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Abstract. Organophosphate-induced delayed polyneurop-
athy (OPIDP) is initiated by inhibition/aging of more than
70-75% of neuropathy target esterase (NTE). Di-n-butyl-
2,2-dichlorovinyl phosphate (DBDCVP) (1 mg/kg s.c.) in-
hibited 96%, 86% and 83% of NTE in brain, spinal cord
and peripheral nerve, respectively, and induced a typical
central peripheral distal axonopathy in hens. A lower dose
(0.45 mg/kg s.c.) caused 90%, 83% and 54% NTE inhibi-
tion in the same organs; by contrast, hens developed a
spastic ataxia with axonal degeneration in spinal cord but
not in peripheral nerve. With a dose of 0.2 mg/kg s.c., a
suprathreshold inhibition of NTE was produced in brain
(78%) but not in spinal cord (56%) and peripheral nerve
(33%) and no morphological or clinical signs of neuropa-
thy developed in hens. With doses up to 4.0 mg/kg s.c.,
acetylcholinesterase (AChE) inhibition was similar
throughout the nervous system. In vitro time-course inhibi-
tion studies showed a different sensitivity to DBDCVP of
NTE from peripheral nerve (k,=5.4 x 10) relative to that
from spinal cord (k,=13.9 x 10°) or brain (k,=20.6 x 10°).
In vitro Ises of DBDCVP for AChE were similar in brain,
spinal cord and peripheral nerve (11-17 nM). These data
support the hypothesis that the critical target for initiation
of OPIDP is located in the nerve fiber, possibly in the
axon and also suggest that peripheral nerve NTE has a dif-
ferent sensitivity to DBDCVP than the brain enzyme.
Moreover, they confirm data showing that the degree of
NTE inhibition in brain after dosing with organophos-
phates may not be a good monitor for the enzyme in parts
of the nervous system where axonal degeneration actually
develops. Therefore, direct assay of peripheral nerve NTE
yields data which closely correlate with degree of axonal
degeneration.
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Introduction

Single doses of certain organophosphorus (OP) esters
induces a central-peripheral distal axonopathy (known
as organophosphate-induced delayed polyneuropathy,
OPIDP) (Johnson 1982). The biochemical mechanisms
underlying initiation of OPIDP involve the phosphoryla-
tion of neuropathy target esterase (NTE) followed by a
further non-enzymatic reaction (“aging”) in which a chain
is cleaved from the bound phosphorus atom, leaving a
charged monosubstituted phosphoric residue at the active
site. The threshold for initiation of OPIDP is 70-75% of in-
hibition/“aging” of NTE. Routinely, only the inhibition of
NTE is measured and, on the basis of the chemical struc-
ture of the phosphorylating agent, the amount of inhibit-
ed/aged NTE is assumed to be equivalent (Johnson 1982).
Recent evidence, however, suggests that this assumption is
not always true as in the case of NTE inhibited by differ-
ent chiral isomers of OPs (Johnson 1987). For more than
200 OP esters there is a close correlation between supra-
threshold inhibition of hen brain NTE within 40 h after
dosing and development of clinical ataxia 10-20 days
later. For convenience, the effect on NTE is then usually
monitored only in brain, despite the fact that the patholog-
ical lesions occur in spinal cord and peripheral nerve
axons and that the critical OP-NTE interaction occurs in
the nerve fiber (presumably in the axon) rather than in the
cell body (Caroldi et al. 1984; Lotti et al. 1987). Further-
more, measurement of the effect of some dimethyl phos-
phates on brain NTE was found not to be a good biochem-
ical monitor for OPIDP (Johnson 1978) because the inhi-
bition of spinal cord NTE was lower than that of brain
NTE. This was interpreted as a different access of the in-
hibitor to the target.

We report on a compound Di-z-butyl-2,2-dichloro-
vinyl phosphate (DBDCVP), which differentially inhibited
NTE, but not acetylcholinesterase (AChE), in brain, spinal
cord and peripheral nerve in vivo and in vitro.
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Materials and methods
Chemicals

DBDCVP was kindly supplied by Dr R. J. Richardson
(Ann Arbor, MI, USA). Paraoxon (diethyl p-nitrophenyl
phosphate), diisopropyl phosphorofluoridate (DFP) and
phenylmethanesulphonyl fluoride (PMSF) were purchased
from Sigma Chem. Co. (St. Louis, MO, USA); paraoxon
was purified as previously described (Johnson 1977). Mi-
pafox (N,N-diisopropyl phosphorodiamidofluoridate) was
kindly supplied by Dr M. K. Johnson (Carshalton, UK).
Phenylvalerate was synthesized and purified as described
by Johnson (1977).

Animals

Treatment. Experiments were performed on randomly
bred adult White Leghorn hens (1.5-2.3 kg body wt). Ani-
mals were divided into groups and treated as follows:

1. glycerol formal 0.1 mi/kg subcutaneously (s.c.)
(controls);

2. DBDCVP 0.20 mg/kg s.c.;

3. DBDCVP 0.45 mg/kg s.c.;

4. DBDCVP 1.00 mg/kg s.c.;

5. DBDCVP 2.00 mg/kg s.c.;

6. DBDCVP 4.00 mg/kg s.c.

DBDCVP was dissolved in glycerol formal immediately
before use and injected s.c. in the anterothoracic region in
a volume of 0.1 ml/kg.

Biochemistry. Animals were decapitated 24 h after dosing.
Brain, lumbar spinal cord and sciatic were excised imme-
diately and either placed in ice-cold 50 mM Tris/HCI buf-
fer (pH 8.0) containing 0.2 mM EDTA and assayed for
NTE and AChE or stored at —80°C for not more than a
week prior to assay. NTE and AChE are unaffected by this
procedure. NTE activity was determined according to
Johnson (1977) (brain and spinal cord) and Caroldi and
Lotti (1982) (sciatic nerve); the peripheral nerve assay was
modified by spinning of whole homegenate (30% w/v) at
100 g for 5 min at 4°C. The supernatant used in assay mix-
tures gives a differential OD of about 0.400. AChE activity
was determined by the method of Ellman et al. (1961),
slightly modified.

Clinical evaluation. The clinical evaluation for neurologi-
cal dysfunction was performed on each bird of groups 1-4
daily from day 7 until sacrifice (day 21). Walking perfor-
mance was evaluated according to the 0—4 point scale of
Johnson and Barnes (1970) (0 = no defect; 1 = slightly
abnormal gait; 2 = severely abnormal gait; 3 = animal
can stand but frequently collapses; 4 = animal unable to
stand). The “leg-retraction” reflex, namely the ability of
the bird to retract its legs from the dangling position when
lifted under the breast, was evaluated as described by Lotti
et al. (1987); the legs characteristically remain extended
and flaccid in animals with typical OP neuropathy. Re-
ported clinical scores refer to day 15 after dosing.

Histopathology. Animals were anesthetized with ketamine
(30 mg/kg intramuscularly) and ether, the thoracic cavity
opened and the tissues fixed by vascular perfusion with
Sorensen’s fixative (phosphate-buffered 4% paraformalde-

hyde/glutaraldehyde, pH 7.4) via a cannula inserted into
the left ventricle of the heart. Perfusion was continued for
5 min, when muscles became rigid (volume of 500-700 ml
fixative). The sciatic and tibial (medialis and lateralis)
nerves, and the cervical, thoracic and lumbo-sacral spinal
cord, were excised and post-fixed in Dalton’s 2% chrome
osmium tetroxide, dehydrated stepwise in increasing con-
centration of ethanol and embedded in epoxy resin. One-
micrometer sections were cut from hardened blocks,
stained with toluidine blue and examined by bright-field
microscopy. The degree of axonal degeneration was
blindly scored on a 0-4 point scale (0 = no degeneration;
1 = occasional degenerating fibers, questionable signifi-
cance; 2 = moderate number of degenerating fibers; 3 =
pronounced degeneration; 4 = severe degeneration). De-
generation in spinal cord was limited to those regions typi-
cally associated with OPIDP, i.e. dorso-lateral tracts in
cervical spinal cord, lateral and ventral tracts in thoracic
spinal cord and ventral tracts at lumbosacral level.

In vitro inhibition studies

Nervous tissues were obtained from randomly inbred red
hens.

For time-course studies on NTE, paired tissue samples,
conventionally called P and M, were prepared and used as
described by Clothier and Johnson (1980): these samples
are identical, except that P contains active NTE while M
does not. An acetone solution of DBDCVP or DFP was
added (1% final solvent concentration) to give the desired
inhibitor concentration. The slopes (k') of each-semi-log
plot (log% remaining activity versus inhibition time) were
calculated by linear regression analysis of the data (2-3
different concentrations, 6-8 time-points). All plots passed
through the origin at zero-time. The second-order rate con-
stant (k,) was then calculated by dividing 2.303 x k’ by in-
hibitor concentration.

About 65% of peripheral nerve NTE is recovered in
fraction P; the remaining 35% of activity is recovered in
the supernatant after 30000 g (30 min, 4°C) centrifugation.
On the other hand, 85-90% of brain NTE is recovered in
fraction P. However, sensitivities to inhibition by
DBDCVP (20 min, 37°C, pH 8.0) of sedimented and non-
sedimented NTE were found to be similar. Sedimented
and non-sedimented NTEs of peripheral nerve of one hen,
24 h after treatment with 1 mg/kg s.c. of DBDCVP, were
equally inhibited.

NTE and AChE sensitivites to inhibition (I5p) were
also derived from fixed-time incubations. Inhibitor, dis-
solved in acetone (1% final concentration of solvent), was
added to the reaction mixture and incubated for 20 min at
37°C, pH 8.0.

Results

In vivo studies. Table 1 reports the effects of in vivo admin-
istration of DBDCVP. Single doses of DBDCVP caused a
differential inhibition of NTE, but not AChE, in brain,
spinal cord and peripheral nerve.

A dose of 0.2 mg/kg s.c. DBDCVP inhibited NTE
above the threshold in brain only; these animals did not
display walking defects or axonal degeneration in either
spinal cord and peripheral nerve.

DBDCVP (0.45 mg/kg s.c.) inhibited NTE in brain
and spinal cord above the threshold, but not in peripheral



Table 1. Biochemical, morphological and clinical effects of DBDCVP in different areas of the nervous system
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Dose of Peripheral nerve Spinal cord Brain Clinical score?
DBDCVP

(mg/kg) NTE® AChE?  morphological NTE® AChE® morphological NTE® AChE® Walk Reflex

score< score¢

0.00 10011 100 9 0.3%£0.1 100£7 100x4 03£0.2 100+ 7 1007 0 (+)
0.20 67 6 92+ 3 03%0.1 44+4 86+7 04x0.1 22+6 81£5 0 (+)
0.45 46+ 9 73 2 03=x0.1 17+3 68+1 2.6£0.2¢d 10£1 72+3 1.8+04 (4)
1.00 172 3 51+ 2 1.8+03¢ 14£2 43+2 29+0.2¢ 4+1 42+2 35205 (=)
2.00 ND 27+11 ND ND 213 ND ND 155 ND ND
4.00 ND 12+ 3 ND ND 15£3 ND ND 9+2 ND ND

All data are expressed as mean + SEM

a Assessed 15 days after treatment (n = 3). (+) or (—) refer to the presence or absence of the leg-retraction reflex in all animals bilaterally.

b Activities (3—4 animals per group) were measured 24 h after dosing and expressed as percentages of the activities of corresponding
tissues obtained from control birds dosed with vehicle on the same day. NTE activity (umol/min/g of tissue) of 4 controls was 2.58 1.9
in brain, 0.72+0.05 in spinal cord and 0.18 +0.02 in peripheral nerve. AChE activity (umol/min/g of tissue) of 5 controls was 24.1+1.7 in

brain, 4.9+0.2 in spinal cord and 1.1 £0.1 in peripheral nerve

< Assessed 21 days after treatment (n = 3). Sciatic and tibial (medialis and lateralis) nerves were scored for each animal
¢ p <0.001 vs vehicle and 0.20 mg/kg dose groups with Kruskall-Wallis test
¢ p <0.001 vs vehicle, 0.20 mg/kg and 0.45 mg/kg dose groups with Kruskall-Wallis test

ND = not done

Table 2. Sensitivities of NTE and AChE from different nervous
tissues to inhibition by DBDCVP and DFP

Tissue DBDCVP DFP

NTE AChE NTE

ISO

k, 106 Isp nM) k. 103 Iso

(M-!.min-!) (nM) (M-!-min-!) (nM)
Brain 20.6+2.4 1.72 14.7% 442142 7802

2.0b

Spinal  139+08 252 115
cord 2.7v
Peripheral 54104 6.42 17.4b 30.9, 42.7 11182,
nerve 8.0b 8092

Data are expressed as mean = SEM (n = 3-4)

a These Is, values are referred to 20 m preincubation time as de-
rived from k,

b These I, values were derived from fixed time (20 min) incu-
bations (pH 8.0, 37°C). The same homogenate was used for AChE
and NTE inhibition experiments

nerve. Animals showed a syndrome characterized by spas-
ticity and difficulty in balance with no loss of the “leg-re-
traction” reflex; axonal degeneration was present in spinal
cord, but not in peripheral nerve.

A higher dose of DBDCVP (1.00 mg/kg s.c.), causing
pronounced inhibition of NTE in brain, spinal cord and
peripheral nerve, produced the typical clinical signs of
OPIDP, with histological evidence of axonal degeneration
both in spinal cord and peripheral nerves (sciatic and
tibial).

In vitro studies. In vitro NTE sensitivities of inhibition by
DBDCVP were found to differ according to the tissue
source of the enzyme: peripheral nerve NTE was less sen-
sitive to DBDCVP than brain and spinal cord NTEs
(Table 2). In concurrent experiments, sensitivity of NTE to
DFP inhibition was shown to be comparable in brain and

peripheral nerve. AChE sensitivity to DBDCVP inhibition
was also found to be comparable regardless of the tissue
source of AChE.

Discussion

Table 3 shows all available data on comparative sensitiv-
ities of NTEs from different nervous tissues, both in vitro
and in vivo.

The NTE I5¢s of compounds 2, 4 and 5 are the same in
brain, spinal cord and peripheral nerve. Also mipafox, an
inhibitor not included in this table, has the same Iso (7 pM)
in all tissues (unpublished results). Therefore the differ-
ences on NTE inhibition between brain and spinal cord
found after dosing with compounds 2 or 4 and between
brain and peripheral nerve after compound 5, might be in-
terpreted as a differential access of the compounds to the
target enzymes. The dosing with compounds 6, 7 or 8 also
causes regional differences in NTE inhibition, but com-
parative in vitro data for the compound itself or for its ac-
tive metabolite are not available. Therefore, for the time
being, the above explanation for a different access cannot
be applied. Compounds 9 and 10 do not show differences.
Data for compound 1 are limited and inhibition too high
to draw any conclusion.

Only DBDCVP (compound 3) shows a differential in-
hibition of NTE in brain, spinal cord and peripheral nerve
both in vitro and in vivo. In vitro data are similar also for
human enzymes (unpublished results). The concurrent
AChE inhibitions obtained after dosing birds with
DBDCVP (Table 1) are not different, suggesting that the
ultimate inhibitor has the same access to all nervous
tissues.

Some differences between brain and peripheral nerve
NTE have been recently reported (Vilanova and Barril
1989). In brain and peripheral nerve the percentages of
total NTE recovered in sedimented and non-sedimented
fractions after centrifugations of crude homogenates are
different. Considering however that the absolute amounts
of non-sedimented NTE in both organs are similar, these
differences probably reflect the fact that much less mem-
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Table 3. Comparative inhibition of NTE in brain, spinal cord and peripheral nerve after dosing hens with several OPs

Compound Dose & Route NTE (% Activity of controls, 24 h after dosing) References
(mg/kg) - -
Brain Spinal cord Peripheral
nerve
1. 0,0-diethyl 0-3, 5, 6-trichloro-2-pyridyl 150 p-o. 3,12 21,6 25, 11 Lotti 1987
phosphorothioate?
2. 2,2-dichlorovinyl dimethyl phosphate 100 s.C. 8,9,10,11[20] 30,19, 28,22 10, 11, Caroldi & Lotti 1981
14, 21 [20]
3. 2,2-dichlorovinyl di-n-butyl phosphate 0.2 sc 22+6 44+4 67+6 This paper
045 s.c. 10+1 173 46+9 This paper
1.00 s.c. 4+1 14+2 17+3 This paper
4. di-isopropyl fluorophosphate 0.6 s.c. 25,27,29[0.7] 36, 35, 48 27,27,28[0.7] Caroldi & Lotti 1982
0.25 iv. 61,62 56,77 65, 67 Caroldi et al. 1984
0.185i.v. 35,47 39, 49 28,29 Lotti et al. 1987
5. phenylmethane sulphonyl fluoride 30 s.C. 16, 11, 11 [90] 21,17, 19 43,27,21[90] Caroldi & Lotti 1982
30 s.C. 12+4 16+1 18+4 Moretto et al. 1987
(n=4
6. mono-0-cresyl diphenylphosphate 10 p.o. 16, 27 33,34 30, 42 Caroldi & Lotti 1981
2.5 p.o. about 40 - about 60 Lotti & Johnson 1980
daily for 10 weeks®
2.5 p.o.
daily for 10 weeks
+50 p.ob 6,7,9 - 17,22,24 Lotti & Johnson 1980
7. 0,0-dimethyl-0-dichlorophenyl 100 p.o. 52 66 84 Johnson et al. 1989
phosphoroamidate 200 p.o. 17,27 36, 41 37 Johnson et al. 1989
8. 0,0-diethyl-0-dichlorophenyl 10 p.o. 14,12, 14 20, 20, 16 36, 57,2 Johnson et al. 1989
phosphoroamidatec
9. 0,0-di-n-butyl-0-dichlorophenyl 70 p-o. 44, 32 43, 30 42,33 Johnson et al. 1989
phosphoroamidate
10. 0,0-di-n-hexyl-0-dichlorophenyl 15 p.o. 42 47 53 Johnson et al. 1989
phosphoroamidatec

2 NTE activity was measured 4 days after dosing

b NTE activity was measured 24 h after the last dose and 24 h after the further single dose

¢ NTE activity was measured 22 h after dosing

[in brackets] in vitro I, s data (uM) from our laboratory were measured for each compound on the same experiment, and calculated ac-

cording to Lotti & Johnson (1978)

brane-bound NTE is present in sciatic nerve, due to the
anatomical differentiation of the neurite. Furthermore, the
in vitro (unpublished data) and in vivo sensitivities of se-
dimented and non-sedimented peripheral nerve NTE to
DBDCVP are similar. Therefore it can be concluded that
the reasons of the differences here reported cannot be due
to a different physical form of NTE in the axons.

The suggestion that NTE might be not entirely homo-
geneous throughout the nervous system was made by sev-
eral authors. Chemnitius et al. (1983) reported that kinetic
analysis of NTE inhibition curves allowed the identifica-
tion of two isoenzymes in hen brain. Carrington and
Abou-Donia (1986) with similar experiments proposed an
alternative model based on the formation of Michaelis
complex between one enzyme and the inhibitor. The rele-
vance, however, of these differences in mechanistic terms
was not investigated in the above-mentioned studies. Fur-
thermore, on the basis of heat inactivation experiments of
brain NTE the presence of two isoenzymes was ruled out,
because the biphasic kinetics was explained by the forma-
tion of one enzymic intermediate (Reiner et al. 1987). It
was also reported that a small component of NTE (3—6%

of total brain NTE) can be detected with some inhibitors.
However, many of the compounds which do not inhibit
this small component of total NTE can cause OPIDP or
protect from it, depending on their chemistry (Johnson
1988). Therefore if this component really represents NTE,
it is mechanistically irrelevant, and, of course, cannot be
related to either of the two “components” of peripheral
nerve NTE.

In conclusion there is conflicting evidence, obtained
by different means, that different NTE isoenzymes can be
detected in the nervous system. These data on DBDCVP,
however, suggest that peripheral nerve NTE is different
from that in the brain and confirms that doses which do
not cause NTE supra-threshold inhibition in the periph-
eral nerve are not associated to OPIDP.

Comparative in vitro and in vivo data on NTE inhibi-
tion in brain, spinal cord and peripheral nerve are very
limited and perhaps other OPs will display a behaviour
similar to that of DBDCVP.

These data further confirm that brain NTE activity is
not always a good monitor for enzyme acitivity in spinal
cord and peripheral nerve, where axonal degeneration ac-



tually develops. In fact when the threshold for NTE inhi-
bition is reached in the spinal cord and not in peripheral
nerve, a “spastic spinal cord syndrome” is produced,
whereas suprathreshold inhibition of NTE in brain only is
not associated with OPIDP (Lotti et al. 1987). The practi-
cal implications of these results should be therefore con-
sidered, when measuring nervous tissues NTE inhibition
in OPIDP experiments.
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