five birds were administered 4, 8, or 16 mg/kg p. o. of 
"commercial" ehlorpyrifos and observed for cholinergic symptoms and 
mortality. 

Chemicals 

Chlorpyrifos (99% purity), labelled as "pure" in the text, was a gift of 
Dow Chemical Co., Midland, MI, USA. Commercial formulations of 
chlorpyrifos (40% and 60% a.i. in methylene chloride), labelled as 
"commercial" in the text, were purchased from local dealers. Chlorpy- 
rifos-oxon was a gift of L. G. Costa, University of Washington, Dept of 
Environmental Health, Seattle, WA, USA. Mipafox (N,N-diisopropyl 
phosphorodiamidofluoridale) was a gift of M. K. Johnson, MRC Toxi- 
cology Unit, Carshalton, UK. Phenyl valerate was purchased from Lark 
Enterprises, Webster, MA, USA. DFP (di-isopropyl phosphorofluori- 
date) was purchased from Fluka AG Chem. Fab., Buchs, Switzerland. 
Paraoxon (diethyl p-nitrophenyl phosphate), acetylthiocholine iodide, 
5,5-dithio-bis-2-nitrobenzoic acid (DTNB), and physostigmine were pur- 
chased from Sigma Chem. Co., St Louis, Mo, USA. Atropine sulphate 
was purchased from Ega-Chemie, Steinheim, FRG. Pralidoxime methyl- 
sulphate (2-PAM) was a gift of Carlo Erba, Milano, Italy. All other 
chemicals were of highest analytical grade. 

Animals and tissue preparation 

Adult hens (gallus-gallus domesticus, 1.5-2.5 kg body wt) were caged 
in groups of 10-15 and fed ad libitum. Food was withdrawn 12 h before 
dosing. Chemicals were dissolved in glycerol formal and given by gay- 
age (p. o. <2.3 ml) or subcutaneously (s. c. <1 ml). Atropine (20 mg/kg) 
and physostigmine (0.1 mg/kg) dissolved in saline were given intraperi- 

Delayed neurotoxicity experiments 

Birds were subdivided as follows: 

a. Two groups of 21 birds each were dosed with 60 and 120 mg/kg p.o. 
of "pure" chlorpyrifos after prophylaxis with atropine/physostigmine. 
Treatment with atropine and oximes was then given twice a day for 
6 days. Three to four animals were killed at daily intervals to measure 
enzyme activities. 
b. Thirty-one birds were dosed with 90 mg/kg p.o. of "pure" chlorpy- 
rifos after prophylaxis with atropine/physostigmine. Treatment with 
atropine and oximes was then given twice a day for 6 days. Birds were 
then treated once a day for another 5 days and observed for 2 weeks for 
OPIDP. Three to four animals were also killed at daily intervals to 
measure enzyme activities. 
c. Twenty-six birds were dosed with 150 mg/kg p.o. of "commercial" 
chlorpyrifos after prophylaxis with atropine/physostigmine. Treatment 
with atropine/oximes was given twice a day for 5 days, then only once a 
day for another 3 days. Two animals were killed daily for enzyme assays. 
Surviving animals were observed daily for a further 2 weeks for OPIDP. 
d. Positive controls included 14 birds dosed with DFP (1.5 mg/kg s.c.), 
which also received atropine/physostigmine prophylaxis. Two birds were 
killed at daily intervals to measure enzyme activities. 

Control animals were given vehicle but not the anticholinergic treat- 
ment and either killed at daily intervals or observed clinically. Percent- 
ages of enzyme inhibition in experimental birds were calculated from the 
mean activity of all these controls, unless otherwise stated. 
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Effect of route of administration on AChE inhibition 

Hens were divided into four groups (12 birds each) and dosed as follows: 

- Chlorpyrifos ("pure", 9 mg/kg p.o., vol <1 ml) 
- Chlorpyrifos ("pure", 9 mg/kg i. v., vol <100 lal) 
- Chlorpyrifos-oxon (0.15 mg/kg i. v., vol <100 lad 
- D F P  (l  mg/kg s.c., vol <1 ml) 

All animals received atropine prophylaxis. Control birds (n = 6) 
received both prophylaxis and vehicle by different routes. 

Birds for each experimental group (n = 3) were killed 4, 24, 48 and 
120 h after poisoning to measure brain AChE activity. Percentage of 
AChE inhibition was calculated from the activity of  controls killed 
during the experiment. 

Kinetics of NTE and AChE inhibition by 
chlorpyrifos-oxon 

Human nucleus caudatus (3.8 mg tissue/ml TRIS) was incubated with 
"6.5 or 13 nM and hen brain (5.0 mg tissue/ml TRIS) with 6.0 or 9.0 nM 
chlorpyrifos-oxon. AChE activity was measured at intervals up to 
60 min. 

Different concentrations of  homogenates were also used to compare 
the time-course of  inhibition by chlorpyrifos-oxon of both AChE and 
NTE in hen brain. Inhibitor 50 nM was incubated with hen brain homo- 
genates (6.6, 10, 20, and 40 mg/ml buffer), and NTE activity was mea- 
sured at intervals up to 300 min. Similarly, AChE was inhibited with 
chlorpyrifos-oxon 4 nM and the tissue concentrations were 3.3, 6.6, 10.0, 
and 20 mg/ml buffer. 

Fixed time Is0s for chlorpyrifos-oxon have been calculated after 
20 min incubation of  NTE (tissue concentration 6.6 mg) and AChE 
(tissue concentration 5.0 mg/ml) at 37 ~ C, at pH 8.0 (TRIS) and pH 7.4 
(phosphate buffer), respectively. Inhibitor concentrations (n = 8) were in 
the range 0 .05-1  laM for NTE and 1 - 5 0  nM for ACHE. Is0s for both 
enzymes in hen brain and nucleus caudatus were then calculated accord- 
ing to Lotti and Johnson (1978). 

Reactivation by oximes of AChE inhibited by 
chlorpyrifos-oxon 

Hen brain homogenate (6.6 mg tissue/ml TRIS) was incubated with 
chlorpyrifos-oxon (150 ruM) for 20 min at 37 ~ C. Excess of inhibitor was 
removed by centrifugation (30000 g, 20 min, 4 ~ C, twice). The pellets 
were resuspended in TRIS and incubated at 37~ with pralidoxime 
methylsulphate 5 /aM. The reappearance of AChE activity was then 
measured at intervals up to 180 min. K+3 of reactivation was calculated 
from the tl/2 of  enzyme activity reappearance derived from a semilog plot 
of  log % inhibition versus time. 

Results 

Acute oral toxicity of chlorpyrifos is reported in Table 1, 
indicating that "pure" and commercial chlorpyrifos are 
similar in this respect. Doses of chlorpyrifos corresponding 
to 3-4  times the estimated LDs0 caused OPIDP in the hen, 
as shown in Table 1. To survive such high doses, atropine 
alone was not sufficient and treatment with 2-PAM was 
also necessary (unpublished observation). When tested in 
vitro on AChE inhibited by the active metabolite chlorpy- 
rifos-oxon, 2-PAM reactivated about 60% of 100% inhib- 
ited ACHE. This was achieved after about 3 h incubation 
with pralidoxime and the calculated k+3 was 6.9 x 10-3 
(min-1). No spontaneous reactivation occurred. 
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Fig. 1. Reappearance of  AChE in hen brain was calculated by regression 
analysis of  all time points in all animals after chlorpyrifos (9 mg/kg i.v. 
�9 0 ,  tl/2 = 2.4 r = 0.78), chlorpyrifos (9 mg/kg p.o. �9 l ,  
tq2 = 8.3 r = 0.58), chlorpyrifos-oxon (0.15 mg/kg i.v. �9 A, 
tq2 = 2.6, r = 0.78) and DFP (1 mg/kg s.c. �9 O,  tl/2=5.5 
r = 0.98). Time points are the mean of experimental data (n = 3). AChE 
inhibition was calculated from six controls whose AChE activity was 
2989_+96 nmole/min/g of  tissue (mean + SE) 

Table 1. Effects of single oral doses of  chlorpyrifos in the hen 

Dose Treatment ~ Death/survivors 6 Ataxia score c 
(mg/kg) (mean _+ SE) 

4 - 1/5 (0/5) 0 
8 - 1/5 (2/5) 0 

16 - 3/5 (2/5) 0 
32 - 3/5 0 
90 + 3/10 1.1 ___0.6 (4/7) 

150 + (0/6) 2.5 _+0.6 (6/6) 

a Treatment with atropine/2-PAM for cholinergic toxicity as described 
in the Methods 
b Deaths occuring within 48 h. The results using "commercial" chlorpy- 
rifos are reported in brackets 
c Maximal score observed within 25 days after dosing. The number of 
animals affected/animals dosed is reported in brackets 
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Chemical Enzyme Tissue Days after dosing 

Dose & route 0.4 1 2 3 4 5 6 7 8 9 11 

Chlorpyrifos NTE a brain 17_+ 7 56 -+'9 33 _+ 8 
60 mg/kg p.o. AChE~ 95 • 0 95 • 0 88 • 1 
90 mg/kg p.o. NTE a brain 4"+ 1 17 "+5 17 •  

AChE a 73"+9 73_+1 83___1 
120 mg/kg p.o. NTE a brain 17_+1 21"+6 54• 

AChE a 88 _+ 4 77 "+ 1 85 +_7 
150mg/kgp.o. NTE b brain 0,10 34, 48 51, 52 53, 86 

AChE b 52,98 95,100 95,100 100,100 
NTE b s.cord 0,18 28, 45 33, 38 46, 75 

AChE b 37,90 100,100 100, 95 100,100 
NTE b p.nerve 0,13 16, 49 47, 69 82, 83 

AChE b 29,71 65, 71 88, 76 71, 47 

DFP NTE b brain 93,96 89, 92 79 70, 67 
1.5 mg/kg s.c. AChE b 83,90 74, 80 70 48, 55 

NTE b s.cord 93,90 90, 92 65, 67 66, 70 
AChE b 90,80 66, 95 51, 61 87, 36 

NTE b p.nerve 95,96 85, 98 92, 91 82, 75 
AChE b 70,76 24, 76 47, 47 0, 18 

57• 8*50_+2* 61_+4" 
78• 7 75• 93• 
37+11"47_+4" 80"+8 
82_+ 7 87• 80+4 
59• 1 60"+1 59"+1 
90_+ 4 81_+1 88"+4 
87, 97 - 77,78 73, 89 63, 89 80 ,81  55,60 

100,100 - 93,70 95,100 79,100 95 ,95  90,45 
80, 95 - 71,73 59, 84 53, 83 72 ,75  44,55 

100,100 - 90,66 100300 83,100 90,90 90,51 
85, 87 - 76,76 70, 90 54, 89 72,74 47,52 
76, 76 - 6,59 65, 88 12, 88 88,88 35,82 

69, 62 - 55,59 - - - 41,40 
50, 50 - 48,41 - - - 24,35 
66, 65 - 63,59 - - - 40,36 
46, 51 - 32,56 - - - 32,41 
75, 85 - 30,53 - - - 27,12 
59, 18 - 12,29 - - - 41,18 

Data are expressed as percentage inhibition; individual animals or 
mean + SE (n = 3, except for * where n = 4) 
a Percentage activity was calculated from the mean values (•  of all 
controls (n = 6), one killed per day. NTE = 2141 • nmole/min/g of 
tissue. AChE = 23.8 • 0.45 p.mole/min/g of tissue 

b Percentage activity was calculated from the mean values (-+SE) of 
controls (n = 10), one killed per day. NTE (nmole/min/g of tissue) was in 
brain = 2555__+90, in spinal cord = 688 • and in peripheral nerve = 
230• 17. AChE (I.tmole/min/g of tissue) was in brain = 26.9 + 1, in spi- 
nal cord = 5.2 • and in peripheral nerve = 0.54 +0.04 

The t ime-courses  o f  nervous  t issue N T E  and A C h E  
inhibition af ter  different  s ingle doses  of  ch lorpyr i fos  are 
shown in Tab le  2. A C h E  was  rap id ly  inhibi ted at all dose  
levels and inhibi t ion  was main ta ined  for several  days.  Con-  
current exper iments  in an imals  t reated with doses  o f  D F P  
above the LD50 showed  that h igh inhibi t ion of  A C h E  was 
also achieved wi th in  a few hours  after  dos ing  but  recovery  
occurred more  rapid ly .  Sca t te red  data  on per iphera l  nerve 
AChE inhibi t ion  p robab ly  ref lect  a lower  p rec i s ion  o f  the 
assay method.  

After  all doses  o f  ch lorpyr i fos ,  N T E  act ivi ty  showed  
increasing inhibi t ion  reaching  the m a x i m u m  (cor respond-  
ing to the threshold  for  O P I D P  ini t ia t ion)  wi th in  5 - 7  days  
in all t issues. No  s ignif icant  d i f ferences  were  obse rved  in 
enzyme inhib i t ion  when  ch lorpyr i fos  was g iven  at doses  
between 60 and 150 mg/kg.  DFP- t r ea t ed  control  birds,  
however,  showed  m a x i m a l  N T E  inhibi t ion  wi thin  hours  
after dos ing and then the r eappea rance  o f  e n z y m e  ac t iv i ty  
had a half- l i fe  of  5 - 6  days.  N o  s ignif icant  d i f ferences  were  
detected in N T E  inhibi t ion  among  dif ferent  nervous  tis- 
sues, as might  occur  wi th  other  inhibi tors  (More t to  et  al. 
1989), sugges t ing  the same access  o f  ch lorpyr i fos  into all  
nervous system.  

These  resul ts  sugges ted  a s low d isposa l  o f  ch lorpyr i fos  
when given ora l ly  to hens.  The  effect  o f  the route  of  admin-  
istration on bra in  A C h E  inhibi t ion is shown in Fig.  1. 
Chlorpyrifos and ch lo rpyr i fos -oxon  were g iven  at doses  
causing, 4 h after dos ing,  7 0 - 9 0 %  of  bra in  A C h E  inhibi-  
tion and the reappearance  o f  A C h E  was de te rmined .  W h e n  
inhibitors were  g iven  i .v . ,  however ,  the speed  o f  A C h E  
reappearance was higher .  

Compara t ive  in vi tro s tudies  wi th  hen and human  
enzymes showed  that  the t ime-course  of  ch lo rpy r i fos -oxon  

inhibi t ion was not  first o rder  kinet ics  (Figs.  2 and 3). S ince  
in vi tro d ie thyl  phosphory l a t ed  es terases  do not  reac t iva te  
spontaneous ly  (Aldr idge  and Re iner  1972), this non- l inear  
kinet ics  is p robab ly  due to a r educed  inhib i tor  concentra-  
tion, because  o f  the presence  o f  high A-es te rases .  This  is 
shown indirect ly  in Fig.  3 where  kinet ics  o f  inhibi t ion  of  
both N T E  and A C h E  from hen brain change  by  increas ing  
the homogena t e  concentra t ion.  F ixed  t ime Is0s, par t i cu la r ly  
when der ived  after incubat ion  with h igh ly  concen t ra ted  
h o m o g e n a t e s ,  are therefore  a rough es t imate  of  the rate  
constants  of  enzyme  inhibi t ion.  Never theless ,  wi th  a rela-  
t ively low concentra t ion o f  t issue in the homogena te s  
(6.6 m g / m l  for  N T E  and 5 mg /ml  for ACHE) and a short  
t ime of  incubat ion (20. min) ,  Is0s for ch lo rpyr i fos -oxon  
were  found  to be 150 and 180 nM for NTE,  6 and 13 n M  
for ACHE, for  hen and human  nervous  tissue, respec t ive ly .  

These  da ta  suggest  that there are no majo r  d i f fe rences  
in the sens i t iv i ty  to ch lo rpyr i fos -oxon  of  the target  e n z y m e  
N T E  and A C h E  in both hen and man,  nor  in the ac t iv i ty  o f  
nervous  t issue A-es te rases  hydro lys ing  ch lo rpyr i fos -oxon .  

Discussion 

Chlorpyr i fos  causes  O P I D P  in the hen and corre la tes  wi th  
N T E  inhibi t ion  above  the threshold ,  con f i rming  s imi la r  
f indings  in man  (Oster loh et al. 1983; Lot t i  et al. 1986). N o  
s ignif icant  d i f ferences  have been  found  us ing e i ther  "pure"  
or  " c omme rc i a l "  ch lorpyr i fos  and therefore  it is un l ike ly  
that d i f ferences  in tox ico log ica l  da ta  wou ld  arise f rom 
b io log ica l ly  re levant  impur i t ies  p resen t  in commerc i a l  
formulat ions .  The  dose  requi red  to cause  O P I D P  in the hen 
is wel l  above  the  LDs0 and our  an imals  needed  aggress ive  
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Fig. 2. Time-course of AChE inhibition by chlorpyrifos-oxon. Hen brain 
homogenates (5.5 mg/ml) were incubated as described in methods with 
chlorpyrifos-oxon 6 nM ( � 9  II) and 9 nM ( � 9  � 9  human 
nucleus caudatus (3.8 mg/ml) with 6.5 nM ([] [2]) and 13 nM 
( 0 �9 chlorpyrifos-oxon 

treatment with atropine/2-PAM for cholinergic toxicity in 
order to survive and then display signs of ataxia. 

A number of reasons might account for the negative 
results in previous hen studies. For instance, Miyazaky and 
Hodgson (1972) used chicks of a few days of age in their 
repeated dosing experiments, and developing birds are 
known to be resistant to OPIDP (Johnson and Barnes 
1970). The study described in the FAO/WHO report 
(1973) lacks details, whereas that of Johnson (1981) re- 
ported measurement of NTE but animals were not ob- 
served for OPIDP. Our biochemical data agree with that of 
Johnson, because he found about 40% NTE inhibition in 
hen brain, 24 h after dosing with chlorpyrifos (100 mg/kg 
p. o.). Negative results from Dow Chemical Company (per- 
sonal communication) were probably due to the relatively 
high ratio LD50/tested dose, as compared with that used in 
these experiments. When assessing the potential to cause 
OPIDP of a given OP, it is always necessary to calculate 
the ratio LD50/neuropathic dose (Lotti and Johnson 1978), 
particularly when different LD50 values are reported. For 
instance, our oral acute toxicity data of chlorpyrifos are 
similar to an oral LDs0 of 32 mg/kg reported by McCollis- 
ter et al. (1974), but different from what can be derived 
from Moore et al. (1989). In fact, extrapolating from brain 
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Fig. 3. Effect of tissue concentration of hen brain homogenate on the 
time-course of NTE (a) and AChE (b) inhibition by chlorpyrifos-oxon, 
Incubation conditions and inhibitor concentrations are described in the 
methods. Tissue concentrations were 6.6 (O O), 10.0 
( � 9  � 9  20.0 (• A), and 40.0 mg/ml ( e  e )  in the 
NTE assay and 3.3, (O O), 6.6 ( � 9  � 9  10.0 (A A), 
and 20.0 mg/ml ( � 9  � 9  in the AChE assay 

AChE inhibition their LDs0s would be much higher than 
that calculated in our experiments. 

A peculiar pharmacokinetics of chlorpyrifos was ob- 
served in these studies. The differences in the speed of 
reappearance of AChE after inhibition by chlorpyrifos and 
chlorpyrifos-oxon when given p.o. or i.v. indicate a slow 
absorption of the compound by the gastrointestinal tract 
and AChE reinhibition. The half-lives of AChE reappear- 
ance after both chlorpyrifos and chlorpyrifos-oxon given 
i.v. are similar, suggesting that pharmacokinetic differ- 
ences are unrelated to metabolic activation. Because of this 
slow pharmacokinetics of chlorpyrifos, we observed a 
build-up of NTE inhibition, reaching the threshold for 
OPIDP initiation only several days after single doses. A 
similar pattern was also observed on AChE inhibition 
when much lower doses of chlorpyrifos were given orally 
(unpublished observation). A much shorter delay on NTE 
inhibition, up to 48 h after dosing, was observed with other 
OPs (Johnson 1982). In general, however, NTE inhibition 



occurs within 2 4 - 4 8  h after single doses  o f  OPs  and then 
NTE act ivi ty  starts to reappear .  The  t iming  o f  N T E  mea-  
surement therefore  becomes  crucia l  when  this b iochemica l  
assay is used  for  O P I D P  r isk  assessment  (Lott i  1990), as in 
the case o f  ch lorpyr i fos ,  the usual  assay  ( 2 4 - 4 8  h after  
dosing) would  not  corre la te  with O P I D P  resul t ing a false 
negative. 

Compara t ive  in vi tro studies wi th  hen and human  
enzymes have  shown that the two species  seem to be 
equally suscept ib le  to the neuropath ic  effects  o f  ch lorpy-  
rifos. The  rat io  A C h E  Is0/NTE I50 is predic t ive  o f  O P I D P  
potential in v ivo  and a l lows ex t rapo la t ion  across  species  
(Lotti and Johnson  1978). Even  though this rat io cannot  be 
precisely ca lcu la ted  for  ch lo rpy r i fo s -oxon  because  o f  the 
presence o f  hyd ro lys ing  A-es te rases  in the nervous  t issue,  
the relat ive po tency  of  this c o m p o u n d  in inhibi t ing A C h E  
and NTE is ve ry  s imi la r  in both species.  A l so  A-es te rase  
activities seem s imi lar  in both hen and human  nervous  
tissue homogena tes .  

In conclus ion,  ch lorpyr i fos  causes  O P I D P  both in man  
and hen at doses  wel l  above  the LDs0. Consequent ly ,  it is 
unlikely that O P I D P  wou ld  deve lop  in e i ther  species  
without a p receed ing  severe  cho l inerg ic  syndrome.  In vi t ro 
studies suggest  that there are no ma jo r  d i f ferences  be tween  
man and hen as far as target  e n z y m e  sens i t iv i ty  to ch lo rpy-  
r ifos-oxon. Because  o f  the s low d i sposa l  of  oral  doses  o f  
chlorpyrifos,  b iochemica l  effects  are de layed .  S ince  this 
might also occur  after  dos ing  with other  OPs,  the predic t ive  
value o f  N T E  measu remen t  for  O P I D P  r isk  assessment  
might be hampered .  
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