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Abstract .  The oximes HI-6, HLr-7,  HGG-12, HGG-42 and 
obidoxime were used in a previously developed rat model 
to evaluate the therapeutic effects of oximes other than 
acetylcholinesterase (ACHE) reactivation (so-called "non- 
reactivating effects"). To test this anaesthetized, atropinized 
and artificially ventilated rats (n = 8 or 16) were poisoned 
with a three times LDs0 dose of the potent AChE-inhibitor 
crotylsarin (CRS, i.v.). CRS-inhibited rat AChE dealkylates 
instantaneously, thereby excluding AChE reactivation by 
the oximes. Five minutes after poisoning the rats were 
treated (i.v.) with an oxime or saline and 10 min later ar- 
tificial ventilation was terminated. Survival times were 
determined. Saline-treated animals died within 15 rain. In 
comparison, treatment with HI-6, HLr-7, HGG-12, HGG- 
42 or obidoxime resulted in a significant prolongation of 
survival time. In the groups treated with HLr-7,  HI-6 or 
HGG-12, 12-37% of the animals survived more than 24 h. 
It was investigated whether differences in therapeutic ef- 
fectiveness are caused by differences in pharmacokinetics 
of the oximes. The plasma half-lives of HI-6, HLr-7, 
HGG-12, HGG-42 and obidoxime amounted to 67, 63, 27, 
55 and 179 rain, respectively. At doses of 75 or 150 lamol/ 
kg, all oximes could be detected in brain and medulla ob- 
longata in similar amounts (6-10 nmol/g tissue). In vitro, 
all oximes were effective in restoring failure of neuro- 
muscular transmission (NMT) caused by CRS, albeit with 
varying potency. All oximes bound with affinities in the 
micromolar range to rat brain muscarinic receptors. The 
present results show that (1) prolongation of survival time 
following lethal intoxication with an organophosphate can 
be achieved by non-reactivating properties of the oximes 
and (2) the observed differences in a) pharmacokinetics, b) 
potency to restore NMT and c) affinity for muscarinic re- 
ceptors of the various oximes do not correlate with the 
observed differences in therapeutic effectiveness. There- 
fore, it is concluded that the prolongation of survival must 
be due to as yet undefined effects in the brain. 
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Introduction 

Bispyridinium oximes are known reactivators of organ0- 
phosphate (OP)-inhibited acetylcholinesterase (ACHE) and 
have been used effectively against OP-induced toxicity in 
several species, usually in combination with atropine. 
However, when primate or human AChE is inhibited by the 
OP soman, rapid dealkylation ("aging") takes place, re- 
sulting in a non-reactivatable enzyme (Loomis and Sal- 
afsky 1963; Heilbronn and Tolagen 1965; Wolthuis et al. 
1981). For this reason oxime therapy has been considered 
to be of limited value against soman in man. However, HI-6 
treatment has been shown to .be effective against lethal 
intoxication in primates, notwithstanding the persistent 
presence of very low levels of AChE activity in blood and 
target tissues (Lipp and Dola 1980; Hamilton and Lundy 
1989; Van Helden et al. 1992). Therefore, it was suggested 
that pharmacological effects of HI-6, unrelated to AChE 
reactivation (henceforth called "non-reactivating effects") 
could be important in the treatment of OP poisoning. 

Various non-reactivating effects of oximes have been 
described, such as actions on nicotinic and muscarinic 
acetylcholine (ACh) receptors (Lundy and Tremblay 1979: 
Amitai et al. 1980; Clement 1981; Kirsch and Weger 1981; 
Kloog et al. 1985; Valdes et al. 1985) and effects on ion 
channels associated with the nicotinic ACh-receptor (A1- 
kondon et al. 1988; Tattersall 1993). However, most of 
these data were obtained in vitro, making extrapolation to 
the in vivo situation speculative, and the therapeutic re- 
levance of these effects has still to be established. 

To be able to investigate the therapeutic potency of these 
non-reactivating effects and their underlying mechanisms, 
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Fig. 1. Survival times (mean 4- SEM) of non-24-h 
survivors (bars) and percent 24-h survival (indicated at 
the bottom) of  anaesthetized and atropinized rats poisoned 
with 3xLDs0 crotylsarin (i.v.) and treated 5 min later with 
oxime or saline (control, C). All animals were mechani- 
cally ventilated starling just before poisoning until 15 min 
thereafter. The total number of non-24-h surviving ani- 
mals per oxime dose is indicated at the top and the dose 
(Itmol/kg i.v.) at the bottom of each bar. A group of  8 or 
16 rats was used per oxime dose group; the total number 
of  controls was 27. Treatment with all oximes tested 
resulted in a prolongation of survival compared with 
controls. Only treatment with HLr-7 (150, 225 Itmol/kg), 
HI-6 (150, 175 lamol/kg) or HGG-12 (75 !amol/kg) led to 
24-h survival. Significant differences from control values 
are indicated by * p < 0 . 0 5  Exact Fisher test; �9 p < 0 . 0 5  
Mann-Whitney U test 

we developed animal models in which enzyme reactivation 
could be excluded (Busker et al. 1991; Van Helden et al. 
1991). In the model developed by Busker et al. (1991) rats 
were lethally poisoned with the organophosphate cro- 
tylsarin (CRS). In the rat, CRS-inhibited AChE ages in- 
stantaneously, resulting in a non-reactivatable enzyme. 
Like soman, CRS enters the brain very quickly. If treated 
with HI-6 5 rain after poisoning with CRS, 50% of the 
animals survived, notwithstanding the absence of any 
AChE reactivation in blood, diaphragm or brain. Hence the 
therapeutic effects of HI-6 are due to non-reactivating ef- 
fects. Using this particular model this study was performed 
with two aims: (1) to compare the non-reactivating ther- 
apeutic efficacy of a number of well-known oximes (HI-6, 
HLr-7, HGG-12, HGG-42 and obidoxime); (2) to assess 
whether possible differences in efficacy can be ascribed to 
differences in pharmacokinetics of the oximes and/or to 
differences in their in vitro potency to cause recovery of 
CRS-inhibited neuromuscular transmission or to bind to 
muscarinic receptors. 

Materials and methods 

Survival. Male rats (Small WAG/Rij and WAG/MBL, 180-200 g) were 
anaesthetized with sodium hexobarbital (Evipan, 175 mg/kg i.p.) and 
sodium pentobarbital (Veronal, 216 rng/kg i.p.), subsequently atropi- 
nized (50 mg/kg i.p.), intubated and injected i.v. with 3 xLDs0 CRS 
10 rain later. Following CRS administration the intubated animals were 
artificially ventilated for 15 min. Ten minutes before terminating 
ventilation and removal of  the intubation tube, they were treated (i.v.) 
with an oxime or saline. CRS and the oximes were dissolved in dis- 
tilled water. At each oxime dose 8 or 16 animals were used (Fig. 1). 
Survival times of  the animals were assessed by keeping them one to a 
cage and recording (breathing) movements using an ultrasonic detec- 
tion device. 

Blood acetylcholinesterase activio,. To determine the effect of the i.v. 
oxime injection on the course of  blood AChE activity after CRS in- 
toxication, rats were treated according to the survival protocol, but in 
addition they were supplied with a (left) carotid cannula and kept 
under anaesthesia�9 Blood samples of  5 Itl were collected, immediately 
mixed with 50 tJ.l t% saponin and frozen in liquid N2. Alter appro- 
priate dilution in 50 mM phosphate buffer pH 7.4, samples were as- 
sayed for AChE activity using a radiometric method (Johnson and 
Russell 1975). In this assay the ACh concentration was 12 p.M" [3H]- 
ACh iodide (acetyl-13H], specific activity 2.7 GBq/mmol from NEN; 
Dreieich, Germany) was separated from [3H]-acetic acid, and was 
diluted to a specific activity of  600 MBq/mmol. Ethopropazine 
(2.5 gM; Sigma, St Louis, Mo., USA) was used as a specific inhibitor 
of BuChE. Purified electric eel AChE (Sigma, St Louis, Mo., USA) 
was used as a reference. 

Neuromuscular transmission (NMT). Muscle strips of  about 4 mm 
width and about 20 mm long were cut from isolated diaphragms, all 
obtained from experimentally naive rats. The strips were kept in 
Krebs-Ringer solution aerated with 95% 0,,./5% CO2 at room tem- 
perature and were provided with a ligature at both ends. Subsequently, 
the preparations were fixed between two platinum electrodes of a field 
stinmlator to be stimulated indirectly. A displacement transducer 
served to measure the isometric muscle contractions (Wolthuis et al. 
1981). Contractions were registered by means of  a Hewlett-Packard 
recorder. The incubations took place at 37 o C in glass vials filled with 
60 ml Krebs-Ringer (pH 7.2) aerated with 95% 02/5% COz The test 
for neuromuscular transmission was as follows: during 0.2 s a dia- 
phragm preparation was indirectly (supramaximally) stimulated at a 
frequency which induces a tetanic contraction (40 Hz, pulse duration 
of  3 Its). This was repeated every 10 s (Van Helden et al. 1991). After a 
control test at t = 0, CRS (2.4 I.tM) was added to the bath and incubated 
for 10 min, then the muscle preparation was incubated for 10 min in 
buffer containing the oxime. During the experiment the preparation 
was tetanically (40 Hz) stimulated every 10 s. The area under the curve 
recorded at t = 20 min was calculated in proportion of that measured at 
t = 0 (control test) and expressed as a % NMT value which is taken as 
the NMT recovery due to the non-reactivating activity of the oxime. 
This is valid, since in such preparations no reactivation of  CRS-in- 
hibited AChE was detected (Busker et al. 1991; see also below). A 10- 
min incubation at each concentration of  oxime was sufficient to 
measure a maximal effect. At least four preparations per oxime dose 
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Table 1. Chenfical structures of the oximes under investigation in the 
present study 

R1 R3 

R2 

R 4  

Rt R2 R3 R4 X 

HI-6 H CH = N-OH C(=O)-NH2 H CI 
HGG-12 H CH = N-OH H C(=O)-CrH5 CI- 
HGG-42 H CH = N-OH H C(=O)-C6HII CI- 
Obi- CII = N-OH II CH = N-OII H CI 
doxime 
HLr-7 CIt = N-OH CH = N-OH C(=O)-N172 H 1 

were used. In some cases, parts of the muscle strips were used to 
determine AChE activity (Busker et al. 1991). 

Phannacokinetics of the oximes used. Rats were treated according to 
the survival protocol, but in addition they were supplied with a (left) 
carotid cannula and kept under anaesthesia. Blood samples of 25 I.tl 
were taken repeatedly (see Fig. 4) and centrifuged for 10 min to obtain 
plasma. Trichloroacetic acid (final concentration 0.02 M) was added, 
and after 15 rain (0 ~ C) this was centrifuged for 10 min and 20-121 
aliquots of proper dilutions of the supernatant were injected into an 
HPLC system. For determination of HI-6 and obidoxime the method 
described by Hamilton and Lundy (1989) was used. The HPLC system 
comprised a Spectrnflow 400 pump (ABI, Maarssen, Netherlands), a 
Kontron 460 autosampler, an ABI 757 Absorbance meter, set at 304 nm 
and a LDC Milton Roy (Hasselroth, Germany) CI 10B integrator. A 
Chromsep CI8 100x3.0 mm column (Chrompack, Middelburg, 
Netherlands) was used. The mobile phase contained 0.I M KH2PO4 
(pH 4.8), 300 mg sodium octylsulphonate, 50 mM triethylamine 
(Aldrich) to reduce tailing and 3% (v/v) acetonitrile per litre water and 
was pumped at 0.5 ml*min L HGG-12 and HGG-42 eluted extremely 
slowly under these conditions; therefore the system was adjusted by 
omitting sodium octylsulphonate, and increasing acetonitrile to 7% in 
the case of HGG-12 (retention time 3 min) and to 10% in the case of 
HGG-42 (retention time 5 min) for the determination of these two 
oximes. All samples were kept below 10 ~ C prior to injection. Under 
these conditions, all oximes appeared to be sufficiently stable. 

Oxime concentrations in brain (cerebrum) and medulla oblongata 
were determined in rats sacrificed 5, 15 or 30 min after oxime 
injection. Brains and medulla were homogenized (1:10) in the mobile 
phase, 1/10 volume 0.2 M trichloroacetic acid was added and samples 
were further treated as above, except that 75 gl of undiluted super- 
natant was injected into the HPLC. A correction was made for the 
amount of oxime present in brain blood (Ligtenstein and Kossen 
1983). in this respect, blood oxime concentrations were multiplied 
by the haemoglobin content in brain or medulla oblongata (Gorter and 
De Graaf 1956) and this was subtracted from the total contents of 
oxime in brain or medulla. 

Di.wlacement of [-~H]-quinuclidinyl benzilate (QNB) binding. Rats 
were decapitated, and their brains were quickly removed. After exci- 
sion of cerebellum each brain was homogenized (1:2(I) in 30 mM 
HEPES buffer pH 7.4 containing 0.5 mM EGTA. This was centrifuged 
for 10 rain at 1000 g, and thereafter the supernatant was centrifuged for 
20 min at 48 000 g. The resulting pellet was resuspended and the last 
centrifugation step was repeated. Following resuspending, the protein 

concentration was adjusted to 2 mg/ml, and these membrane suspen 
sions were kept at -80 ~ C. 

The binding assays were performed in 20 mM HEPES. Specifi 
binding was determined with 50 p.I [3HJ-QNB, 150 gl drug solutior 
700 B1 HEPES and finally 100 lal membrane suspension. Afte 
incubation for I h at 25~ under shaking, the incubation wa 
terminated by rapid vacuum filtration over Whatman GF/C glas 
fibre filters using a MilliFmre (Etten-I.eur, Netherlands) samplin 
manifold. The filters were washed three times under vacuum wit 
3 ml ice cold buffer. The filters were placed in vials containing 5 n 
scintillation cocktail, and counted at least 3 h later. Non-specifi 
binding was defined as residual binding in the presence of 10 lab 
atropine sulphate. Maximal binding, Ko, Ki and pseudo-Hill coeffi 
cients were calculated after fitting the individual curves. Bindin 
characteristics of each oxime were determined in three independer 
experiments. 

Compounds. Crotylsarin (trans-2-butenyl methylphosphonofluoridate 
was a gift of Dr. H. P. Benschop of the Prins Maurits Laboratory TNs 
it was greater than 98e/~: pure (GLC) and had satisfactory elementar 
analysis, NMR and IR spectra; it was stored in dry isopropanol : 
-20 ~ C and diluted with water immediately before use. HGG-12 [1-(3 
phenylcarbonylpyridinio)methoxymethyl-2-hydroxyiminomethylpyri- 
dinium dichloride monohydrate] and HGG-42 [l-(3-cyclohexyl 
carbonyl-pyridinio)methoxymethyl-2-hydroxyiminomethylpyridiniulr 
dichloride] were synthesized by Dr. H. P. Benschop. 7.77-6 [l-(4-ami 
nocarbonylpyridinio)methoxymethyl-2-hydroxyiminoethyl-pyridiniun 
dichloride monohydrate] was made available by Dr. J. G. Clemen 
Defence Research Establishment Suffield, Canada. Obidoxirn 
(Toxogonin ~' [ 1, I '-oxybis(methylene)-bis(4-hydroxyiminumethyl 
pyridinium) dichloride] was donated by Merck, Germany. HLO- 
diiodide [ l-(4-aminocarbonylpyridinio)methoxymethyl-2,4-bis(hydrc 
xyiminomethyl-pyridinium diiodide] was donated by Dr. P. Eye: 
Wa]ther-Straub-Institut fur Pharmakologie und Toxikologie der Lud 
wig-Maximilians-Universitgt Miinchen, Germany. The chemic~ 
structures of the oximes are shown in Table I. 

Statistics. Differences in the number of 24-h survivors between saline 
and oxime-treated groups of rats were tested using the Exact Fishe 
test; differences in ranking of survival times of individuals in contrc 
and experimental groups were tested by the Mann-Whimey U test. 

R e s u l t s  

Sun,ival  

Con t ro l  a n i m a l s  p o i s o n e d  w i t h  3 x L D s o  C R S  (i.v.) an~ 
s u b s e q u e n t l y  t rea ted  wi th  sa l ine  i n s t ead  o f  o x i m e  wer. 

i n c a p a b l e  o f  s p o n t a n e o u s  b r e a t h i n g  for  m o r e  t han  15 mi~ 
w h e n  ar t i f ic ia l  ven t i l a t i on  was  t e r m i n a t e d  10 m i n  followin 1 
Ihe sa l ine  i n j ec t i on  (Fig.  1). T r e a t m e n t  wi th  H L r - 7 ,  HI-~ 

H G G - 1 2 ,  o b i d o x i m e  or  H G G - 4 2  r e su l t ed  in a significan 
p r o l o n g a t i o n  o f  su rv iva l  t ime  c o m p a r e d  w i th  controls 

H L r - 7  (150  or  225  g m o l / k g )  r e su l t ed  in 3 7 %  (3/8)  and  12, c' 
(1 /8)  24 -h  su rv iva l ,  r e spec t ive ly .  HI -6  (150  and  175 gmol 

kg)  t r e a t m e n t  r e su l t ed  in 2 5 %  (4 /16)  and  3 7 %  (3/8)  24-1 
su rv iva l ,  r espec t ive ly .  H G G - 1 2  (75 p .mol /kg)  t r e a t m e n t  let 

to 2 5 %  (4 /16)  2 4 - h  su rv iva l .  T r e a t m e n t  wi th  o b i d o x i m e  0 
H G G - 4 2  d id  not  resu l t  in 24-h  su rv iva l .  

Blood acetylcholinesterase activity 

In all C R S - p o i s o n e d  rats ,  b l o o d  A C h E  ac t iv i ty  d ropped  tc 
less  t han  1% of  the  s ta r t ing  ac t iv i ty  w i t h i n  3 min.  Injectio~ 
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Fig. 2. A Blood AChE activity (mean + SEM; n = 4) in rats poisoned 
with 3 • CRS (i.v. at t = 0) and injected i.v. 5 rain later with saline 
(O), HI-6 (A, 150 lamol/kg), HGG-12 ( 1 ,  75 lamol/kg) or HGG-42 
(0 ,  75 p.mol/kg). AChE activity is expressed as percent of  control 
value determined just before CRS injection. All animals were artifi- 
cially ventilated, starting just before poisoning until the end of  the 
experiment. There is no difference between saline- and oxime-treated 
groups. B Blood AChE activity (inean _ SEM; n = 3) in rats poisoned 
with 3 • CRS (i.v. at t = 0) and injected i.v. 5 min later with saline 
(O), HI.6-7 (11, 150 lamol/kg), or obidoxime: 37.5 lamol/kg ( 0 ) ,  
75 p.mol/kg (I-q) or 150 p.mol/kg (A).  In contrast to the other oximes, 
administration of  obidoxime resulted in increased enzyme inhibition 

of HI-6 (150 I.tmol/kg), HGG-12 (75 ~mol/kg), HGG-42 
(75 l.tmol/kg) and HL6-7 (150 Bmol/kg) to rats min after 
CRS injection had no effect on the course of AChE activity 
in blood (Fig. 2). In saline- as well as in oxime-treated rats 
a spontaneous increase of AChE activity took place, 
amounting to about 2% in the first hour. Treatment with 
0bidoxime, however, resulted in a dramatic fall in AChE 
activity even below the limit of detection (<0.1% of 
starting activity, Fig. 2B). Dose-dependently, recovery was 
detected 10-25 min after obidoxime injection. 

Neuromuscular transmission 

Tetanic contractions of untreated muscle preparations de- 
clined spontaneously by about 7% during the experiment 
(Fig. 3). Taking this into account, the five oximes tested 
were all able to restore almost completely the failure of 
NMT caused by CRS. HGG-12 and HGG-42 were effective 

,00 7 
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Fig. 3. Dose-response curves of the effects of HI-6 (A), HL0-7 ([]), 
HOG-12 (1I), HGG-42 ( 0 )  and obidoxime (~,) on neuromuscular 
transmission (NMT) in rat diaphragm preparations in vitro following 
complete block by CRS (2.4 laM, O). The spontaneous NMT decline 
to about 93% in preparations which were incubated during 20 min in 
the absence of CRS and oxime is indicated by the square symbol at the 
vertical axis. All values are means _ SEM 

at lower concentrations than HI-6 and obidoxime, the EDs0 
(half maximal response) for both HGG oximes was about 
0.1 mM and that for HI-6 and obidoxime approximately 
0.6 mM. HL6-7 takes an intermediate position 
(EDs0 = 0.3 mM). In all cases the recovery of NMT was 
halted when the oximes were removed from the muscle 
preparations by washing (not shown). This underlines that 
the recovery was caused by non-reactivating effects. 

The AChE activity in the muscle preparations dropped 
to 6.4 _ 0.2% of starting activity following 2.4 laM CRS, 
and was found to be unchanged (6.3 _ 0.1%) 10 min after 
the subsequent addition of 0.5 mM HI-6 (n = 4). 

Pharmacokinetics of the oximes used 

The course of plasma concentration of the oximes was 
tested under conditions related as closely as possible to the 
survival experiments (Fig. 4). The HI-6 dose of 150 l.tmol/ 
kg was adopted from earlier studies (Busker et al. 1991" 
Van Helden et al. 1991). HL6-7 and obidoxime, being si- 
milarly effective in vitro, were also given at this dose, 
whereas HGG-12 and HGG-42, the more potent drugs, 
were given at 75 pmol/kg. For comparison 75 ~mol/kg 
HI-6 was also included. Bi-exponential curves were ob- 
tained, and kinetic data were calculated according to two- 
compartment kinetics (Table 2). Plasma is defined as the 
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Fig. 4. Time-course of plasma concentrations of HI-6 (A, 150 ~tmol/ 
kg), HL0-7 ( O ,  150 Bmol/kg), HGG-12 (11, 75 I.tmol/kg). HGG-42 
(O ,  75 Bmol/kg) and obidoxime (A,  150 I, tmol/kg), administered (i.v.) 
to rats which had been intoxicated with 3 xLI)5o CRS 5 min earlier. 
The rats had been anaesthetized, atropinized and were ventilated just 
as in the survival experiments. Each point represents means 4- SEM of 
5 - 6  animals 

central compartment, all other tissues as peripheral com- 
partments. HGG-12 was the fastest eliminated oxime 
(tV2 27 rain). The elimination half-lives of  HI-6, HGG-42 
and HL6-7 were similar (67, 55, 63 rain, respectively). The 
volumes of  the central comparlment were 71-107 ml/kg, 
that of  the peripheral compartment about twice this value. 
Obidoxime was eliminated much more slowly, with an 
elimination half-life of  179 rain. 

All oximes entered the central nervous system; the le- 
vels were corrected for the amount of blood present in brain 
and medulla (5 I.tl/g and 7 p.1/g, respectively) (Fig. 5). 
It appeared that therapeutically effective doses of  HI-6, 
HL0-7, HGG-12 and HGG-42 (150, 150, 75 and 75 Bmol/ 
kg, respectively) all resulted in levels of  approximately 
6-8 nmol/g tissue, both in brain and in the medulla ob- 
longata. Injection of  75 pmol/kg HI-6 led to somewhat 
lower levels. After injection of 150 lamol/kg obidoxime 
somewhat higher concentrations were reached. In blood the 
oxime concentration dropped more quickly during the first 
30 min than in brain and medulla. Similar amounts of  
oximes were found in brains and medulla obiongata from 
non-poisoned, but otherwise similarly treated animals 
(results not shown). 
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Fig. 5. Amounts of oxime (means 4- SEM) detected in medulla 
oblongata (A) and in brain (B), corrected for the presence of blood 
in the tissue. All rats were kept under anaesthesia, they had been 
intoxicated with 3 x I,l)50 CRS, 5 rain prior to oxime treatment (dosed 
as indicated between brackets. /.tmol/kg), and they were sacrificed 5 
(opep, bars), 15 (grey bars) or 30 (hatched bars) min after i.v. 
administration of the oxime 

Displacement of [J11]-QNB binding 

As can be seen in Table 3, all the oximes under in- 
vestigation could displace [3H]-QNB binding in rat brain 
membrane preparations. All inhibition constants are in the 
micromolar range, with HGG-I2 and HGG-42 as the most 
potent compounds. HI-6 had the lowest affinity. Atropine 
has a much higher affinity, with a Ki of  1.5 nM. 

Table 2. Pharmacokinetic data of oximes administered i.v. to CRS-poisoned rats, calculated according to two-compartment kinetics 

Oxime: HI-6 HI-6 HL6-7 HGG- 12 HGG-42 Obidoxime 

Dose/,tmol/kg 75 150 150 75 75 150 
n =  6 6 6 6 5 6 
ot 0.13 -t- 0.05 0.19 4- 0.05 0.23 4- 0.01 0.20 4- 0.05 0.15 4- 0.02 0.14 4- 0.03 
A 596 4- 142 1290 4- 215 1158 4- 101 553 4- 38 494 4- 23 996 -4- 158 
13 0.0154-0.003 0.010-t-0.002 0.011 + 0.001 0.0264-0.002 0.0134-0.002 0.0044-0.001 
B 228 4- 40 830 4- 212 427 4- 25 216 4- 19 203 4- 23 458 4- 39 
tl/z overall (min) 55 4- 7 62 • 28 63 4- 5 27 4- 3 55 4- 9 180 4- 26 
Mean residence time 73 4- 7 88 -F 33 79 4- 7 31 _+ 3 69 4- 9 231 + 34 
(rain) 
Vd central compartment 91 4- 12 70 4- 3 95 4- II 97 4- 3 107 4- 5 103 4- 6 
(ml/kg) 
Va peripheral compartment 197 4- 17 148 4- 12 277 4- 22 204 ___ 8 258 4- 31 291 4- 18 
(ml/kg) 
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Table 3. Displacement of [3H]-QNB binding in rat brain membrane 
preparations; the QNB concentration was 200 pM; lid = 223 ___ 19 pM; 
Bmax = 2.07 + 0.07 pmol/g protein. Hill coefficients were in all cases 
close to 1 

Ligand Ki (BM) n = 4 

Atropine 0.0015 _ 0.0003 
tti-6 89 ___ 23 
HLr-7 29 + 7 
HGG-12 2.0 ___ 0.3 
HGG-42 3.2 -t- 0.8 
Obidoxime 12 • 4 

Discussion 

The therapeutic effectiveness of non-reactivating effects of 
oximes after intoxication was evaluated. On the basis of the 
present results the non-reactivating effects of the oximes 
tested (in combination with atropine) enhance survival after 
intoxication with CRS in rats. In comparison with controls, 
survival times of oxime-treated animals significantly in- 
creased and treatment with HLr-7, HI-6 or HGG-12 even 
led to 24-h survival of several animals in the various 
treatment groups. None of the oximes tested increased 
blood AChE activity (Fig. 2). Since both the concentrations 
of the oximes and of the CRS-inhibited ACHE, and con- 
sequently the likelihood of reactivation, will be greatest in 
blood, monitoring of the AChE activity in blood can be 
considered as the most sensitive way to exclude oxime- 
induced reactivation under the conditions used in the sur- 
vival protocol (Busker et al. 1991). Thus, it may be con- 
cluded that in surviving animals both the failure of neuro- 
muscular transmission in the diaphragm and failure of the 
neuronal transmission in the respiratory centers caused by 
CRS have been restored by non-reactivating effects of the 
0ximes. This confirms part of the results of two previous 
studies, in which soman- (Van Helden et al. 1991) or CRS- 
poisoned- (Busker et al. 1991) and HI-6-treated rats sur- 
vived. In both studies any significant reactivation of in- 
hibited AChE measured in blood, diaphragms or in the 
brain following HI-6 treatment was absent. Earlier experi- 
ments in which rats were lethally poisoned with soman and 
shortly thereafter treated with HI-6 revealed high protective 
ratios. Survival was mainly attributed to AChE reactivation 
by HI-6 (Kepner and Wolthuis 1978). In primates, however, 
rapid aging of soman-inhibited AChE prevents reactivation 
of ACHE. Nevertheless, in experiments with rhesus mon- 
keys (Hamilton and Lundy 1989) and marmosets (Van 
Helden et al 1992) survival after soman intoxication could 
be predominantly attributed to non-reactivating effects of 
HI-6. 

Obidoxime significantly prolonged the survival time 
after CRS; surprisingly, it even caused a decrease in AChE 
activity. Administration of obidoxime (150 gmol/kg) alone 
had no effect on AChE activity (results not shown). An 
explanation for this additional enzyme inhibition by obi- 
doxime might be that this oxime reacts with a metabolite of 
CRS yielding a new, potent inhibitor. CRS itself is most 
likely not involved, for it cannot be detected 5 rain after i.v. 
injection (Busker et al. 1991). Reaction of OPs with obi- 

doxime into AChE-inhibiting products has been reported 
(Alioth-Streichenberg et al. 1991). The fact that adminis- 
tration of obidoxime, while enhancing AChE inhibition, 
increased survival times of CRS-poisoned animals in- 
dicates the importance of the non-reactivating effects of 
this oxime. 

One of the questions to be answered was whether dif- 
ferences in pharmacokinetics of the oximes might explain 
the difference in their therapeutic effectiveness: treatment 
with HGG-42 and obidoxime did not yield any 24-h sur- 
vivors. On the other hand, obidoxime and especially HGG- 
42 had a strong non-reactivating effect in vitro in restoring 
NMT after CRS. The kinetic profile of HGG-42 is not much 
different from that of the more effective oximes, HI-6, 
HLr-7 and HGG-12. Furthermore, the levels of HGG-42 
detected in brain and medulla oblongata after a dose of 
75 Bmol/kg are similar to those found after therapeutic 
doses of HI-6, HL0-7 or HGG-12. Obidoxime was elimi- 
nated more slowly, and the levels detected in the brain were 
somewhat higher compared with the levels of HI-6 and 
HL0-7 after equimolar doses. Apparently, the lack of ef- 
fectiveness of HGG-42 and obidoxime in 24-h survival is 
not caused by inadequate pharmacokinetics, but rather by 
missing efficacy, or by toxicity. 

From the relatively short plasma elimination half-lives 
of the oximes tested (27-67 min) a doubtful therapeutic 
effectiveness might be expected (Hobbiger 1976). How- 
ever, as stated above, non-reactivating effects restoring 
CNS transmission are particularly important for survival. 
Elimination of HI-6 from the CNS is slower than from 
plasma (Ligtenstein and Kossen 1983; Ecobichon et al. 
1990). Although the small number of observations in the 
brain does not allow calculation of kinetic parameters, our 
data show that 21% of HI-6 was eliminated from the brain 
(mean of both doses tested) between 5 and 30 min fol- 
lowing administration, whereas 57% was eliminated from 
plasma. Similar results were found with HL0-7, HGG-12 
and HGG-42. This means that the drugs remain longer in 
the brain than might be expected on the basis of plasma 
half-lives. Slow elimination of the oximes from the rat 
brain tissue could partly explain their effect of prolonging 
survival time after CRS intoxication. 

All five oximes dose-dependently restored CRS-in- 
hibited NMT in the isolated rat diaphragm. However, their 
potency was not correlated with their effectiveness in 
prolonging survival. For example, HGG-42 was more po- 
tent on NMT than HI-6, whereas HI-6 was more effective 
on survival. With all oximes tested almost complete re- 
covery of NMT could be achieved. It has been suggested 
that the skeletal type nicotinic ACh-receptors are affected 
by oximes (Clement 1981; Su et al. 1983; Broomfield et al. 
1987), in particular the receptor ion channel (Alkondon et 
al. 1988; Tattersall 1993). Currently, we are investigating 
the contribution of post- as well as presynaptic effects of 
the oximes on this recovery to unravel the mode of action 
by which the oximes exert this non-reactivating effect. 

All five oximes displaced bound [3HI-QNB from rat 
brain membrane preparations with Ki values in the micro- 
molar range. The Ki values are in agreement with the data 
of Kloog et al. (1985), with the possible exception of obi- 
doxime (12 -t- 4 I.tM) which they reported to be 42 _ 6 BM. 
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Since HI-6 was least effective, whereas HGG-42 and HGG- 
12 were most effective, any correlation with therapeutic 
potency is lacking. Since in the present survival experi- 
ments the animals were pretreated with atropine (144 ].tmol/ 
kg), which appears to have a 1000-fold higher affinity for 
muscarinic receptors than the oximes, muscarinic binding 
of the oximes cannot play an important role in survival. 

HL6-7, HI-6 and HGG-12 were more effective in our 
survival experiments than obidoxime and HGG-42, in- 
dicating that rather small structural differences between the 
oximes may result in different pharmacological properties. 
The presence of a phenylcarbonyl moiety (HGG-12) or a 
cyclohexylcarbonyl moiety (HGG-42), and for obidoxime, 
HI-6 and HLt -7  the number  and position of the oxime 
moieties (HC = N-OH) or the presence of an aminocarbo- 
nyl moiety (C(O)NH2) (see Table I), may be responsible 
for these different pharmacological effects, 

Until now HI-6 has been regarded as the most promising 
compound against poisoning by soman (Clement 1981; 
Wolthuis et al. 1981; Boskovic et al. 1984; Hamilton and 
Lundy 1989; Van Helden et al. 1992). HL6-7 - tested in 
mice (Clement et al. 1992; Eyer et al. 1992), guinea pigs 
(Lundy et al. 1992) and dogs (Eyer et al. 1992) - is pre- 
sently regarded as the "first broad spectrum oxime re- 
activator" (Clement et al. 1992; Eyer et al. 1992; Lundy et 
al. 1992). From the present investigation it appears that, 
also from a "non-reactivating" point of view, HLt-7  is at 
least as effective as HI-6. In conclusion, no consistent 
correlation exists between the in vivo (survival and phar- 
macokinetics) and in vitro results (NMT recovery, binding 
to muscarinic receptors), suggesting that differences in 
survival may be due to yet unknown effects of the oximes 
in the brain. 

Acknowledgment. This research was supported by the Dutch Ministry 
of Defence. 

References 

Alioth-Streichenberg CM, Bodmer DM, Waser PG (1991) Pharmaco- 
kinetics and pharmacodynamics of obidoxime in satin-poisoned 
rats. Toxicol Appl Pharmacol 108:509-519 

Alkondon M, Ras KS, Albuquerque EX (1988) Acetylcholinesterase 
reactivators modify the functional properties of the nicotinic ACh- 
receptor ion-channel. J Pharmacol Exp Ther 245:534-556 

Amitai G, Kloog Y, Balderman D, Sokolovsky (19801 The interaction 
of bis-pyridinium oximes with mouse brain muscarinic receptors. 
Biochem Pharmacol 29:483-488 

Boskovic B, Kovacevic V, Jovanovic D (1984) PAM-2, HI-6 and 
HGG-12 in soman and tabun poisoning. Fundam Appl Toxicol 4: 
S 106-S 115 

Broomfield C, I)embure IJ, Cuculis J (1987) Binding of soman 
antidotes to acetylcholine receptors. Biochem Pharmacol 30: 
1017- 1022 

Busker RW, Zijlstra JJ, Van der Wiel H J, Melchers BPC, Van Helden 
HPM (1991) Organophosphate poisoning: a method to test ther- 
apeutic effects of oximes other than aeetylcholinesterase re- 
activation in the rat. Toxicology 69:331-344 

Clement JG (1981) Toxicology and pharmacology of bispyridinium 
oximes - insight into the mechanisms of action versus soman 
poisoning in vivo. Fundam Appl Toxicol 1:193-202 

Clement JG, Hansen AS, Boulet CA (1992) Efficacy of HLt-7 and 
pyrimidoxime as antidotes of nerve agent poisoning in mice. Arch 
"lbxicol 66:216-219 

Ecobichon DJ, Comeau AM, O'Neil WM, Marshall WD (199(I) Ki- 
netics, distribution, and biotransformation of the chemical HI-6 in 
the rat, dog, and rhesus monkey. Can J Physiol 68:614-621 

Eyer P, Hagedorn I, Klimmek R, Lippstreu P, Loftier M, Oldiges H, 
Spohrer U, Steidl I, Szinicz L, Worek F (1992) HLii-7 dimetha- 
nesulfonate, a potent bispyridinium-dioxime against anticholi- 
nesterases. Arch Toxicol 66:603-621 

Goner E. De Graaff WC (19561 Klinische diagnostiek. Stenfert 
Kroese, Leiden, p 300 

Hamilton MG, Lundy PM (19891 HI-6 therapy of soman and tabun 
poisoning in primates and rodents. Arch Toxicol 63: 144- 149 

Heilbronn E, Tolagen B (19651 Toxogonin in sarin, soman and tabun 
poisoning. Biochem Pharmacol 14:73-78 

Hobbiger F (19761 Pharmacology of anticholinestera.se drugs. In: 
Zaimis E (ed) Neuromuscular junction. Springer, Berlin, p 553 

Johnson CD. Russell RL (1975) A rapid, simple radiometric assay for 
cholinesterase, suitable for multiple determinations. Anal Biochern 
64:229-238 

Kepner LA, Wolthuis OL (1978) A comparison of the oximes HS-6 
and HI-6 in the therapy of soman intoxication in rodents. Eur 
J Pharmacol 48:377-382 

Kirsch DM, Weger N (1981) Effects of the bispyridinium compounds 
HGG-12, HGG-42 and obidoxime on synaptic transmission and 
NAD(P)H fluorescence in the superior cervical ganglion of the rat 
in vitro. Arch Toxicol 47:217-232 

Kloog Y, Galron R, Balderman D, Sokolovsky M (1985) Reversible 
and irreversible inhibition of rat brain inuscarinic receptors is re- 
lated to different substitutions on bisquaternary pyridinium oximes. 
Arch Toxicol 58:37-39 

Ligtenstein DL, Kossen SP (1983) Kinetic profile in blood and brain of 
the cholinesterase reactivating oxime HI-6 after intravenous ad- 
ministration to the rat. Fundam Appl Toxicol 71: 177-183 

Lipp JA, Dola TJ (19801 Comparison of the efficacy of HS-6 versus 
HI-6 when combined with atropine, pyridostigmine and clonaze- 
pam for soman poisoning in monkeys. Arch Int Pharmacodyn Ther 
246: 138- 148. 

Loomis TA, Salafsky B (1963) Antidotal action of pyridinium oximes 
in anticholinesterase poisoning, comparative effects of soman, 
satin and neostigmine on neuromuscular function. Toxicol Appl 
Pharmacol 5:685-690 

Lundy PM, Tremblay KP (19791 Ganglion blocking properties of some 
bispyridinium soman antagonists. Eur J Pharmacol 60:47-53 

Lundy PM, Hansen AS, Hand BT, Boulet CA (1992) Comparison of 
several oximes against poisoning by soman, tabun and GE Tox- 
icology 72: 99-105 

Su C, Tang C, Ma C, Shih Y, Liu C, Wu M (1983) Quantitative 
structure-activity relationships and possible mechanisms of action 
of bispyridinium oximes as antidotes against pinacolyl methyl- 
pbosphonofluoridate. Fundam Appl Toxicol 3:271-277 

Tanersall JE (1993) Ion channel blockade by oximes and recovery of 
diaphragm muscle from soman poisoning in vitro. Br J Pharmac01 
108: 1006- 1015 

Valdes JJ, Shih T, Whalley C (1985) Competitive binding of the oxi- 
rues HI-6 and 2-PAM with regional brain muscarinic receptors. 
Biochem Pbarmacol 34:2815-2818 

Van Helden HPM, De Lange J, Busker RW, Melchers BPC (1~)11 
Therapy of organophosphate poisoning in the rat by direct effects 
of oximes unrelated to ChE-reactivation. Arch Toxicol 65: 
586-593 

Van Helden HPM, Van der Wiel H J, De Lange J, Busker RW, Melchers 
BPC, Wolthuis OL (19921 Therapeutic efficacy of HI-6 in soman- 
poisoned marmoset monkeys. Toxicol Appl Pharmacol 115:50-56 

Wolthuis OL, Vanwersch RAP, Van der Wiel HJ ( 1981 ) The efficacy of 
some bispyridinium oximes as antidotes to soman in isolated 
muscles of several species including man. Eur J Phannacol 70: 
355 - 369 


