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Abstract

Novel substituted phenoxyalkyl pyridinium oximes, previously shown to reactivate brain
cholinesterase in rats treated with high sublethal dosages of surrogates of sarin and VX, were
tested for their ability to prevent mortality from lethal doses of these two surrogates. Rats were
treated subcutaneously with 0.6 mg/kg nitrophenyl isopropyl methylphosphonate (NIMP; sarin
surrogate) or 0.65 mg/kg nitrophenyl ethyl methylphosphonate (NEMP; VX surrogate), dosages
that were lethal within 24 hr to all tested rats when they received only 0.65 mg/kg atropine at the
time of initiation of seizure-like behavior (about 30 min). If 146 mmol/kg 2-PAM (human
equivalent dosage) was also administered, 40% and 33% survival was obtained with NIMP and
NEMP, respectively, while the novel Oximes 1 and 20 provided 65% and 55% survival for NIMP
and 75 and 65% for NEMP, respectively. In addition, both novel oximes resulted in a highly
significant decrease in time to cessation of seizure-like behavior compared to 2-PAM during the
first 8 hours of observation. Brain cholinesterase inhibition was slightly less in novel oxime treated
rats compared to 2-PAM in the 24 hour survivors. The lethality data indicate that 24 hour survival
is improved by two of the novel oximes compared to 2-PAM. The cessation of seizure-like
behavior data strongly suggest that these novel oximes are able to penetrate the blood-brain barrier
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and can combat the hypercholinergic activity that results in seizures. Therefore this oxime
platform has exceptional promise as therapy that could both prevent nerve agent-induced lethality
and attenuate nerve agent-induced seizures.

Keywords

organophosphate; acetylcholinesterase reactivators; nerve agent surrogates; prevention of lethality;
anticholinesterase

1.1 Introduction

Chemical warfare agents (CWAs) have long been a concern in both warfare and civilian
terrorist attacks. One of the most toxic groups of CWAs is the class of organophosphate (OP)
nerve agents whose mechanism of toxic action is the inhibition of acetylcholinesterase
(AChE) resulting in the accumulation of the neurotransmitter acetylcholine and subsequent
overstimulation of cholinergic pathways in both the peripheral and central nervous systems.
High levels of AChE inhibition in the peripheral nervous system can result in respiratory
failure and subsequent death. In addition, hyperstimulation of the cholinergic system in the
central nervous system (CNS) can result in excitotoxicity, seizures, and cognitive
dysfunction (Ecobichon et al., 2001).

Two of the most toxic OP nerve agents, sarin and VX, were synthesized during and
immediately after World War 11, and are still of concern today (Johnson et al., 2015). These
compounds were synthesized and stockpiled in the United States, Germany, Russia, Great
Britain, and other countries (Tucker, 2007). Despite a large amount of these CWAs being
destroyed following the Chemical Weapons Convention in 1993 (Tucker, 2007), other
countries including Irag and Syria produced and used nerve agents in warfare and on
civilians during the 1980s and 2000s, respectively (Smart, 1997; Johnson et al., 2015). Sarin
was also synthesized and deployed by a terrorist group on a Japanese subway in 1994
resulting in several deaths as well as many victims suffering long term neurological deficits
(Nishiwaki et al., 2001; Miyaki et al., 2005). The attacks with sarin on civilians in Syria in
2013 also emphasize the concern that unsuspecting persons remain at risk of nerve agent
toxicity (Johnson et al., 2015). Therefore nerve agents are not only a military hazard, they
are a threat to civilians from potential terrorism.

Treatment for OP exposure traditionally involves the administration of a muscarinic receptor
antagonist, atropine, and an oxime AChE reactivator (e.g., pralidoxime or 2-PAM approved
by the Food and Drug Administration in the USA). Benzodiazepines (e.g., diazepam) may
be administered to mitigate OP induced seizures. A major limitation of the current drug
regimen is the very limited ability of the approved oximes to cross the blood-brain barrier
(BBB), and, therefore, their inability to reactivate AChE in the CNS (Clement, 1979; Kuca
et al., 2005; Skovira et al., 2010).

A series of novel pyridinium oximes, designed and synthesized in our laboratories,
incorporate moieties to increase their lipophilicity, thus enhancing the likelihood of crossing
the BBB and reactivating OP-inhibited brain cholinesterase (ChE) (Chambers et al., 2013).
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Additionally, experimental OPs were synthesized as highly relevant surrogates for the nerve
agents sarin and VX to investigate the ChE reactivation potential of the novel oximes both /n
vitroand in vivo (Meek et al., 2012). These surrogates, nitrophenyl isopropy!l
methylphosphonate (NIMP, sarin surrogate) and nitrophenyl ethyl methylphosphonate
(NEMP, VX surrogate) are non-volatile and phosphylate ChE with the same moiety as their
respective nerve agents, making them highly relevant for testing of reactivator efficacy (Fig.
1). The novel oximes were screened /n vitro for efficacy as reactivators of NIMP- and
NEMP-inhibited rat brain ChE (Chambers et al., 2013) A subset of oximes that
demonstrated good reactivation potential /n vitro were subsequently tested in vivo in rats
using the treatment paradigm of a high sub-lethal dosage of the surrogates, which induced
about 80% peak brain ChE inhibition and yielded seizure-like behavior, but did not require
atropine or other drugs for survival. Several of the novel oximes displayed substantial
efficacy /n vivo at reactivating rat brain ChE activity and attenuating seizure-like behavior in
this sub-lethal paradigm.

Several groups have developed and/or tested new oxime structures for better efficacy and a
broader spectrum of activity (Kalisiak et al., 2012; Kuca et al., 2005; Worek et al., 2004).
Some of the most efficacious of the new reactivators are bis-pyridinium oximes that possess
two positive charges and would have even greater difficulty penetrating the BBB than the
mono-pyridinium oximes (Musilek et al., 2011; Worek and Thiermann, 2013). There have
also been efforts at developing reactivators that can penetrate the BBB (Kalisiak et al., 2011;
Mercey et al., 2012; Radic et al., 2012). However, these are still in the developmental stages
and their efficacy has not been proven. Additionally some older oximes have been revisited
to determine their ability to cross the BBB with limited success, including the non-charged
tertiary oxime MINA (Skovira et al., 2010), and pro-PAM, which is more lipophilic and can
be converted to 2-PAM in the CNS (DeMar et al., 2010).

The most urgent goal following an OP nerve agent exposure is saving the lives of those
experiencing lethal levels. However restoring full nervous system function is also critical
and the current oxime antidote, 2-PAM, cannot because it does not penetrate the BBB
appreciably and, therefore, it cannot prevent or attenuate OP-induced seizures and
subsequent brain damage. Thus an improved therapeutic strategy would not only save lives
but would also rescue the brain from damage by preventing or attenuating seizures. The goal
of the present study was to expand on the earlier studies, that demonstrated novel oxime
efficacy in reactivating brain ChE and attenuating seizure-like behavior in a sub-lethal
paradigm (Chambers et al., 2013), by testing the efficacy of the novel oximes to prevent
lethality, reactivate inhibited brain ChE, and attenuate OP induced seizure-like behavior at
lethal levels of the surrogates in a rat model.

1.2 Materials and methods

1.2.1 Materials

1.2.1.1 Nerve agent surrogates—Two highly relevant nerve agent surrogates were
studied for efficacy testing. Nitrophenyl isopropyl methyl phosphonate (NIMP; sarin
surrogate) and nitrophenyl ethyl methyl phosphonate (NEMP; VX surrogate) were
synthesized in our laboratories as described earlier (Meek et al., 2012; Fig. 1).
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1.2.1.2 Novel oxime reactivators—The novel oximes (patent pending) were first
described in Chambers et al. (2013) and the structures of the specific oximes tested in the
present study are shown in Fig. 2.

1.2.1.3 Animals—Adult male Sprague Dawley-derived rats (Harlan Laboratories) were
housed in an AAALAC-accredited facility in a temperature-controlled environment
(22+2°C) with a 12-h dark-light cycle with lights on between 0700 and 1900 hours. LabDiet
rodent chow and tap water were provided ad /ibitum. All animal protocols received prior
approval from the Mississippi State University Animal Care and Use Committee.

1.2.2 Methods

1.2.2.1 Treatment paradigm—Initial testing occurred with a variety of dosages and
testing paradigms. Briefly, the times of atropine and NIMP or NEMP administration were
varied to identify the best testing paradigm. Atropine was administered 1, 5, 15, or 30 min
post-surrogate exposure with the oxime administration at 15 min or at seizure onset (about
30 min). Atropine administration at early time points (1, 5, or 15 min) required higher
dosages of surrogate to achieve LD99 results and yielded varied responses in lethality and
seizure-like behavior onset, perhaps due to rapid absorption and clearance of atropine and
absorption of the surrogates. Administration of oxime prior to seizure onset also resulted in
varied lethality and seizure-like behavior development.

A treatment paradigm was selected for the OP’s that provided a lethal dose by 24 hr when
only atropine was provided and which provided only a moderate level of survival with
atropine plus 2-PAM so that any improved survival that was afforded by the novel oximes
could be detected. Consistent with the time delay that would be likely in the event of a
terrorist attack or accident, the antidotes were delivered at the time of initiation of signs of
seizure-like behavior, about 30 min post OP administration. An LD99 dosage (SC) of each
of the OP’s (dissolved in a biocompatible solvent, Multisol) was established with the
following criteria: 1) the dosage was lethal within 24 hr to all rats treated together with 0.65
mg/kg atropine (free base) in saline IM (dosage within the range of atropine dosages
typically used in experiments testing antidote efficacy for lethal dosages of nerve agents)
and 2) the dosage was lethal within 24 hr to a moderate number of rats treated IM with
atropine plus 2-PAM in Multisol at 0.146 mmol/kg (human equivalent dosage for 3
autoinjectors). Multisol is composed of 48.5% water, 40% propylene glycol, 10% ethanol,
and 1.5% benzyl alcohol. Dosages of the OP’s are 0.6 mg/kg for NIMP and 0.65 mg/kg for
NEMP. Novel oximes in Multisol were administered at 0.146 mmol/kg (2-PAM molar
equivalent dosage). Antidote (atropine = oxime) was administered at time of seizure onset:
NIMP, 25 min; NEMP, 30 min. Animals were observed for signs of toxicity including
seizure-like behavior during the first 8 hr following treatment. Rats surviving to 24 hr were
humanely euthanized. At the time of death, brain, blood (separated into plasma and
erythrocytes), and skeletal muscle were frozen for subsequent ChE analysis. Twenty
replications were conducted for vehicle controls, 2-PAM, Oxime 1 and Oxime 20 with both
surrogates, and 15 replications were conducted for Oxime 1 + 2-PAM and Oxime 20 + 2-
PAM (same dosages of each oxime as done in the single oxime trials) with both surrogates.
Because of poorer efficacy with Oximes 6 and 13, only 11 replications were conducted.
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1.2.2.2 Documentation of seizure-like behavior—Animals were monitored post OP
exposure using the following cholinergic toxicity scale, which closely follows the Racine
scale for scoring of seizures (Luttjohann et al., 2009). Scores were as follows: 0) normal
behavior; 1) oro-alimentary movements and head nodding; 2) anterior limb clonus and
rearing; 3) loss of balance (falling), jumping and running; 4) tonic convulsions; 5) death.
Animals were monitored constantly for the first 4 hours following OP exposure and every 30
min thereafter during the first 8 hours. All surviving animals were sacrificed at 24 hours post
OP exposure.

1.2.2.3 Cholinesterase assay—Tissues were analyzed spectrophotometrically for ChE
activity using our modification (Chambers et al., 1988) of the Ellman technique (Ellman et
al., 1961), and percent inhibition was calculated compared to vehicle controls. All
incubations were performed at 37°C in a shaking water bath. Brain and skeletal muscle
samples were homogenized and assayed at a concentration of 1 mg/ml or 5 mg/ml,
respectively, in Tris-HCI (0.05 M, pH 7.4 at 25°C). Blanks had all ChE activity inhibited by
adding 0.01mM (final concentration) eserine sulfate and incubating for 15 minutes. Next,
1mM acetylthiocholine iodide (final concentration) was added as the substrate to all samples
and blanks, with the reaction terminated after 15 minutes by adding a mixture of 0.05%
sodium dodecyl sulfate and 2.6 mM 5,5’ -dithio-bis(nitrobenzoic acid). The absorbance was
measured at 412nm. Blood was collected with EDTA as an anticoagulant and was
centrifuged at 1,000 g for 10 min at 4°C to separate plasma and erythrocytes, which were
then diluted in sodium phosphate buffer (0.1M, pH 8.0 at 25°C) to 0.001 pl/ml and 0.0005
ul/ml, respectively. Diluted plasma and erythrocytes were assayed continuously with a
mixture of 1 mM (final concentration) acetylthiocholine and 0.33 mM 5,5’ -dithio-
bis(nitrobenzoic acid) for 60 minutes at 37°C in sodium phosphate buffer (0.1 M, pH 8.0 at
25°C). Additionally, protein concentrations were quantified for all samples using the Folin
phenol reagent (Lowry et al., 1951).

1.2.3 Statistical Methods

The effect of treatment on time to death and time to seizure cessation was analyzed using
survival analysis. Separate models were developed for each outcome when rats were
exposed to each of the nerve agent surrogates. The Kaplan-Meier estimator was used to
estimate the survivor functions using PROC LIFETEST, SAS for Windows 9.4 (SAS
Institute, Inc., Cary, NC, USA). The data for both outcomes were right censored at 8 hours
post exposure. The log-rank test statistic was used to assess the effect of treatment. When
treatment was found to have a significant effect, Dunnett’s adjustment for multiple
comparisons was used to compare each of the novel oximes to 2-PAM. The survivor
functions were graphically displayed as Kaplan-Meier plots using PROC SGPLOT.

The effect of treatment on 24 hour survival was assessed using logistic regression with
PROC LOGISTIC, SAS for Windows 9.4. 2-PAM was used as the referent for the other
treatments. Separate models were fit for each of the nerve agent surrogates. An alpha level
of 0.10 was selected to determine statistical significance rather than the more conventional
0.05 in recognition that the objective of the study was to screen novel oximes to find the best
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candidates for future, more intensive evaluation but to also use as few rats as possible for
humaneness.

Differences in inhibition of ChE in brain and in peripheral tissues was assessed by ANOVA
followed by Tukey’s mean separation test, with an alpha level of 0.05.

1.3 Results

Four novel oximes together with atropine were tested with lethal level exposures to NIMP
and NEMP; structures are shown in Fig. 2. With NIMP all animals which received only
atropine and no oxime died with an average time of 1.5 hr (Table 1). Animals receiving 2-
PAM showed 40% survival at 24 hr with an average time to death of those not surviving of 2
hr. Poorer efficacy than with 2-PAM was observed with Oxime 6 (27%) and Oxime 13 (0%),
so fewer replications (11) were conducted with these two oximes, and they were not pursued
further. Oximes 1 and 20 showed better efficacy alone (65% and 55%, respectively) and in
combination with 2-PAM (73 and 80%, respectively) than 2-PAM alone. Average time to
death of animals which died with these therapies was 1.5-3 hr. There were no differences in
time to death among any of the oxime treatments.

With NEMP, all animals receiving only atropine died with an average time to death of 2 hr
(Table 1). Animals receiving 2-PAM showed 33% survival with an average time to death of
2.5 hr. Similar to NIMP, Oximes 6 and 13 showed poorer efficacy than 2-PAM, 27% and
18%, respectively, and fewer replications were conducted. Oximes 1 and 20 showed
considerably better efficacy alone (75% and 65%, respectively) and in combination with 2-
PAM (53% for both oximes) than 2-PAM alone. Average time to death of animals which
died with these therapies was 2—4 hr. There were no differences in time to death among any
of the oxime treatments.

Logistic regression analysis of the 24 hr survival data in which novel oxime treatments were
compared to 2-PAM treatments indicated statistically significant odds ratios greater than 1
for both novel oximes alone and in combination with 2-PAM with both NIMP and NEMP (P
< 0.1) (Table 1). Odds ratios were lower for Oximes 1 and 20 alone (2.8 and 1.8,
respectively) than in combination with 2-PAM (4.1 and 9.7, respectively) for NIMP, while
odds ratios were higher for Oximes 1 and 20 alone (7.0 and 4.9, respectively) than in
combination with 2-PAM (2.7 for both oximes) for NEMP.

Assessment of time of cessation of seizure-like behavior in surviving rats indicated that all
rats surviving NIMP to 8 hrs with Oximes 1 or 20, alone or in combination with 2-PAM, had
ceased displaying seizure-like behavior by about 6 hrs whereas the 2-PAM alone surviving
rats were still showing seizure-like behavior at 8 hrs (Fig. 3) and some as far out as 24 hrs.
Similar results were obtained with NEMP (Fig. 4). These differences with both surrogates,
either alone or in combination with 2-PAM, were highly significant (P at least < 0.0006)
compared to 2-PAM alone (Fig. 3 and 4). Additionally, rats receiving 2-PAM alone often
demonstrated more severe seizure-like behavior characteristic of brain stem seizures, such as
rapid running in the cage, than was seen with any of the novel oxime treatments.

Toxicology. Author manuscript; available in PMC 2019 August 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chambers et al.

Page 7

Brain ChE inhibition in animals which died during the first 8 hrs was about 95% or greater.
Brain ChE was still substantially inhibited in the 24 hr survivors (Table 2). Brain ChE
showed 85% inhibition in animals receiving NIMP and 2-PAM, whereas animals treated
with Oximes 1 or 20, alone or in combination with 2-PAM, displayed 74-78% inhibition.
Brain ChE showed 66% inhibition in animals receiving NEMP and 2-PAM, whereas animals
treated with Oxime 1 or 20 alone had 59 and 63% inhibition, respectively. Animals treated
with NEMP and Oxime 1 or 20 in combination with 2-PAM displayed more inhibition than
2-PAM alone, 70 and 73%, respectively. Even though Oximes 6 and 13 were not effective
enough for pursuing the full complement of replications, the 11 replications conducted
yielded brain ChE inhibition similar to the other values seen in Table 2: Oxime 6, 78% with
NIMP and 68% with NEMP; and Oxime 13, 63% with NEMP and there were no 24 hr
survivors with NIMP. There were no statistical differences among any of the oxime treated
groups within each surrogate.

Peripheral (skeletal muscle, erythrocyte, and plasma) ChE inhibition in animals which died
during the first 8 hrs was about 80% or greater (data not shown). Peripheral tissue ChE did
not show any significant differences in inhibition among any of the oximes with ChE
Inhibition for the 24 hour survivors ranging from 50-60% for skeletal muscle, erythrocytes
and plasma.

An initial test of toxicity was conducted on Oximes 1 and 20. Two weeks after oxime
administration, there was no difference in body weight compared to vehicle controls, nor
was there evidence of any gross pathology other than injection site irritation.

Discussion

The novel oximes in the present study were a subset of the substituted phenoxyalkyl
pyridinium oximes that were shown earlier to reactivate brain ChE when rats were treated /n
vivo with the sarin and VX surrogates, NIMP and NEMP, respectively (Chambers et al.,
2013). In the earlier studies with high sublethal dosages, 20 of the novel oximes were tested
with NIMP and 12 showed moderate ability to increase ChE activity in the brain; 7 of these
were tested with NEMP and all showed efficacy. The novel oximes have incorporated
lipophilic moieties with the expectation that the charge of the quaternary ammonium will be,
in part, counterbalanced by the lipophilic moiety, theoretically allowing the oxime to cross
the BBB. A substantial amount of reactivating ability of the pyridinium moiety was expected
to be retained, and a number of these novel oximes displayed reactivation efficacies
approaching that of 2-PAM (Chambers et al., 2013). The sublethal paradigm administered
the oxime at the time of peak brain ChE inhibition (1 hr post surrogate treatment), so that the
surrogate was in the process of being excreted. These experiments provided convincing
evidence that a reduction of brain ChE inhibition was the result of brain penetration by the
novel oximes and not just peripheral reactivation; with this paradigm, 2-PAM did not result
in any decrease in brain ChE inhibition. While the perspective of these original studies was
to test sublethal dosages of the OP’s, the present study was designed to determine whether
these same novel oximes could also combat lethality similar to or better than 2-PAM; 4
novel oximes that showed among the best efficacies in the sublethal studies were tested in
the lethal level paradigm.
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Since the goal of this study was to reduce lethality and seizure activity, we selected the
paradigm of the administration of atropine IM and the novel oxime (alone or in combination
with 2-PAM) IM at the time of initiation of seizure-like behavior (25-30 min) following SC
administration of the surrogate. (Intramuscular administration is the most likely route of
therapy administration and SC is the typical route employed in nerve agent research.) Our
paradigm incorporated the delay that would be expected for the administration of antidotes
by first responders in the event of a terrorist attack or an accident with the nerve agents.
While the results on survival with Oximes 6 and 13 were very disappointing despite their
positive results in the earlier sublethal studies, the results with Oximes 1 and 20 were
positive, with both showing enhanced survival compared to 2-PAM when used alone and in
combination with 2-PAM. The combination treatments were even more effective with NIMP,
but the combination treatments were slightly worse with NEMP compared to Oximes 1 or 20
alone. The reason for the lesser efficacy with NEMP with combinations of novel oximes and
2-PAM is not known. Oximes reactivate through transphosphorylation producing an oxime-
phosphate that can be a ChE inhibitor (Maxwell et al., 2013), and it is possible that there
was sufficient oxime-phosphate formed quickly enough with both oximes to present an
increased reinhibition of ChE.

Kaplan-Meier analysis indicated that Oximes 1 and 20 (alone or in combination with 2-
PAM) showed a shorter time for cessation of seizure-like behavior (about 6 hr in the 24-hr
survivors) than survivors with 2-PAM which were still showing seizure-like behavior at 8
hrs. While these data on cessation of seizure-like behavior do not prove brain penetration by
Oximes 1 and 20 compared to 2-PAM, they are consistent with a reactivator which has the
ability to penetrate the BBB and it is unlikely that this attenuation of on-going seizure-like
behavior could be the result of only reactivation of peripheral AChE. If these oximes can
ultimately be used as replacements for 2-PAM, they would still probably need to be used
along with an anticonvulsant.

Likewise the 24-hr brain AChE inhibition levels were slightly lower in the rats receiving
Oximes 1 and 20 compared to those receiving 2-PAM. Although not statistically significant,
these data are consistent with an oxime that has the ability to enter the brain. It is not
surprising that there was relatively little difference in the brain ChE inhibition between the
novel oximes and 2-PAM at 24 hr. There were high levels of these two OP’s circulating at
these lethal dosages and oximes probably are bioavailable for only a relatively short period
of time (Clement et al., 1995; Murray et al., 2012). It is expected that reactivation of brain
ChE by the novel oximes would occur only shortly after the OP exposure. Our results
showing a reduction of brain ChE inhibition from a high sublethal dose level of surrogates
occurred at 90 min after OP exposure (30 min after oxime administration) (Chambers et al.,
2013).

In order to conserve animals, this research has not calculated LD50 levels for the surrogates,
so the level of protection cannot be compared directly to the protection afforded by new
oximes in actual nerve agent tests (Shih et al., 2010). However, our range finding studies
suggested that the LD50 for NIMP and NEMP under experimental conditions similar to
those employed here (using atropine) were about 0.46 and 0.475 mg/kg, respectively.
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Therefore the paradigm used in the present experiments tested at about 1.3 and 1.4 times the
LD50 of NIMP and NEMP, respectively.

In summary, two of the novel substituted phenoxyalkyl pyridinium oximes, that had
previously demonstrated an ability to cross the BBB and reactivate ChE that was inhibited
by surrogates of sarin and VX administered at high sublethal dosages, also showed the
ability in the present study to provide appreciable protection from lethality and also the
ability to reduce the time until cessation of seizure-like behavior from lethal levels of
surrogates of sarin and VX. All data at this time are supportive of the ability of these two
novel oximes to provide protection in the brain. While considerably more information about
the pharmacokinetics, pharmacodynamics and toxicology of these novel oximes would be
needed before concluding that they could be used as therapeutics in humans, at present this
oxime platform displays the potential to be developed into nerve agent antidotes that could
be more effective than 2-PAM and some other oximes.
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Highlights

Novel oxime reactivators that show ability to cross the blood-brain barrier at
high sublethal dosages of surrogates for the nerve agents sarin and VX also
can prevent lethality of these surrogates in rats.

The novel oximes also attenuate seizure-like behavior induced by lethal level
sarin and VX surrogates.

This novel oxime platform has promise for development as antidotes that can
both save lives and provide neuroprotection.
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Figure 1.
Structures of nitrophenyl isopropyl methylphosphonate (NIMP; sarin surrogate) and

nitrophenyl ethyl methylphosphonate (NEMP; VX surrogate).
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Figure 2.
Structures of novel substituted phenoxy alkyl pyridinium oximes tested for their ability to

provide survival from lethal level exposures of NIMP and NEMP. R indicates the
substitution on the phenoxy group and n indicates the number of methylene groups in the
linker chain.
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Figure 3.
Kaplan-Meier analysis of time to cessation of seizure-like behavior during the first 8 hours

following NIMP administration in rats treated with novel oximes + 2-PAM. Statistical
analysis results of novel oximes + 2-PAM compared to 2-PAM alone: Oxime 1, P = 0.0006;
Oxime 20, P < 0.0001; Oxime 1 + 2-PAM, P = 0.0002; Oxime 20 + 2-PAM, P < 0.0001.
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Figure 4.
Kaplan-Meier analysis of time to cessation of seizure-like behavior during the first 8 hours

following NEMP administration in rats treated with novel oximes + 2-PAM. Statistical
analysis results of novel oximes + 2-PAM compared to 2-PAM alone: all had P < 0.0001.
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Brain cholinesterase percent inhibition (% I; mean + SD) in rats surviving 24 hours following treatment with
0.6 mg/kg NIMP (sarin surrogate) or 0.65 mg/kg NEMP (VX surrogate) followed by 0.65 mg/kg atropine
+ 0.146 mmol/kg oxime (2-PAM or novel oximes). Numbers of 24-hr survivors contributing to these data are

indicated in Table 1.

Oxime NIMP | NEMP
% 1 % |
None NA NA
2-PAM 85+3.5 | 66+3.9
Oxime 1 78+4.1 | 59+5.2
Oxime 20 76153 | 63+9.9
Ox1+2-PAM 74+4.1 | 70£8.1
Ox20+2-PAM | 75+3.0 | 73+4.7

NA, not applicable because no survivors.
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