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Abstract

Current oxime reactivators for organophosphate-inhibited cholinesterase (ChE) do not effectively 

cross the blood–brain barrier and therefore cannot restore brain ChE activity in vivo. Our 

laboratories have studied highly relevant sarin and VX surrogates, which differ from their 

respective nerve agents only in the leaving group and thereby leave ChE phosphylated with the 

same chemical moiety as sarin and VX. Our laboratories have invented novel substituted 

phenoxyalkyl pyridinium oximes (U.S. Patent 9,227,937 B2) that lead to reduced ChE inhibition 

in the brains of rats challenged with a high sublethal dosage of the sarin surrogate, whereas 2-PAM 

did not, using a paradigm designed to demonstrate brain penetration. In addition, these novel 

oximes also showed an attenuation of seizure-like behavior compared to rats treated with 2-PAM, 

giving additional evidence of the ability of these oximes to penetrate the blood–brain barrier. 

Further, some of these oximes provided 24-hour survival superior to 2-PAM and shortened the 

duration of seizure-like behavior when rats were challenged with lethal dosages of the sarin and 

VX surrogates, providing additional support for the concept of these life-saving oximes 

penetrating the brain.
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 Introduction

The initial molecular lesion of the organophosphate (OP) anticholinesterases has been well 

known for many years. The OPs of concern are reactive and will persistently phosphylate the 

serine hydroxyl in the active site of serine esterases and serine proteases, with the most 

critical target being acetylcholinesterase (AChE) in synapses and neuromuscular 

junctions.1,2 This mechanism of toxicity has been employed in the development of some 

very potent acute neurotoxicants, the nerve agents and the OP insecticides. The nerve agents 
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arose from the chemical technology of World War II, which was originally targeted to create 

better insecticides and which later migrated into the development of highly toxic OPs that 

could serve as chemical weapons.3–5 The persistent action of OPs occurs, in part, because 

the rate of spontaneous reactivation, through hydrolytic release of the phosphate moiety 

from the active site, is slow (taking hours to days). In addition a non-enzymatically mediated 

“aging” reaction occurs in which one of the alkyl groups dissociates from the remainder of 

the OP moiety, leaving the phosphylated enzyme charged and refractory to further 

spontaneous hydrolysis; no reactivation of the inhibited aged AChE occurs.6–9

Inhibition of critical AChE by OP anticholinesterases leads to the accumulation of the 

neurotransmitter acetylcholine in synapses and neuromuscular junctions, leading to 

hypercholinergic activity throughout the central and peripheral nervous systems.1 Lethal 

dose poisoning leads to death from respiratory failure, which results from both central and 

peripheral pathway hyperactivity.10 Combatting this hypercholinergic activity has involved 

the muscarinic cholinergic receptor antagonist atropine, a belladonna alkaloid that opposes 

the action of the excess acetylcholine at muscarinic synapses; atropine is highly effective, 

especially when administered repeatedly through the cholinergic crisis.11 In addition to 

atropine, oximes have also been employed as therapeutics.12,13 Oximes are potent 

nucleophiles and can attack the phosphylated serine, undergo a transphosphorylation 

reaction to an oxime–phosphate entity, and thereby restore the function of AChE.14–18 

(However, it should be noted that the oxime–phosphates formed during the 

transphosphorylation are sometimes potent AChE inhibitors, so they could re-inhibit the 

reactivated AChE19). Oximes are effective AChE reactivators if they are present before the 

non-enzymatic aging process has occurred, but are not effective on inhibited, aged AChE.15

In addition to potential lethality, of great concern is also the fact that central AChE inhibition 

can lead to seizures from excess acetylcholine-mediated activation of excitotoxic 

glutamatergic pathways; prolonged seizures lead to brain damage.20 Because the best oxime 

reactivators, such as 2-PAM (pralidoxime; the current FDA-approved oxime reactivator in 

the United States),21 are pyridinium compounds, and therefore charged because of the 

presence of a quaternary ammonium ion, they cannot effectively cross the blood–brain 

barrier and act only in the peripheral nervous system.22–24 While peripheral AChE 

reactivation is helpful in maintaining respiration and other vital functions, current 

reactivators cannot restore AChE activity in the brain or have a direct positive impact on 

seizure attenuation.25 Consequently, an anticonvulsant, typically a benzodiazepine (e.g., 

diazepam), is usually also required once seizures initiate.26–28 Therefore a critical need for 

the therapeutic arsenal against OP anticholinesterases would be an oxime reactivator that can 

penetrate the blood–brain barrier and that can start to restore AChE activity and thus dampen 

the hypercholinergic activity, ideally before seizures are initiated or before seizures lead to 

brain damage.

To address this critical need, our laboratories have invented a series of novel substituted 

phenoxyalkyl pyridinium oximes (U.S. Patent 9,227,937 B2) with the goal of identifying 

oximes that can penetrate the blood–brain barrier and reactivate phosphylated brain AChE in 

the intact animal.29 Figure 1 illustrates the structures of the five select novel oximes 

discussed here. The novel oximes in the entire series have alkyl chains of 3–5 carbons, with 
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various substitutions on the phenoxy group. While these are pyridinium oximes, thereby 

containing a quaternary ammonium similar to other pyridinium oxime reactivators that do 

not cross the blood–brain barrier, our hypothesis was that the phenoxyalkyl moiety that 

increases the lipophilicity29 would tend to counterbalance the positive charge from the 

quaternary ammonium, allowing brain penetration.

Other laboratories have also investigated chemistries that might be effective reactivators that 

could penetrate the blood–brain barrier. The non-charged tertiary oximes 

monoisonitroacetone (MINA) and diacetylmonoxime (DAM) have been studied and have 

shown some efficacy against sarin, cyclosarin, and VX, with highest efficacy at low doses of 

nerve agent.30,31 Non-quaternary pyridine aldoximes, which were effective in vitro 
reactivators with tabun and VX, were not tested in vivo.14 Non-charged amidine–oxime 

reactivators showed efficacy in preventing lethality in mice treated with sarin and tabun 

surrogates when these oximes were administered 5 min after surrogate challenge.32 

Ionizable hydroxyiminoacetamido amine reactivators have shown efficacy in promoting 

survival when administered as a pretreatment or a 1-min after-agent challenge.33

Our perspective has focused primarily on nerve agents that could affect not only soldiers in 

combat situations but also civilians who might be subject to terrorist attack, accidents, or 

acts by rogue nations. Our laboratories have been studying highly relevant nerve agent 

surrogates, in which the leaving group of the nerve agent has been substituted with another 

chemical group that makes these surrogates less toxic than their respective nerve agents but 

still potent anticholinesterases. The group phosphylating AChE is the same chemical moiety 

for both these surrogates and their respective nerve agents, making these surrogates highly 

relevant for the in vitro and in vivo study of reactivation potential of the novel oximes. The 

synthesis of the surrogates for sarin and VX has been described, and the surrogates have 

been chemically characterized and their biological potency described.34

 In vitro studies

In order to determine whether the novel oximes possessed the ability to reactivate OP-

phosphylated cholinesterase (ChE), in vitro assays were conducted with rat brain 

homogenates in which ChE had been inhibited by a sarin or a VX surrogate that had been 

synthesized in our laboratories. The sarin surrogate used, phthalimidyl isopropyl 

methylphosphonate (PIMP), is relatively unstable in aqueous solution and degrades within 

about 15 min, assuring little opportunity for surrogate reinhibition of reactivated ChE in the 

assay. The VX surrogate was nitrophenyl ethyl methylphosphonate (NEMP), which is stable 

in aqueous solution. We have reported the in vitro results with 35 of the novel oximes using 

a standard screening protocol of rat brain as a ChE source, which has been inhibited with 

either PIMP or NEMP at a concentration to yield about 80% inhibition (175 nM and 56 nM, 

respectively), followed by a 15-min reactivation period with a screening concentration (100 

μM) of oxime. From these in vitro studies, reactivation was observed from 21–78% with our 

full panel of 35 novel oximes, compared to 2-PAM at 88–91%. The in vitro reactivation of 

the five novel oximes brought to in vivo testing (as described below) showed about 40–65% 

reactivation. Thus, all the novel oximes had some potential for reactivation, although with 
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lesser potency than 2-PAM, but some of them approached the efficacy of 2-PAM,29 and all 

oximes displayed a similar reactivation potency with both surrogates (Fig. 2).

 In vivo screening studies with a high sublethal surrogate challenge

The more effective novel oximes as well as 2-PAM were then screened in an in vivo 
paradigm designed to indicate whether a novel oxime had the ability to cross the blood–

brain barrier. A high sublethal intraperitoneal dosage (0.325 mg/kg) of the sarin surrogate 

nitrophenyl isopropyl methylphosphonate in DMSO vehicle (NIMP; stable in aqueous 

solution, so suitable for in vivo testing) was established, which led to about 80% peak brain 

ChE inhibition; this NIMP dosage did not require atropine or any other type of therapy to 

assure survival. This level of NIMP challenge resulted in strong signs of cholinergic toxicity, 

including a display of seizure-like behavior. Time of peak inhibition was 1 h after challenge 

with NIMP. The oxime, either 2-PAM or a novel oxime (bromide salt, in DMSO) was 

administered intramuscularly at a screening dosage of 0.1 mmol/kg at the time of peak brain 

ChE inhibition; therefore, with the surrogate in the process of being cleared, the opportunity 

for reinhibition of reactivated peripheral ChE would have been minimized or eliminated. 

Using this paradigm, any reduction in brain ChE inhibition should reflect reactivation by the 

oxime that has entered the brain. With this paradigm, five out of 11 novel oximes tested 

displayed a reduction of brain ChE inhibition of at least 5% at 30 min after oxime 

administration (with a reduction of 25% with the most efficacious oxime) (Fig. 3). 2-PAM 

yielded no reduction in brain ChE inhibition using this same paradigm. The more effective 

of the novel oximes also resulted in an attenuation of the seizure-like behavior compared to 

that observed with 2-PAM.29 Therefore the data obtained with the high sub-lethal challenge 

paradigm are consistent with the ability of the novel oximes to enter the brain and the 

inability of 2-PAM to do so.

 In vivo lethal dosage challenge studies

Once the above screening for the ability to penetrate the brain identified several lead oximes, 

lethal dosage challenges were conducted to determine whether these oximes had the ability 

to be effective antidotes against life-threatening dosages of surrogates. An oxime that could 

save lives and also penetrate the brain could be an effective replacement for the current 

oximes that only act peripherally. While our perspective with our novel oximes has been 

brain-penetration ability, clearly it was important to know whether they were capable of 

saving lives from lethal dose exposures, especially since our oximes do not display as high 

in vitro efficacy as reactivators compared to 2-PAM. It was predicted that they would have 

some efficacy in providing survival and also that they might have a positive effect on 

seizure-like behavior cessation because of their ability to penetrate the blood–brain barrier 

and presumably provide a dampening effect on the hypercholinergic activity that results in 

seizures.

Experiments were set up to determine challenge dosages of NIMP and NEMP that would be 

lethal to all rats that received only atropine as therapy (essentially an LD99 level) and that 

would yield only a moderate level of survival with atropine and 2-PAM at 24 h.35 This 

experimental approach would allow a determination of improved efficacy for survival by our 

novel oximes if that were the case. Some of the conditions were changed from the earlier 
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sublethal challenge studies to make these experiments more consistent with the lethality 

studies typically conducted for characterization of nerve agent effects and therapy. Our lead 

oximes were converted by ion exchange from their original bromide salt form to mesylate 

salts for better aqueous solubility. The procedure for novel oxime synthesis has been 

described.36

The surrogates were dissolved in Multisol and administered subcutaneously in the back of 

the neck. (Multisol, a biocompatible vehicle, consists of 48.5% water, 40% propylene glycol, 

10% ethanol, and 1.5% benzyl alcohol.) The challenge dosages of NIMP and NEMP 

administered were 0.6 and 0.65 mg/kg, respectively. Atropine (free base in saline) was given 

intramuscularly in the thigh muscle at 0.65 mg/kg at 25–30 min after surrogate challenge, 

the time of onset of seizure-like behavior; this atropine dosage was in the range of atropine 

typically used by laboratories studying nerve agent therapy in laboratory animal models. 

Rats treated with oximes also received 2-PAM or novel oximes (in Multisol) intramuscularly 

at the time of seizure-like behavior onset. Oxime therapy dosage was 0.146 mmol/kg, which 

is the human equivalent dosage for three autoinjectors of 2-PAM. Novel oximes were tested 

alone and in combination with 2-PAM, at the same dosage of each oxime that was tested 

alone. Detailed observations of signs of toxicity including any recovery toward normal 

behavior were made for the first 8 h following surrogate treatment, and survivors at 24 h 

were humanely euthanized. Four novel oximes were tested, with oximes 1 and 20 showing 

better efficacy than 2-PAM, either alone (20 replications each) or in combination with 2-

PAM (15 replications each). The other two oximes tested, oximes 6 and 13, were less 

effective than 2-PAM and their study was discontinued with fewer replications in order to 

reduce animal usage.35

While 2-PAM in the above-described paradigm yielded 40% survival with NIMP, oximes 1 

and 20 alone yielded 65% and 55%, respectively, and oximes 1 and 20 in combination with 

2-PAM yielded 73 and 80%, respectively (Fig. 4). While 2-PAM yielded 33% survival with 

NEMP, oximes 1 and 20 alone yielded 75 and 65%, respectively, and oximes 1 and 20 in 

combination with 2-PAM both yielded 53%. Therefore, both oxime 1 and oxime 20 

performed better than 2-PAM and performed even more effectively in combination with 2-

PAM with the sarin surrogate NIMP. While very good performance with oximes 1 and 20 

compared to 2-PAM was observed with the VX surrogate NEMP, the combinations of 

oximes 1 and 20 with 2-PAM were somewhat worse than oximes 1 and 20 alone, although 

the combinations were still better than 2-PAM alone. The reason behind the differences in 

results with the two surrogates for the combinations of the novel oximes with 2-PAM is not 

known, although we speculate that the higher levels of oximes present in the combination 

therapies with NEMP might result from the formation of higher levels of toxic oxime 

phosphates, since some oxime phosphates are potent anticholinesterases.19

The brain cholinesterase inhibition levels in the 24-h survivors with NIMP were slightly 

lower in the rats treated with the novel oximes either alone or in combination with 2-PAM 

(74–78%) compared to 2-PAM alone (85%), but there were no statistically significant 

differences. The brain cholinesterase inhibition levels in the survivors with NEMP were 

slightly lower in rats treated with the novel oximes alone (59–63%) compared to 2-PAM 

alone (66%), and again were not statistically significant. It is not surprising that the levels of 
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brain ChE inhibition at 24 h in novel oxime–treated rats and 2-PAM–treated rats were not 

appreciably different, since the surrogates were at such high levels at these lethal-level 

challenges that they probably remained in circulation longer than the oximes did. In contrast 

to NIMP, rats treated with NEMP and the combinations of novel oximes and 2-PAM had 

slightly higher brain ChE inhibition than animals treated with either 2-PAM or the novel 

oximes alone. While no explanation is available at this time, these results are consistent with 

the lower survival of the combination-treated rats than the novel oximes alone, and could be 

the result of an oxime phosphate derivative that is a potent anticholinesterase. This potential 

explanation is under further study in our laboratories.35

Lastly, the animals in these lethal dosage studies were observed for cessation of seizure-like 

behavior. With both NIMP and NEMP, all 2-PAM treated animals surviving during the first 8 

hours were still displaying seizure-like behavior until 8 h after the surrogate challenge. In 

contrast, all surviving animals treated with oxime 1 or 20, either alone or in combination 

with 2-PAM, showed cessation of seizure-like behavior by about 6 h. This reduction in time 

to cessation of seizure-like behavior is consistent with the action of ChE reactivation within 

the brain by our novel oximes (although these oximes would not be effective in a short 

enough time frame to replace an anticonvulsant).35

While we do not yet have definitive proof that our oximes penetrate the blood–brain barrier 

(such as from pharmacokinetic studies, which are planned), our experimental paradigm for 

the sublethal challenge provided convincing evidence that they are capable of entering the 

brain. In that paradigm, oximes were not administered until the time of peak brain ChE 

inhibition, indicating that insufficient surrogate was present in the blood to yield any further 

brain ChE inhibition. Therefore, oxime was administered at a time of ChE inhibition 

recovery. Any increase in brain ChE activity greater than observed in the non-oxime–treated 

controls (as occurred with the novel oximes discussed here) strongly suggests reactivator 

entry into the brain. In our studies, 2-PAM did not yield any increases in brain ChE activity 

over controls, consistent with the inability of 2-PAM to appreciably cross the blood–brain 

barrier. Peripheral ChE reactivation would not have led to increased brain ChE activity. 

Therefore convincing, although circumstantial, support for the brain penetrability of the 

novel oximes was obtained. While other reactivator chemistries may also penetrate the 

blood–brain barrier, most of the in vivo testing done with those were performed either 

prophylactically or very shortly after the challenge,30–33 making them potentially less useful 

for unanticipated mass casualties, such as might occur following a terrorist attack. Our novel 

oximes seem to be able to show efficacy with an appreciable delay following challenge.

 Summary and conclusions

Using lethal-level challenges of surrogates for sarin and VX that are highly relevant for ChE 

reactivation studies, our laboratories have accumulated evidence that some novel substituted 

phenoxyalkyl pyridinium oximes invented at Mississippi State University can assure better 

24-h survival than 2-PAM in laboratory rats. In addition, these novel oximes reduced the 

time until cessation of seizure-like behavior. Using high sublethal–level challenges of these 

surrogates, the novel oximes but not 2-PAM resulted in a reduction of brain ChE inhibition 

at 30 min using a paradigm that was designed to identify reactivators that could penetrate the 
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blood–brain barrier; these oximes also attenuated seizure-like behavior in these rats. Thus, 

data have accumulated on these novel oximes that are consistent with the ability of these 

oximes to penetrate the blood–brain barrier and reactivate sarin and VX surrogate–treated 

laboratory rats. Our laboratories are continuing experiments characterizing the biological 

efficacy of these novel oximes.
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Figure 1. 
Structures of the novel oximes reported upon. Numbers in the left column represent the 

Mississippi State University numbers. n, the number of carbons in the alkyl chain; R, the 

substitution on the phenoxy ring.
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Figure 2. 
Percent cholinesterase (ChE) reactivation in vitro in rat brain homogenates following 

inhibition with either phthalimidyl isopropyl methylphosphonate (PIMP; sarin surrogate) or 

nitrophenyl ethyl methylphosphonate (NEMP; VX surrogate) followed by incubation with 

100 μM 2-PAM or one of five novel oximes; cholinesterase was measured 

spectrophotometrically. Method described and data originally published in Ref. 29.
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Figure 3. 
Percent cholinesterase (ChE) reactivation in vivo in rat brain homogenates following a high 

sublethal dosage intraperitoneal challenge with nitrophenyl isopropyl methylphosphonate 

(NIMP; sarin surrogate) followed by an intramuscular administration of 0.1 mmol/kg 2-

PAM or one of five novel oximes; cholinesterase was measured spectrophotometrically. 

Reactivation was calculated through comparison of brain ChE inhibition in oxime-treated 

rats to non-oxime–treated rats. Method described and data originally published in Ref. 29.
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Figure 4. 
Percent survival at 24 h of rats treated with a lethal level challenge of nitrophenyl isopropyl 

methylphosphonate (NIMP; sarin surrogate) or nitrophenyl ethyl methylphosphonate 

(NEMP; VX surrogate) plus 0.65 mg/kg atropine. At time of seizure-like behavior initiation 

(25–30 min), rats tested with oximes were administered intramuscularly 0.146 mmol/kg 2-

PAM or novel oximes 1 or 20 alone or in combination with 2-PAM. There were 20 

replications for oximes alone or 15 replications for oxime combinations. Method described 

and data originally published in Ref. 35.
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