
Arch Toxicol (1988) 62:375-380 
Archives of 

Toxicology 
�9 Springer-Verlag 1988 

Triphenyl phosphite neurotoxicity in the hen: inhibition of neurotoxic 
esterase and of prophylaxis by phenylmethylsulfonyl fluoride 

Clark  D .  Carrington and M o h a m e d  B. A b o u - D o n i a  

Department of Pharmacology, Duke University Medical Center, Durham, North Carolina 27710, USA 

Abstract .  The neuropathic syndrome resulting in the cat 
and the rat from single or multiple doses of the phospho- 
rous acid ester tiphenyl phosphite (TPP) has been reported 
to differ from the syndrome caused by numerous phos- 
phoric acid esters, which is known as organophosphorous 
compound-induced delayed neurotoxicity (OPIDN). Since 
the hen is used to test compounds for OPIDN, we chose to 
study the neurotoxicity of single subcutaneous doses of 
TPP using this animal model. TPP (1000 mg/kg) produced 
progressive ataxia and paralysis which began to develop 
5-10  days after dosing. Similar signs were observed when 
subcutaneous doses of the OPIDN-causing agents tri-o- 
cresyl phosphate (TOCP) or diisopropyl phosphorofluori- 
date (DFP) were administered. The minimum neurotoxic 
dose of TPP was 500 mg/kg. Prior administration of phe- 
nylmethylsulfonyl fluoride (PMSF) prevented the develop- 
ment of a neuropathy induced by DFP, but did not fully 
protect the hens from TPP or TOCP. PMSF slowed, but 
did not prevent, the neuropathy caused by TOCP. PMSF 
reduced the neurotoxicity of 500 mg/kg TPP, but in- 
creased the neurotoxicity of  1000 mg/kg TPP. TPP was 
found to be a very potent inhibitor of neurotoxic esterase 
(NTE), the putative target site for OPIDN, in vitro, with a 
ki of about 2.1 x 105 M - I m i n - i .  Equimolar doses of either 
TPP (1000 mg/kg) and TOCP (1187 mg/kg) caused over 
80% inhibition of neurotoxic esterase (NTE) in brain and 
sciatic nerve. This high level of NTE inhibition persisted 
for several weeks. This prolonged inhibition probably ac- 
counts for the inability of PMSF to block the neurotoxicity 
of  TOCP. The dose-response curve for NTE inhibition 
48 h after dosing indicated that a level of 70% inhibition 
correlated with the neurotoxicity of TPP. 

Subneurotoxic doses of TPP and DFP were found to 
have an additive effect which could be blocked by PMSF. 
These results indicate that TPP can cause OPIDN in the 
hen. The synergism between PMSF and the higher dose of 
TPP suggests the presence of a second neurotoxic effect as 
well. 
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Introduction 

A number of organophosphorous compounds induce a 
neuropathy in humans and animal models which begins to 
develop 6-14 days after a single exposure (Smith et al. 
1930; Abou-Donia 1981). This effect is known as organo- 
phosphorous compound-induced delayed neurotoxicity 
(OPIDN) and results from exposure to a number of phos- 
phonic and phosphoric acid esters. Despite the fact that 
these compounds are widely used as plasticizers (US EPA 
1985) and that triphenyl phosphite (TPP) and several aryl 
phosphites have been known to be neurotoxic (Smith et al. 
1932, 1933), the esters of phosphorous acid have received 
relatively little attention, 

In the studies that have been conducted on the neuro- 
toxic effects of aryl phosphorous acid esters, results atypi- 
cal of OPIDN have been obtained. Differences from 
OPIDN in the clinical effect of TPP have been noted in 
the cat (Smith et al. 1933) and rat (Veronesi et al. 1986). 
Histopathological damage not characteristic of OPIDN 
has been noted in the cat after tri-o-cresyl phosphite (Lil- 
lie and Smith 1932), and in the rat (Veronesi et al. 1986) 
and hen (Carrington et al. 1988a, b) following exposure to 
TPP. Finally, there are structure-activity differences be- 
tween the phosphites and those compounds which cause 
OPIDN. Triphenyl phosphite, tri-o-cresyl phosphite, tri-m- 
cresyl phosphite, and tri-p-cresyl phosphite are all neuro- 
toxic (Smith et al. 1933). Of the corresponding phosphate 
isomers, only TOCP causes OPIDN (Smith et al. 1930, 
1932). 

It has been demonstrated that a number of com- 
pounds, particularly carbamates, sulfonyl fluoride, and 
phosphinates, are able to prevent the occurrence of 
OPIDN when given 24 h prior to the neurotoxic com- 
pound diisopropyl phosphorofluoridate (DFP; Johnson 
1974). One such prophylactic compound, phenylmethyl- 
sulfonyl fluoride (PMSF), has also been found to protect 
from OPIDN induced by DFP, mipafox (N,N-diisopropyl 
phosphorodiamidic fluoride), 2-methylphenyl diphenyl 
phosphate, and TOCP (Johnson 1982; Carrington and 
Abou-Donia 1983). 

Neurotoxic esterase (NTE), a protein characterized ei- 
ther by labelling with [3H]-DFP or its esterase activity 
(Johnson 1982), is a putative target site for the induction of 
OPIDN. NTE is irreversibly inhibited by organophospho- 
rous compounds through progressive phosphorylation 
(Carrington and Abou-Donia 1986). A criterion of 70% or 
greater inhibition of NTE has been found to correlate with 
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the induction of OPIDN by various compounds in the hen 
(Johnson 1982). 

In this paper, we compare the neurotoxicity induced 
by TPP with OPIDN caused by either DFP or TOCP in the 
hen, which is the test animal commonly used for OPIDN. 
First, we investigated the ability of PMSF to prevent the 
neuropathies induced by various subcutaneous doses of ei- 
ther TPP or TOCP. Second, we monitored NTE activity 
over a 21-day period following neurotoxic subcutaneous 
doses of both TPP and TOCP. Third, we determined the 
dose-response relationship for the inhibition of NTE in vi- 
vo by TPP. Fourth, we measured the potency of TPP for 
NTE inhibition in vitro. Finally, we assessed the ability of 
TPP to prevent or potentiate the neurotoxicity of DFP. 

Methods 

Animals. White leghorn hens, 14 months old, weighing 
1.5-2.0 kg were obtained from Featherdown Farm, Ra- 
leigh, NC. 

Materials. DFP (O,O-diisopropyl phosphorofluoridate; 
98% purity), TPP (triphenyl phosphite; 97%), diphenyl 
phosphite (85%), and paraoxon (O, O-diethyl p-nitrophenyl 
phosphate) were obtained from Aldrich Chemical Co., 
Milwaukee, WS. The impurities contained in the TPP gen- 
erated 31P-NMR peaks which corresponded to diphenyl 
phosphite and triphenyl phosphate (Carrington et al. 
1988a). Physostigmine, phenylmethylsulfonyl fluoride 
(PMSF; 99%) and atropine sulfate were obtained from Sig- 
ma Chemical Company, St Louis, MO. Mipafox (N,N-di- 
isopropyl phosphorodiamidic fluoride) was synthesized by 
the Midwestern Research Institute, Kansas City, Mo.). Tri- 
o-cresyl phosphate (TOCP; 99%) was obtained from East- 
man Kodak Co., Rochester, NY. 

Dosing. Hens were dosed with 1.7 mg/kg DFP (in propy- 
lene glycol); 250, 500, 750, 1000 mg/kg TPP; or 62.5, 125, 
250, 500, 750, or 1187 mg/kg TOCP. All three organophos- 
phorous compounds were administered subcutaneously at 
the side of the neck. The animals dosed with DFP were 
protected from the acute effects by the administration of 
1.0 mg/kg physostigmine (s.c., in propylene glycol) and 
300 mg/kg atropine (p.o.) 15 min prior to the organophos- 
phorous compound. When given, the PMSF was adminis- 
tered 24 h prior to dosing with DFP, TPP, or TOCP at a 
dose of 30 mg/kg (s.c., 30% dimethyl sulfoxide solution). 
The prophylaxis of 250 mg/kg TPP was investigated with a 
challenge of 1.7 mg/kg DFP 48 h after the TPP. The addi- 
tive effect of DFP and TPP was assessed by following 
a dose of 0.25mg/kg DFP with 250mg/kg TPP 24h 
later. Control hens for the inhibition experiments were un- 
treated. 

Clinical assessment. Animals were initially rated on a 
6-point scale (normal, TI-T4, or paralyzed; Abou-Donia 
1978). For the purpose of comparing treatments, hens were 
given less equivocal ratings of normal (T2 or less), ataxic 
(T3 or T4), or paralyzed (including moribund animals sacri- 
ficed). All the animals graded as paralyzed first progressed 
through a period of ataxia. 

NTE assays. The assays measuring the inhibition of NTE 
in vivo were conducted by measuring NTE activity in 

brain and sciatic nerve at 1-21 days after dosing with TPP 
using the method described by Johnson (1982). The sciatic 
nerve was prepared and assayed as described previously 
(Carrington and Abou-Donia 1984). The inhibition of 
NTE in vitro was measured using paraoxon preinhibited 
hen brain homogenate prepared as described previously 
(Carrington and Abou-Donia 1986). The protein was 
preincubated with 50 IxM mipafox for 15 min prior to the 
addition of varying concentrations of TPP (10 -8-10 -5 M) 
for 7-10 min. The preincubation step was conducted in a 
volume of either 2 or 0.1 ml. Following preincubation, ei- 
ther 2 ml substrate solution (1.4 mM phenylvalerate), or 
substrate solution plus 1.9 ml buffer (Tris HC1, pH 8.0) 
was added to bring the total volume to 4 ml. After 15 min, 
the reaction was stopped and substrate hydrolysis mea- 
sured as described previously (Johnson 1982). The data 
were analyzed using weighted, nonlinear regression analy- 
sis as described previously (Carrington and Abou-Donia 
1986), and a model assuming one enzyme and progressive 
phosphorylation with no significant Michaelis complex 
formation. 

Protein concentrations for the experiments involving 
both in vivo and in vitro exposure to TPP were measured by 
the method of Lowry et al. (1951). 

Statistics. Statistical tests for prophylaxis, protection or 
potentiation were performed using a chi-square test. Mod- 
els assuming the incidence of ataxia or paralysis in the two 
treatment groups to be either identical or different were 
compared. All comparisons had 3 degrees of freedom. 

Results 

Clinical signs 

Triphenyl phosphite produced clinical signs similar to 
those observed following exposure to neurotoxic phos- 
phoric acid esters (Abou-Donia 1981). However, ataxia 
and paralysis tended to develop several days sooner when 
compared to animals treated with either TOCP or DFP. 
Early signs of neurotoxicity (Tl or T2) were observed more 
frequently before 7 days after TPP. This rarely occurred in 
animals treated with the classical OPIDN inducing agents. 
At 21 days after dosing, the EDs0 for the production of pa- 
ralysis in hens by subcutaneously administered TPP was 
found to be about 500 mg/kg, while the EDs0 for ataxia 
was somewhere between 250 and 500 mg/kg. The EDs0 for 
paralysis by subcutaneous TOCP was between 125 and 
250 mg/kg, while EDs0 for ataxia was between 62.5 and 
125 mg/kg. 

Prophylactic action of PMSF 

Prior treatment with 30 mg/kg PMSF fully prevented the 
neuropathy induced by DFP, but did not protect the ani- 
mals treated with either 1000 mg/kg TPP or an equimolar 
dose (1187 mg/kg) of TOCP (Table 1). We have previously 
found that PMSF does prevent the neuropathy caused by a 
smaller oral dose (750 mg/kg) of TOCP (Carrington and 
Abou-Donia 1983). To investigate the possibility that the 
difference between the oral dose and the subcutaneous 
doses of TOCP and TPP are due their persistance beyond 
the 3-6  day period during which protection is afforded by 
PMSF (Johnson 1974), we examined the prophylactic ef- 
fect of PMSF using lower doses of the neurotoxic chemi- 
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Table 1. Prophylaxis of PMSF for neurotoxicity induced by TPP, TOCP, or DFP. Clinical condition of hens at 10 or 21 days after the 
administration of various doses of DFP, s.c., TOCP, s.c., or TPP, s.c. with or without the prior (24 h) administration of 30 mg/kg PMSF, 
s.c. All doses are given in mg/kg 

Time/compound/ Clinical condition 
dose 

No PMSF + PMSF 

(n) Normal Ataxic Paralyzed (n) Normal Ataxic Paralyzed 

10 

21 

TPP 250 5 5 0 0 6 6 0 0 
500 10 6 4 0 9 8 0 1 
750 6 3 3 0 4 3 0 1 

1000 17 10 5 2 4 1 2 1 

TOCP 62.5 3 3 0 0 3 3 0 0 
125 3 3 0 0 3 3 0 0 
250 4 4 0 0 4 4 0 0 
500 4 4 0 0 4 4 0 0 
750 4 3 1 0 4 3 1 0 

1187 4 0 4 0 4 2 2 0 

TPP 250 8 6 2 0 6 6 0 0 
500 13 1 4 8 9 6 2 1 
750 4 0 0 4 4 1 I 2 

1000 25 2 5 18 12 0 0 12 

TOCP 62.5 3 2 1 0 3 0 0 0 
125 3 0 2 1 3 0 0 0 
250 4 0 1 3 4 3 1 0 
500 4 0 0 4 4 2 1 1 
750 4 0 0 4 4 1 2 1 

1187 4 0 0 4 4 0 2 2 

DFP 0.25 3 2 1 0 0 0 0 0 
DFP 1.7 7 0 1 6 3 3 0 0 

DFP 0.25 + 
TPP 250 4 0 0 4 4 4 0 0 

cals and examined the time course for the onset and severi- 
ty of the neuropathy (Table 1, Fig. 1). 

The results using TOCP are consistent with the view 
that high subcutaneous doses of this chemical persist be- 
yond the prophylactic period of a single dose of PMSF. As 
the dose is lowered, the frequency and severity of the clini- 
cal signs of nerve degeneration are decreased by prior ad- 
ministrat ion of PMSF (Fig. 1). In addition, there appears 
to be a delay in the onset of ataxia and paralysis even at 
high doses, since a greater degree of protection is afforded 
at 10 and 14 days than at 21 days. At 14 days, 15 out of 16 
animals were ataxic, and 4 of out 12 animals were para- 
lyzed without PMSF; with prior administrat ion of PMSF, 
the corresponding figures are 4 out 16, and 0 out of 12 
(Table 1). 

The effect of PMSF on TPP-induced neurotoxicity ap- 
pears to depend on the dose of TPP used. PMSF had a 
somewhat paradoxical effect 10 days after 500-750 mg/kg  
doses of TPP; although fewer animals were ataxic after 
PMSF (5 out of 10 without PMSF, 2 out of 10 with PMSF), 
the two animals that showed signs of neurotoxicity with 
PMSF were paralyzed even thoug none of the animals not 
given PMSF were affected so severely (Table 1). At 21 
days, PMSF protected hens given 500 mg/kg  TOCP (using 
ataxia as a criterion, z-square = 8.5, p < 0.05 ; using paral- 
ysis, z-square = 5.6, p~0.06).  At the highest dose 
(1000 mg/kg),  PMSF apparently potentiates the neurotoxi- 
city of TPP since a higher percentage of the animals be- 
came ataxic or paralyzed at all time points. Most signifi- 

cant was that 12 out of 12 animals given PMSF were para- 
lyzed at 21 days, yet only 15 out of 21 were paralyzed 
when PMSF was not given (Table 1; z-square ~0.13). 

Inhibition of  NTE by TPP 

Inhibition of  NTE in vitro. Triphenyl phosphite was found 
to be a potent inhibitor of NTE in vitro. However, the 
measured potency of TPP as an inhibitor  greatly depended 
on whether or not the TPP was removed by dilution prior 
to the addition of the substrate. Without dilution, TPP has 
an apparent k i of 2.1 x 105 + 0.6x 105 M - I m i n  -1 (n = 6). 
With dilution, the k i was much lower (2.5 x 104 --I- 0.6 • 104 
M - ~ m i n - i ,  n = 4). In addition, the slope of the inhibit ion 
curve observed without dilution was much steeper than 
would be predicted by a progressive phosphorylat ion 
model (Fig. 2). 

Inhibition and recovery of  NTE in vivo. Neurotoxic esterase 
activity was highly inhibited in vivo 24 h after the hens 
were doses subcutaneously with 1000 mg/kg  TPP. NTE 
activity in brain was decreased by about 80%, and activity 
in sciatic nerve was completely inhibited (see Figs. 3 and 
4). Even though brain levels showed recovery 14 days after 
TPP, NTE activity remained depressed in sciatic nerve for 
the full 21 days during which activity was monitored. An 
equimolar dose of 1187 mg/kg  TOCP resulted in essen- 
tially complete inhibi t ion of NTE in both brain and sciatic 
nerve which persisted for 21 days. 
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Fig. 1. Average behavioral deificit score as a function of time after administration (X-axis, in days) and dose (Y-axis, mg/kg). The top 
plots are for TOCP while the bottom two are for TPP. The left plots are without PMSF pretreatment, the right plots are for animals 
pretreated with 30 mg/kg PMSF. The shade density reflects the average clinical condition of the animals, where no shading denotes that 
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Dose-response relationship for inhibition of NTE by TPP. 
The  m i n i m u m  neu ro to x i c  dose  o f  500 m g / k g  T P P  resul ted 
in ove r  70% inh ib i t ion  o f  N T E  in bo th  b ra in  and  sciat ic  
ne rve  (Fig. 5). N T E  levels fo l lowing  a 250 m g / k g  dose  o f  
T P P  were  about  one  ha l f  the n o r m a l  va lues  in brain ,  and  
were  close to what  are cons ide red  th resho ld  levels  for  
O P I D N  in sciat ic  nerve.  
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Fig. 2. The inhibition of neurotoxic esterase activity by TPP with 
either a 2:1 (solid circles, solid line) or 40:1 dilution upon the addi- 
tion of substrate after a 10-min preincubation at 37 ~ C. The lines 
represent the best fit (weighted least squares) of the data using a 
progressive phosphorylation model. The poor fir in the former 
case indicates that the model is inappropriate 

Additive,neurotoxicity of TPP and DFP. A subneuro tox ic  
dose  o f  250 m g / k g  T P P  did  not  p reven t  the n e u r o p a t h y  in- 
duced  by 1.7 m g / k g  D F P  g iven  4 8 h  later  (data  not  
shown) ,  ind ica t ing  that  it is no t  p rophylac t ic .  This  same 
dose  o f  T P P  did  have  an add i t ive  neu ro tox i c  effect  when  
c o m b i n e d  with a bo rde r l i ne  dose o f  D F P  (0.25 mg /kg ) .  
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Fig. 3. Activity levels of neurotoxic esterase in hen brain at vary- 
ing time points after the subcutaneous administration of either 
1000 mg/kg TPP (solid circles, solid line), or 1187 mg/kg TOCP 
(open circles, dotted line). Control values were 16.4+2.0 nM phe- 
nylvalerate hydrolyzed per mg protein per min (n = 6). There were 
three animals at each time point, except for TPP at day 7 for 
which n = 6 
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Fig. 4. Activity levels of neurotoxic esterase in hen sciatic nerve at 
varying time points after the subcutaneous administration of ei- 
ther 1000 mg/kg TPP (solid circles, solid line), or 1187 mg/kg 
TOCP (open circles, dotted line). Control values were 
0.73 +0.18 nM phenylvalerate hydrolyzed per mg protein per min 
(n = 6). There were three animals at each time point, except for 
TPP at day 7 for which n = 6 
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Fig. 5. Activity levels (+ SEM) of neurotoxic esterase in hen 
brain (circles, solid line) and sciatic nerve (diamonds, dotted line) 
48 h after the subcutaneous administration of 0-1000 mg/kg TPP. 
Control values were 13.6 + 0.4 nM phenylvalerate hydrolyzed per 
mg protein per min for brain (n = 6) and 1.10+0.19 nM/mg-min 
for sciatic nerve (n = 6). There were three animals for each of the 
three doses of TPP 

The combined effect of the two compounds was blocked 
by PMSF (Table 1). 

Discussion 

The data presented in this report strongly indicate that 
TPP causes OPIDN in the hen. TPP inhibits NTE, a puta- 
tive target site for OPIDN, both in vitro and in vivo. The 
dose-response curve for NTE inhibition correlated with 
the curve for neurotoxicity, with a level of about 70% inhi- 
bition corresponding to a threshold neurotoxic dose. 
PMSF, an agent known to be prophylactic with regard to 
OPIDN, protects hens from the minimum neurotoxic dose 
of 500 mg/kg TPP. TPP is clearly not prophylactic, since a 
non-neurotoxic dose of TPP which results in about 60% 
NTE inhibition will not prevent the neuropathic effect of 
DFP. On the other hand, subneurotoxic doses of TPP and 

DFP have an additive effect which is blocked by PMSF. 
The observation that all lesions characteristic of OPIDN 
are present after TPP administration (in addition to neuro- 
nal chromatolysis and necrosis), and that DFP administra- 
tion after 1000 mg/kg TPP causes no additional damage 
(Carrington et al. 1988a) also indicates that TPP induces 
OPIDN. 

One anomaly supports the histopathological evidence 
(Carrington et al. 1988a) that TPP causes a second syn- 
drome in the hen as well; PMSF potentiates rather that 
protects hens from the highest dose (1000 mg/kg) of TPP 
studied. Since PMSF protects at lower but not higher doses 
of TPP, it is likely that the dose-response curve for clini- 
cally significant damage is lower for OPIDN than for the 
second syndrome. 

The lack of complete protection by PMSF of the 
TOCP-dosed animals, and perhaps to some extent the 
TPP-dosed animals as well, is attributable to the persis- 
tence of the compound beyond the period during which 
prophylaxis is afforded. This is supported both by the ob- 
servation that the onset of the neuropathy is at least delay- 
ed in the TOCP-dosed animals and that both TPP and 
TOCP or their metabolites persist at concentrations suffi- 
cient to inhibit NTE in hen brain and sciatic nerve to a sub- 
stantial (> 70%) degree for at least 10 days (21 days after 
TOCP). In contrast, NTE activity inhibited by DFP starts 
to recover in hen brain within 1 day (Johnson 1974; Car- 
rington and Abou-Donia 1984) and in sciatic nerve after 
2-3  days (Carrington and Abou-Donia 1984). An oral 
dose of 500 mg/kg TOCP has been found to result in es- 
sentially complete NTE inhibition for 4 days, with 25% 
recovery by the 8th day after dosing (Ohkawa et al. 1980). 
We recently provided evidence that this prolonged inhibi- 
tion may be related to persistence of the dose at the subcu- 
taneous injection site (Carrington et al, 1988b). 

The NTE inhibition observed following in vitro expo- 
sure to TPP with dilution upon addition of substrate is due 
to progressive phosphorylation, since the amount of inhi- 
bition increased with the time of preincubation (Carring- 
ton, unpublished data). The additional inhibition which 
occurs if the TPP is not diluted may result from competi- 
tive inhibition in addition to the progressive phosphoryla- 
tion. In a single experiment, diphenyl phosphonate was 
found to be about 50 times less potent as an inhibitor of 
NTE in vitro (Carrington, unpublished data), suggesting 
that the inhibition of NTE by TPP is not due to hydrolysis 
and tautomerization to a phosphonic acid. 

TPP has previously been reported to be potent inhibi- 
tor of rat brain NTE in vitro (Padilla and Grizzle 1987). 
The results reported here with NTE from hen brain are es- 
sentially identical. However, the degree of NTE inhibition 
resulting from exposure to a neurotoxic regimen of TPP in 
vivo differs greatly between the two species. While two 
doses of 1000 mg/kg TPP result in less than 40% inhibition 
of NTE in the rat (Veronesi et al. 1986; Padilla and Grizzle 
1987), a threshold dose of 250 mg/kg results in over 50% 
inhibition in the hen. The fact that NTE is not inhibited to 
a significant extent in the rat is consistent with the fact that 
TPP apparently does not cause OPIDN in this animal 
(Veronesi and Dvergsten 1987). The variation in NTE in- 
hibition between species may due to differences in the rate 
of absorption from the site of injection, or to other phar- 
macokinetic or metabolic differences (Abou-Donia 1983). 
In any case, it appears that some process occurring prior 
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to the arrival of  the neurotoxicant  to the tissue accounts 
for the lack of  sensitivity of  the rat  to O P I D N  induced 
by TPP. 

TPP is apparent ly  neurotoxic  by two independent  
mechanisms. Al though O P I D N  has been more fully char- 
acterized, neither mechanism has been fully elucidated.  
Each syndrome could contr ibute to risk from human expo- 
sure. The contr ibut ion of  either mechanism might differ 
with chronic low-level dermal  exposure,  to which humans 
are more likely to be exposed (US EPA 1985). Further  
study of  the risk associated with dermal  exposure may be 
warranted  in lieu of  the f inding that dai ly  dermal  appl ica-  
t ion of  TPP produces  a neuropathy  in hens (Abou-Donia ,  
unpubl ished  data). 
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