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Abstract--The effects of l,l'-oxydimethylene bis-(4-tert-butylpyridinium chloride) (SAD-128) and deca- 
methonium on reactivation by oxime of Soman- and Sarin-inhibited erythrocyte acetylcholinesterase 
(ACHE; EC 3.1.1.7) are reported. The inclusion of SAD-128 or decamethonium (10 -3 M) together 
with either TMB-4 or Toxogonin markedly augmented the reactivation of Soman- or Sarin-inhibited 
ACHE; the recovery of enzyme activity was more than doubled in each instance when compared 
to the recovery in the presence of oxime alone. No reactivation was observed with SAD-128 or deca- 
methonium in the absence of oxime. The i.v. LDso of SAD-128 in rabbits is 11.9 mg/kg. When 5 mg/kg 
of SAD-128 was given i.v. to rabbits 2 min before poisoning with Soman, 15-20 per cent of the blood 
cholinesterase was protected from inhibition by Soman. The aging rate in vitro of Soman-inhibited 
erythrocyte AChE was decreased by a factor of 1.9 with 10-3M SAD-128. A concentration of 
1.4 x 10-'*M SAD-128 reduced the rate of acetylcholine hydrolysis by erythrocyte AChE m vitro 
to 50 per cent of control. We suggest that SAD-128 protects against inhibition by Soman due to 
its ability to function as a reversible inhibitor and that SAD-128 and decamethonium might be allosteric 
modifiers of the inhibited enzyme, rendering it more susceptible to reactivation by TMB-4 or 
Toxogonin. 

While oxime derivatives of pyridinium salts are well 
established as reactivators of phosphonylated acetyl- 
cholinesterase (ACHE) [1,21, several of the com- 
pounds studied by Olidges and Schoene [3] and 
Schoene et al. [4] that were useful in the treatment 
of organophosphorus intoxication did not possess 
the oxime moiety. One such compound was l , l ' -  
oxydimethylene bis-(4-tert-butylpyridinium chloride) 
(SAD-128). This compound was shown to be benefi- 
cial in Soman poisoning when administered either 
prophylactically or therapeutically. Since the thera- 
peutic administration was intramuscular (i.m.) 1 rain 
after poisoning with Soman subcutaneously (s.c.), we 
theorized that, due to different routes of administra- 
tion, SAD-128 could have been absorbed into the 
blood and carried to the enzyme more rapidly than 
Soman, and as a result some of the enzyme was 
shielded from phosphonylation. The possibility that 
SAD-128 protects against inhibition by Soman due 
to its ability to function as a reversible inhibitor of 
cholinesterase was tested. In addition, we explored 
the effects of SAD-128 on the aging rate of Soman- 
inhibited erythrocyte ACHE, and the effects of 
SAD-128 and decamethonium (C1o) in conjunction 
with oximes on reactivation of Soman- or isopropyl 
methylphosphonofluoridate (Sarin)-inhibited ACHE. 
The results are reported herein. 

MATERIALS AND METHODS 

Materials. l , l ' -Trimethylene bis-(4-formyl pyri- 
dinium bromide) dioxime (TMB-4), l,l '-(oxydimethy- 
lene) bis-4-formyl pyridinium chloride dioxime (Toxo- 
gonin), pyridine-2-aldoxime methochloride (PAM), 
and atropine were obtained from commercial sources; 
SAD-128 was obtained from Research Division of 
Chemical Systems Laboratory. All experiments in vivo 
were conducted with male albino rabbits weighing 2.5 
to 3.5 kg. 

Blood cholinesterase assays. The method was simi- 
lar to that reported by Siakotos et al. [5]. Whole 
blood (usually 0.6 ml) was withdrawn from the ear 
vein into a heparinized syringe. In animal studies, 
assays were made both before and after anti-AChE 
administration so that the enzyme level of each ani- 
mal before poisoning served as the baseline for calcu- 
lating subsequent inhibition. The blood was expressed 
into a disposable 10 × 75 mm glass tube, mixed, and 
assayed within 0.5 min for cholinesterase activity. A 
typical assay mixture consisted of 200pl of whole 
blood, 50/A of 0.2 M sodium phosphate, pH 7.6. with 
0.03~o Saponin and 50#1 of 3 × 10 -2 M [l'*C]acetyl- 
choline (ACh). When human erythrocytes were used, 
the assay mixture consisted of 100#1 of lysed cells 
in Lubrol buffer [0.1 M sodium phosphate, pH 7.8, 
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containing 0.3 M NaC1 and 1% Lubrol WX), 150/d 
of double-distilled water, and 50 #! of 3 × 10-2M 
ACh. The mixtures were incubated for 5 min at 37 °. 
The reaction was terminated by addition of 5 ml of 
dioxane/resin. The samples were made up to 10 ml 
with dioxane, mixed, and centrifuged; 5ml of the 
supernatant was transferred to 10 ml of the scintilla- 
tion mixture and counted. 

Effects of SAD-128 on inhibition of whole blood cho- 
linesterase by Soman. The rabbits were protected with 
8 mg/kg of atropine i.m. 7 min before poisoning with 
13#g/kg of Soman (1.2 X LD~0), i.v.; SAD-128, 
5 mg/kg, i.v., was injected 2 min before Soman. Whole 
blood was removed for cholinesterase determination 
at 5 min after atropine and at 5, 30 and 60 rain after 
Soman. 

Reactivation of Soman-inhibited rabbit whole blood 
cholinesterase by TMB-4 (alone and with SAD-128). 
Rabbits were given 8 mg/kg of atropine i.m. 5 rain 
before poisoning with 1.2 x LOso Soman i.v. Three 
min after poisoning, 8.9 mg/kg of TMB-4 (alone or 
with 5mg/kg of SAD-128) was administered i.v.; 
blood samples were collected for cholinesterase assay 
before, 2 min after Soman, and 57 rain after oxime 
administration. 

Effects of SAD-128 on human erythrocyte AChE un- 
deraoing aging after inhibition with Soman in vitro. 
Heparin-treated or EDTA-treated blood was centri- 
fuged and erythrocytes were washed with 0.15 M 
NaC1 containing 1USP unit heparin/ml. Aging 
studies were performed as described by Fleisher et 
al. [6]. Erythrocytes were added to 0.01 M sodium 
borate-0.15M NaCI, pH 8.8; the cell-bound AChE 
was inhibited with 5 x 10-SM Soman for 10min at 
2 °. During this time they were centrifuged for 5 min 
at 2000 rpm in an International model PR-2 centri- 
fuge. Acetyicholinesterase inhibition was carried out 
at pH 8.8 and 2 ° to preclude premature aging I-6-1. 
In order to determine the level of reactivatable 
enzyme at the beginning of the study, 0.2 ml of sedi- 
mented erythrocytes was transferred into 0.05M 
phosphate-buffered saline (PBS) composed of sodium 
phosphate-0.15M NaCI, pH 7.3, and containing 
0.1 M PAM. Controls, including Soman-treated cells 
incubated in the absence of PAM and cells not 
treated with Soman, were carried through the same 
experimental procedure. Aging of the remaining 
erythrocytes (2 ml) was immediately started by adding 
the cells to 16 ml of 0.1 M PBS, pH 7.3 and 37 °, alone 
or with 10 -3 M SAD-128 (final concn). Two-ml ali- 
quots of the aging mixture were then removed at 
various time intervals up to 8rain into an equal 
volume of 0.2 M PAM in 0.15 M NaC1, pH 7.3. The 
cells were permitted to incubate with PAM for 1 hr 
at 25 °. After centrifuging and removing the superna- 
rant, erythrocytes were washed three times with 
50vols of 0.15M NaCl-heparin/wash to remove 
excess oxime; 50#i of erythrocytes was then mixed 
with 200#1 water + 200#1 Lubrol buffer for ChE 
assay. 

Effects of SAD-128 or C1o on reactivation of unaged 
Soman- or Sarin-inhibited human erythrocyte AChE by 
oximes in vitro. Washed erythrocytes were treated 
with Soman and centrifuged as described above. Ali- 
quots (0.2 ml each) of cells were put into 0.05 M PBS 
containing 1 USP unit heparin/ml, pH 7.3 and 37 °, 

or buffer containing 10 -3 M SAD-128 alone, 10 -3 M 
TMB-4 (alone or together with 10 -3 M SAD-128 or 
C10), or 10-3M Toxogonin, with and without 
SAD-128. Erythrocytes not exposed to Soman were 
carried through the treatments described above to 
serve as controls. The cells were permitted to incubate 
for 8 min at 37 ° followed by 52 min of incubation 
at room temperature. After centrifuging and removing 
the supernatant, each sample was washed free of 
excess pyridinium salts and processed for AChE ac- 
tivities as described above. 

Sarin-inhibited erythrocyte AChE ages slowly with 
a half-time of 6hr [7]. Thus, no precautions were 
taken to preclude premature aging. Erythrocytes were 
suspended in 0.05 M PBS, pH 7.3, and treated with 
1 x 10-7M Satin for 15min at 25 °. After centrifug- 
ing, the sedimented cells were washed four times with 
10vols of 0.15M NaCl/wash to remove any un- 
reacted inhibitor. Six ml of sedimented cells then was 
transferred into 24 ml of 0.05 M PBS-heparin, pH 7.3, 
and divided into four aliquots and incubated at 37 °. 
One hundred #1 of 6 x 10-4M TMB-4 or 100/al of 
6 x 10-4M TMB-4 containing either 1.2 x 10-1M 
SAD-128 or 1.2 x 10-1M C1o in 0.05M PBS-- 
heparin, pH 7.3, was added to each of the three 12-ml 
aliquots of incubation mixture; the remaining solu- 
tion was incubated in buffer only. One-mi aliquots 
from each were removed at I, 2, 4, 8, 12, 16 and 
32 min. The sedimented cells were washed and pro- 
cessed for enzyme activity as described earlier. 

Inhibition of human erythrocyte AChE by SAD-128. 
One-tenth ml of erythrocytes was put into 6 ml of 
twice-distilled water; 0.1 ml of the resulting lysed cell 
suspension was placed into each 12-ml graduated cen- 
trifuge tube containing 0.05 ml of 0.2 M sodium phos- 
phate buffer, pH 7.6. To each was added sufficient 
SAD-128 in a volume of 0.05 ml to produce a final 
concentration (in 0.3ml) of 1, 10, 100, 200 and 
1000#M. After incubating for 10min at 37 °, 0.I ml 
of 3 x 10-3M ACh was added to each tube; after 
5 rain of incubation with ACh at 37 °, the reaction 
was stopped with ,dioxane/resin and samples were 
processed for counting as described earlier, 
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Fig. 1. Effects of SAD-128 on inhibition of whole blood 
cholinesterase (ChE) b,,. Sornan. SAD-128, 5 mg/kg, was 

administered i.v. 2 min before poisoning with Soman. 
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Table 1. Effects of TMB-4 alone and with SAD-128 on 
reactivation of Soman-inhibited rabbit whole blood cho- 

linesterase in vivo 

Per cent of inhibited blood 
Treatment • cholinesterase reactivatedt 

TMB-4 14.8 + 3.1 
TMB-4 + SAD-128 18.5 ___ 2.1 

• TMB-4 (8.9mg/kg), with and without 5mg/kg of 
SAD-128, was given i.v. to atropinized rabbits 3 min after 
1.2 x LOso of Soman i.v. 

i" Mean _+ S. D., N = 4. 

R E S U L T S  

Effects of  SAD-128 on inhibition of whole blood cho- 
linesterase by Soman in vivo. The data plotted in Fig. 
1 show that SAD-128 caused the enzyme to be less 
sensitive to inactivation by Soman; those animals 
which received SAD-128 before Soman exhibited 
15-20 per cent more enzyme activity than controls. 
Administration of SAD-128 at 5min after Soman 
caused no change in cholinesterase activity. 

Reactivation of  Soman-inhibited rabbit whole blood 
cholinesterase by TMB-4 (alone and with SAD-128) in 
vivo. Table 1 presents the results of a study of whole 
blood eholinesterase levels after poisoning of the 
rabbits with Soman and treatment with 8.9 mg/kg of 

TMB-4 alone or with 5 mg/kg of SAD-128. Approxi- 
mately 15 per cent of the inhibited cholinesterase is 
reactivated after TMB-4. The reactivation by TMB-4 
was slightly increased (to 18.5 per cent) with 
SAD- 128. 

Effects of  SAD- 128 on human erythrocyte AChE un- 
dergoing aging after inhibition with Soman in vitro. 
Figure 2 presents the results of a study of the effects 
of 1 x 10 -3M SAD-128 on the rate of aging of 
Soman-inhibited erythrocyte ACHE. The half-time 
(T1,.2) for aging is the time required for 50 per cent 
of the enzyme to become resistant to reactivation by 
oximes when compared to the amount reactivated at 
the time aging was initiated. The T1/2 was calculated 
from the least squares fit of the first-order plot of 
percentage of AChE reactivated vs time. The Tt,,2 for 
aging with and without SAD-128 was calculated to 
be 2.5 and 1.3 min respectively; the T~/2 for aging 
was significantly retarded (P <0.001, two-tailed 
t-test) by SAD-128. 

Effects of  SAD-128 or C1o on reactivation of una#ed 
Soman- or Sarin-inhibited human erythrocyte AChE by 
oximes in vitro. We chose to use I x  10 -3M 
SAD-128 or C~o in the studies, the results of which 
are shown in Table 2 and Fig. 3, because ancillary 
studies revealed that this concentration of SAD-128 
was most effective in enhancing enzyme reactivation 
by oximes. The data in Table 2 show that TMB-4 
reactivation of Soman-inhibited enzyme was signifi- 
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Fig. 2. Effects of SAD-128 on human erythrocyte AChE undergoing aging after inhibition with Soman 
in vitro. The study represents one of three separate experiments. 

Table 2. Effects of oximes alone and with SAD-128 or C~o on reactivation of Soman- 
inhibited human erythrocyte AChE in vitro 

No. of Per cent AchE reactivated 
Treatment* runs (mean + S. D.) 

SAD-128 12 1.9 _+ 1.8 
TMB-4 6 17.9 _+ 7.2 
TMB-4 + SAD-128 6 39.1 +__ 8.6 
TMB-4 + decamethonium (C1o) 3 42.1 ~ 10.7 
Toxogonin 5 10.5 + 2.1 
Toxogonin + SAD-128 5 29.4 + 1.5 

* Soman-inhibited ceils were incubated with 0.05 M phosphate buffer and 0.15 M 
NaCL pH 7.3, containing 1 x 10 -3M oxime alone or with 1 × 10 -3M SAD-128 
or C1o. 
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Fig. 3. Effects of SAD-128 or Cj0 on reactivation of 
Satin-inhibited erythrocyt¢ AChE by TMB-4 hz vitro. Each 

point is the mean of two experiments. 

cantly augmented (P < 0.001) by SAD-128 or C10. 
The reactivation of the inhibited enzyme by Toxo- 
gonin was also enhanced by SAD-128, Figure 3 illus- 
trates the effects of SAD-128 or C~0 on the reacti- 
vation of Sarin-inhibited AChE by TMB-4; the per- 
centage of AChE reactivated by TMB-4 was more 
than doubled when either SAD-128 or Clo was in- 
cluded with the oxime. Neither SAD-128 nor C~0 pro- 
duced any significant increase of enzyme activity in 
the absence of oxime. 

Effects of  SAD-128 on inhibition of erythrocyte 
ACHE. A semi-logarithmic plot of percentage of 
AChE inhibited vs concentration of SAD-128 resulted 
in a straight line between 1 and 100 x 10-SM 
SAD-128. The concentration 050) of SAD-128 
required to inhibit 50 per cent of the AChE was esti- 
mated from the graph and was found to be 
1.4 x 10-4M. 

D I S C U S S I O N  

As several selected pyridinium salts afforded some 
protective action in Soman intoxication [3, 4] and as 
SAD-128 was effective against Soman-poisoned mice 
both prophylactically and therapeutically [3], its 
action was studied more extensively in the present 
paper. The protective effect of SAD-128 cannot be 
explained by a direct reaction with Soman [3]. Our 
data show that SAD-128 cannot reactivate Sarin- or 
Soman-inhibited ChE. When SAD-128 is given pro- 
phylactically to Soman-poisoned rabbits, 15-20 per 
cent of the blood enzyme remains active, suggesting 
that some of the enzyme is protected from phos- 
phonylation. SAD-128 is a reversible inhibitor of 
AChE in vitro with an 15o value of 1.4 x 10-4M; 
it is, therefore, reasonable to assume that SAD-128 
protects against inhibition by Soman due to its rever- 
sible anti-ChE properties. The findings of Schoene et 

al. [4] are in accord with our findings; they found 
that the compounds which proved beneficial against 
Soman in vivo were also able to protect the AChE 
from Soman in vitro. 

The enchanced reactivation of the inhibited enzyme 
by oximes in the presence of quaternary amines was 
an unexpected observation. Pyridinium salts are in- 
hibitors of AChE [4, 8], presumably by binding non- 
covalently to the anionic subsite. Thus, one might 
expect SAD-128 to compete with the pyridinium 
oximes and interfere with reactivation of the enzyme, 
because it is considered likely that the anionic subsite 
of the active center is involved in reactivation of the 
inhibited enzyme by pyridinium oximes [9]. However, 
our experiments produced no evidence of any interfer- 
ence by SAD-128 with reactivation by oximes (regard- 
less of the oxime used). In fact, 10 -3 M SAD-128 or 
Ct0 markedly (P < 0,002) enhanced reactivation of 
Sarin-inhibited AChE in the presence of as little as 
5 X 10 - 6  M TMB-4 (Fig. 3). 

It has been assumed for a long time that quaternary 
amines inhibit AChE by interaction at the anionic 
subsite of the active center. More recently, however, 
the kinetic data of Kuhnen I1(3] suggested that 
several pyridinium salts, including TMB-4 and Toxo- 
gonin, exhibit both competitive and noncompetitive 
inhibition of ACHE. Wombacher and Wolf 111] and 
Roufogalis and Wickson [12] have provided evidence 
for a binding site on the enzyme separate and distinct 
from the catalytic (active) center. The kinetic data of 
Wombacher and Wolf [11] suggest that the "regula- 
tory site" contains at least two negative charges and 
is devoid of catalytic activity. Furthermore, the bind- 
ing of bis quaternary compounds to this site produced 
a conformational change at the active center. In light 
of these considerations, it is possible that SAD-128 
and decamethonium also bind at the regulatory site 

• and produce a conformational change at the active 
center of the inhibited enzyme, rendering it more sus- 
ceptible to reactivation by oximes. 

The pyridinium salts (2-PAM and SAD-128) have 
been shown to retaM aging [6, 13]. The augmentative 
effect by SAD-128 on reactivation by oximes could 
be explained on this basis, because unaged, reactiva- 
table enzyme would be available for a longer period 
of time. Aging, however, does not appear to play a 
prominent role in the enhanced reactivation of AChE 
by oximes in the presence of SAD-128, because 
SAD-128 also enhances the rate of reactivation o f  
Sarin-inhibited erythrocyte AChE (Fig. 3). The Tt/2 
for aging of Satin-inhibited AChE at physiological 
pH and temperature is approximately 6hr  [7]. The 
dramatic increase in reactivation of Satin-inhibited 
AChE by SAD-128-TMB-4 or Clo-TMB-4, when 
compared to TMB-4 alone, provides further support 
for the hypothesis that these bis quaternary com- 
pounds produce an allosteric modification of the 
ACHE, rendering it more susceptible to reactivation 
by certain oximes. We have no explanation (except 
that C~o, due to its structure, might bind more readily 
to the regulatory site) for the markedly greater effect 
of Clo as compared to SAD-128 on enzyme reacti- 
vation by TMB-4. We should keep in mind that mem- 
brane-bound AChE might respond differently from 
solubilized enzyme, since the "modifiers" could also 
react with membranes and produce additional effects. 
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SAD-128 is rather toxic to rabbits; we have found 
the i.v. LDs0 in rabbits to be 11.9 (6.8 to 20.9) mg/kg, 
P = 0.05). In view of the toxicity of SAD-128 it may 
not be possible to achieve an effective concentration 
in vivo. This could explain in part the contrast 
between the augmentive effects of SAD-128 on reacti- 
vation of Soman-inhibited AChE in vivo and in t,itro 
by TMB-4. Moreover, the amount of reactivation by 
TMB-4 of the two phosphonylated blood enzymes 
(acetyi-ChE and butyryl-ChE) might be different; it 
is unlikely that this could account for the marginal 
effect of SAD-128 on TMB-4 reactivation in vivo, 
because inhibition of rabbit whole blood cholinester- 
ase with BW284C51, a specific inhibitor of AChE [5], 
indicates that less than 10 per cent of the total hy- 
drolysis of ACh is catalyzed by butyrylcholinesterase. 
Thus, the antidotal use of SAD-128 in combination 
with oximes in ~,ivo may not be promising. 
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