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Post-exposure treatment with the oxime RS194B rapidly 
reverses early and advanced symptoms in macaques exposed to 
sarin vapor

Yvonne J. Rosenberg^, Lingjun Mao^, Xiaoming Jiang^, Jonathan Lees^, Limin Zhang#, 
Zoran Radic#, and Palmer Taylor#

^PlantVax Inc, Rockville, MD 20850, USA

#Department of Pharmacology, Skaggs School of Pharmacy & Pharmaceutical Sciences, 
University of California, San Diego, La Jolla 92093-0650, USA

Abstract

Organophosphate (OP) nerve agents and pesticides trigger a common mechanism of neurotoxicity 

resulting from critical targeting and inhibition of acetylcholinesterases (AChE) in central and 

peripheral synapses in the cholinergic nervous system. Therapeutic countermeasures have thus 

focused on either administering an oxime post-exposure, that can rapidly reactivate OP-inhibited 

AChE, or by preventing OP poisoning through administering pre-exposure treatments that 

scavenge OPs before they inhibit their physiological AChE targets. While several pyridinium 

aldoxime antidotes are currently approved, their utility is impaired due to their inability to cross 

the blood-brain barrier (BBB) efficiently. The present study utilized a macaque (Ma) model to 

demonstrate the efficacy of a novel zwitterionic and centrally acting oxime RS194B to reactivate 

sarin- and paraoxon-inhibited macaque AChE and butyrylcholinesterase (BChE) in vitro and to 

further assess the capacity of RS194B to effect a reversal of clinical symptoms following sarin 

inhalation in vivo. In vitro, oxime reactivation of MaAChE and MaBChE was shown to be 

comparable to their human orthologs, while the macaque studies indicated that IM administration 

of 62.5mg/kg of RS194B and 0.28mg/kg atropine after continuous exposure to 49.6 ug/kg sarin 

vapor, rapidly reactivated the inhibited AChE and BChE in blood and reversed both early and 

advanced clinical symptoms of sarin-induced toxicity following pulmonary exposure within one 

hour. The rapid cessation of autonomic and central symptoms, including convulsions, observed in 

macaques bodes well for the use of RS194B as an intra- or post-exposure human treatment and 

validates the macaque model in generating efficacy and toxicology data required for approval 

under the FDA Animal rule.
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Introduction

Exposure to organophosphate (OP) neurotoxins, such as nerve agents and pesticides, results 

in irreversible inhibition of acetylcholinesterase (AChE) in neuromuscular junctions, 

peripheral and central neuronal synapses and on circulating red blood cells (1–3). Following 

inhalation, OPs with high vapor pressures rapidly enter through the pulmonary system, 

diffuse into tissues, cross the blood-brain barrier resulting in overstimulation at cholinergic 

synapses in the central nervous system (CNS) and potential lethal toxicity. Traditionally, 

treatment for OP toxicity has involved post-exposure therapy using an oxime capable of 

reactivating the OP-inhibited AChE, in combination with the muscarinic antagonist 

(atropine) and an anti-convulsant (diazepam) to control seizures (1–4). Since the early 

studies of Irwin Wilson and colleagues, who demonstrated the site direction of nucleophilic 

oximes (5), most synthetic oxime reactivators have belonged to the quaternary cationic, 

pyridinium aldoxime family e.g. pralidoxime (2-PAM) or its analogues: HI-6, obidoxime, 

MMB4. However, efficacy of these oximes is limited by steric constraints of an impacted 

active center gorge limiting pyridinium aldoxime attack, poor oral bioavailability, rapid 

clearance, and their inability to rapidly cross the blood-brain-barrier (BBB)(6–8). Recent 

clinical trials using pesticide-poisoned individuals have shown uneven clinical benefits with 

these oximes (9–11).

In the last decade, as OP threats have spread widely due to terrorism and to increased 

agricultural use of pesticides, research has focused on the development of two types of 

countermeasures: (i) prophylactic stoichiometric and catalytic bio-scavengers (2,12–17), an 

advanced candidate being butyrylcholinesterase (BChE) that has been shown to prevent OP 

toxicity in several animal models, and (ii) novel centrally acting, bioavailable oxime 

reactivators that can restore inhibited AChE activity in the brain post-OP exposure (4,7,8). 

Because the pharmacokinetics following parenteral delivery of large doses of stoichiometric 

bioscavengers of high molecular weight, such as BChE, are suboptimal for immediate post-

exposure and longer term protection (17), administration of aerosolized (aer) rHuBChE via 

the pulmonary route is also under consideration to provide a protective pulmonary shield 

against inhaled volatile agents (18–19). A more recent approach to extend the duration of 

protection involves combining protective pretreatment with a scavenger and post-treatment 

of symptoms and reactivation of inhibited AChE with oximes (19,20).

Because currently approved pyridinium aldoximes are quaternary and do not rapidly diffuse 

to the brain, several efforts have been directed to identifying broad spectrum, centrally acting 

oximes with enhanced ability to mitigate OP toxicity. Of many novel oximes synthesized 

and evaluated to date, only a few types have shown the potential to cross the BBB. These 

include pro-drug analogs of PAM (21), phenoxyalkyl pyridinium, detergent-like oximes 

(22), conjugation of various pyridinium aldoximes to a glucose C-6 Sox transporter (23), 

various nucleophiles that encompass association with the active center and peripheral site on 

AChE (24–26) and low molecular weight zwitterions, whose neutral species enables rapid 

blood-brain barrier passage (27,28).

To date, a leading candidate to emerge is a zwitterion of simplified structure, RS194B, 

which in mouse studies, exhibits highly favorable pharmacokinetics, extended oral 
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bioavailability in both brain and plasma, low toxicity (LD50 >500mg/kg) and good antidotal 

action following OP exposure with protective indices up to 45 when administered both prior 

to and after exposure [28].

The life threatening nature of OP nerve agent exposure requires that any counter-measure 

treatment be extensively tested under the Animal Rule (21 CFR 601.90 for biological 

products) for future regulatory approval. Based on prior studies in mice, the present 

investigation employed a non-human primate model to assess the efficacy of RS194B. 

Initially, in vitro studies were used to compare RS194B-assisted reactivation of AChE and 

BChE from macaques and humans following exposure to the pesticide, paraoxon (POX) and 

an analogue of the nerve agent sarin; the latter forming the same RP and SP conjugates as do 

the sarin enantiomers.

In vivo studies showed that post-exposure treatment with RS194B by IM administration 

rapidly reversed both early and advanced classic clinical symptoms in macaques following a 

18–28 minute head only exposure to sarin vapor. Together, these data indicate that post-sarin 

exposure, RS194B results in rapid reactivation of erythrocyte AChE and plasma BChE 

activity in circulation, consistent with survival in macaques, even for those exhibiting a 

panoply of symptoms leading to tremors and convulsions.

2. Methods and Materials

Animal studies were conducted in compliance with the Animal Welfare Act and other 

federal statutes and regulations stated in the Guide for the Care and Use of Laboratory 

Animals (NRC Publication, 1996). Procedures with macaques received prior approval by 

Institutional Animal Care and Use Committees at Battelle Laboratories and were performed 

at Battelle’s Biomedical Research Center, a fully accredited facility by the Association for 

Assessment and Accreditation of Laboratory Animal Care, International. This study was 

performed using good documentation practices consistent with, but not in strict accordance 

with, the U.S. Food and Drug Administration (FDA) Good Laboratory Practices (GLP) 

regulations 21 CFR 58.

2.1 Expression and purification of rMaBChE, Ma RBC-AChE, rHuBChE and rHuAChE

For the in vitro studies, tetrameric CHO-derived rMaBChE and rHuBChE were produced 

and purified using procainamide Sepharose chromatography as previously described [18,29]. 

RBC Ma-AChE was prepared from 7.5 ml of rhesus macaque blood, which was centrifuged 

at 1,000 RPM for 15 min. Collected RBCs were washed three times with PBS before being 

lysed in water to a final volume of 4 ml. Recombinant HuAChE was produced in HEK 293 

cells (27, 28).

BChE and AChE activity was assayed using 1 mM butyrylthiocholine or acetylthiocholine 

(Sigma-Aldrich) and 0.5 mM 5,5-dithiobis 2-nitrobenzoic acid (DTNB) in 50 mM sodium 

phosphate buffer, pH 8.0, at 22°C. The formation of product was followed by monitoring the 

increase in absorbance of 5-thio-2- nitrobenzoic acid at 412 nm using a molar extinction 

coefficient of 13,600 M−1. Activity was reported as U/ml where 1 U represents 1 µmole of 

acetyl- or butyrylthiocholine per min. In the AChE activity assay, 20 µM ethopropazine was 
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used as a BChE-specific inhibitor. The specific activity of MaBChE (900 U/mg) is slightly 

higher than HuBChE (700 U/mg). Background levels in macaque blood generally range 

from 2.5 to 6.5 U/ml AChE and 3.5 to 8.5 U/ml BChE.

2.2 RS194B oxime

RS194B was prepared as previously described (27,28) and was formulated for IM injection 

at concentrations of 50–75 mg/ml. RS194B was dispersed in sterile water and then titrated 

with ~18% HCl to a pH of 5.5–6.5, resulting in clarity of the solution. It was allowed to 

stand for at least 24 hr at 4C before injection at room temperature. The concentration of 

ionized species is slightly above isotonicity.

2.3. Assays for reactivation of AChE and BChE

AChE from human and macaque sources was inhibited by ethylparoxon (POX) (Sigma-

Aldrich) or a non-volatile sarin analogue with a cyanocoumarin leaving group replacing the 

fluorine at concentrations ranging from 1–10 uM (typically ~ 1.5 to 10-fold above the 

stoichiometry of active sites) (27,28). After inhibition at 22°C proceeded to between 90–

98% within 3–5 min, the reactants were immediately placed over two successive spin 

columns at 4C to remove excess OP. The spin column excluded fractions were then diluted 

another 10–100-fold; reactivation with RS194B was initiated and allowed to approach 

equilibrium reactivation. First-order approaches to equilibrium were analyzed in terms of an 

overall bimolecular rate constant and an equilibrium reactivation level. Control samples 

without prior OP inhibition, but with added reactivator, were measured in parallel. All 

experiments were performed at 37°C in 0.01% bovine serum albumin, pH 7.4, 0.1M sodium 

phosphate over the RS194B concentration range (0.1mM to 15mM). The overall reactivation 

constant, kr (M−1min−1) was calculated from k2/Kox, where Kox (M) is the Michaelis-

Menten type constant reflecting an apparent dissociation constant for the oxime, and k2 

(min−1) is the maximal rate constant.

For reactivation kinetic studies of OP-inhibited AChE, we used the racemic sarin analog 

with a cyanocoumarin leaving group affording safety with its non-volatility. It forms the 

same methylphosphonate conjugate with the cholinesterases as does sarin with its fluoride 

leaving group, although the ratio of enantiomers formed from the racemic mixtures may 

differ. In the case of AChE, its small acyl pocket only allows for a 110-fold preference for 

the SP enantiomer of the methylphosphonate (30). However, as considered for mutant 

cholinesterases, the ratio of the Sp and Rp conjugates formed for BChE inhibition may well 

differ.

2.4. Administration of sarin

A transparent sarin exposure system for head-only inhalation exposure of macaques to sarin 

vapor was fabricated and tested at Battelle Biomedical Research Center, West Jefferson, OH, 

to allow visualization of symptoms with progressive exposure. Prior to challenges, macaques 

were acclimated to sitting in a restraint chair that would be used during prophylaxis and 

challenge. Once, secured in the exposure chair within the hood and connected to the 

inhalation exposure system, respiratory monitoring was initiated. One day before dosing, the 

head hair of each NHP was removed with clippers to minimize GB vapor adsorption/
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desorption issues. Animals were lightly anesthetized using Telazol at a 1 to 6 mg/kg IM dose 

prior to pretreatment with aer-rHuBChE which was administered using a nebulizer 24–48 

hours before challenge.

Only the data from the 8 surviving BChE-pretreated and sarin-exposed macaques are 

described in this report; 3 of which received no oxime (Fig.2) while 5 received oxime (Fig.

3). A control group of 5 BChE pretreated macaques, that received no oxime and did not 

survive (#43681, 43781, 44011, 43342 and 43303) are mentioned in the legend to Fig. 3 and 

a second control group of 5 sarin-exposed but untreated macaques (#42230, 41387, 42042, 

44512) are mentioned in the Discussion with no data shown.

Baseline respiratory parameters were collected for a minimum of 5 minutes prior to 

challenge. A vapor jet generated a controlled sarin vapor ranging in concentrations between 

0.5 and 2.0 mg/m3 A MINICAMS gas chromatograph (GC), or equivalent, was used to 

monitor sarin concentrations continuously. Buildup and washout, stability, and 

reproducibility of sarin vapor within the head-only exposure chamber were measured. An in-

line respiratory monitoring system is used to measure inhaled volumes by the macaques 

during challenge. A 10-min washout period followed each animal’s head-only exposure. The 

helmet was then removed and the head decontaminated with Reactive Skin Decontamination 

Lotion (RSDL, Emergent BioSolutions, Gaithersburg, MD). After a 5-min reaction time, the 

RSDL was rinsed off using a water mist sprayer and cotton swabs. One 1-ml blood samples 

were collected from the saphenous vein 1 hr before sarin exposure and at 30 min, 60 min, 6 

hr, 24 hr, and 48 hr post-exposure.

2.5. In vivo treatment and challenge of macaques

In these studies, macaques were pretreated 24–48hr prior to sarin exposure with doses of 

liquid aerosolized rHuBChE (aer-rHuBChE) (18,19) deposited in the lungs (8 mg/kg) based 

on many reports indicating the LD50 of inhaled sarin to be 12–15 µg/kg and an LCt50 of 

~70 mg.min/m3 [31–34]. However, this pretreatment dose, given 24–48 hr prior to exposure, 

proved to be well below protective levels, because the accumulated dose of sarin 

administered to the macaques by inhalation was 49.6 µg/kg.

Macaques were then observed for clinical signs of sarin toxicity that included a progressive 

sequence of miosis, muscle fasciculations, labored breathing, salivation, tremors and 

convulsions during and following sarin exposure which lasted 11–28 mins to achieve the 

49.6 ug/kg dose. At time intervals, ranging from 0.9 to 4.5 min following cessation of sarin 

administration, RS194B at 62.5 mg/kg and atropine at 0.28 mg/kg IM were administered to 

prevent further decline in the macaques’ condition and onset of a full cholinergic crisis and 

fatality. Animals were examined for cessation of symptoms typical of excessive cholinergic 

stimulation over the periods typically lasting 0.5 – 1 hr and for survival for 48 hr after 

challenge. Blood was drawn prior to and at 0.5, 1, 6, 24 and 48 hr following sarin exposure 

in the absence of oxime (3 animals) and in the presence of RS194B oxime given with 

atropine (5 animals) and assessed for AChE and BChE levels. Whole blood samples (20 µl) 

from macaques were first diluted 10-fold in water and tested for plasma BChE and RBC-

AChE activity.
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3. Results

3.1. Concentration dependent reactivation of sarin- and paraoxon- inhibited RBC-Ma-AChE 
and rMaBChE by RS194B in vitro

To assess whether the reactivation of macaque AChE was comparable to that previously 

shown for rHuAChE (28), RBC-Ma-AChE (Fig. 1A and 1B) and rMaBChE (Fig. 1C and 

1D) were inhibited by the non-volatile sarin analog or POX and rates of recovery by 

RS194B assessed as a function of concentration and time.

Having demonstrated the capacity for RS194B to reactivate Ma-RBC-AChE and rMaBChE 

in vitro efficiently and rapidly, the overall reactivation constants (kr), apparent dissociation 

constants (KOX) and rate constants (k2) of RBC-MaAChE and CHO-rMaBChE, inhibited by 

sarin or POX, were assessed and compared with current measurements of Kox and k2 for the 

human enzymes. The results, summarized in Table 1, indicate that: (i) RS194B reactivation 

rates of Ma-RBC-AChE-sarin conjugates and Hu-rAChE-sarin conjugates are comparable, 

(ii) reactivation of Ma-RBC-AChE-paraoxon and Hu-AChE-paraoxon conjugates are also 

comparable, (iii) reactivation of BChE conjugates from each species is slower than that for 

the respective AChE conjugates, (iv) reactivation rates for sarin conjugates are more rapid 

than for POX conjugates.

There is some variance in the extent of reactivation. This likely arises from four factors: (a) 

dilution factors from the double spin columns to remove free organophosphate, (b) 

formation of residual phosphoryl or phosphonyl oxime that could prove inhibitory (35), (c) 

residual retention of excess organophosphate or fractional aging, (d) the rapid recovery rates 

at high RS194B concentrations limiting precise time withdrawal of kinetic samples. For 

AChE, the rate of inactivation with the SP enantiomer of the sarin analog (30) is much more 

rapid than the RP enantiomer, so only a single enantiomeric conjugate should be formed.

3.2. Reactivation of AChE and BChE activity in macaque blood samples following 
inhalation exposure to sarin in the absence of oxime

While both human and macaque AChE and BChE inhibition by sarin was rapidly reversed in 

the presence of RS194B in vitro, minimal spontaneous reactivation in the absence of oxime 

was observed in vitro during the intervals monitored (Fig. 1). In vivo-reactivation patterns 

were first examined in blood samples taken at various time intervals from three macaques 

which survived sarin-exposure in the absence of oxime. Interestingly, while no reactivation 

of RBC-AChE was observed after exposure, a slow, but significant and progressive increase 

in plasma BChE activity did occur in vivo; reaching 30–40% by 24–48 hr in surviving 

macaques (Fig. 2). The slightly faster reactivation observed in macaque #42984 in the 

present study may correlate with a lower dose of inhaled sarin.

3.3 Rapid RS194B oxime reactivation of blood AChE and BChE activities in macaques 
following sarin inhalation

In vivo macaque studies were performed to determine if post-exposure treatment with oxime 

RS194B could impact survival. Thus, animals exhibiting late signs of toxicity following 

sarin inhalation (49.6µg/kg), were administered 62.5 mg/kg RS194B and atropine (0.28 
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mg/kg) IM at 0.78 – 4.32 min following termination of the sarin challenge which ranged 

from 11–28 minutes. Each macaque was monitored for reactivation of RBC-AChE and 

plasma BChE, reversal of cholinergic symptoms and survival past 48 hr. The predominant 

symptoms observed at the time of oxime/atropine administration, ranging from 

fasciculations to convulsions, are shown in Fig. 3. Macaques #42840, 43481, 42848, 42029, 

44434 all exhibited rapid, sustained recovery of blood AChE and BChE activities and 

ultimately survived despite exhibiting advanced clinical signs prior to the RS194B-atropine 

treatment. For example, following sarin exposure, RBC-AChE activity increased from ~4% 

of baseline in the absence of oxime to ~40% by 30 min and 48–63% by 48 hr following a 

single administration of RS194B. On the other hand, plasma BChE activity, which 

spontaneously increased from baseline levels of ~6% up to 34–42%, underwent a further 

RS194B-mediated increase reaching 57–71% reactivation by 48 hr. The recovery of 

cholinesterase levels by RS194B in the blood, along with the rapid cessation of central 

symptoms (tremors, convulsions), suggest a roughly parallel time course for RS194B-

mediated reactivation of AChE in the brain.

3. Discussion

These studies have utilized a non-human primate model to demonstrate post-exposure 

efficacy of the zwitterionic RS194B oxime to protect macaques from lethal toxicity 

following inhalation exposure to sarin vapor; the nerve agent employed and documented in 

terrorists attacks in Tokyo and on a far larger scale in Syria (36). As a consequence of the 

volatility and high vapor pressure of sarin compared to other OP nerve agents (37), 

inhalation into the lungs represents the predominant route of exposure from which the 

soluble and volatile compound rapidly distributes into the brain and other body tissues in 

exposed individuals. Similar to the volatile anesthetics, partial pressure may be a 

determinant of blood-brain barrier transfer for sarin and accumulation within the brain. 

Thus, rapid distribution into the brain by a post-exposure antidote is a prerequisite for 

survival following pulmonary sarin exposure. A non-human primate is the best suited model, 

since it most closely replicates human pulmonary ventilation-perfusion system and 

encompasses a weight range of a small child. It is also important to recognize similarities in 

respiratory physiology and anatomy within the primates, where access to the terminal 

bronchi and alveoli is not impeded by an elaborate olfactory system found in rodents or 

dogs. While OP toxicity results in inhibition of AChE in the brain and blood, it should be 

noted that in non-human primates, unlike rodents, comparable inhibition of soluble BChE in 

plasma also occurs following OP exposure (18).

Initial in vitro reactivation data demonstrated that RBC-MaAChE activity is restored by 

RS194B nearly as efficiently as in rHuAChE when inhibited by either sarin or POX, 

although reactivation of the POX conjugate was 5–8-fold slower than the Sp conjugate of 

sarin as previously shown for OP-AChE conjugates in rodents (27,28). Thus, it appears that 

the two ethoxy groups of the tetrahedral diethylphosphoryl conjugates are able to retard the 

oximes from accessing the impacted POX-conjugated phosphorus. In terms of recovery, 

reactivation of POX-inhibited MaBChE and MaAChE reached 80%, a likely consequence of 

the BChE acyl pocket being able to accommodate the symmetric POX equivalently. By 

contrast, in the case of sarin, only one of the two occupying enantiomers, Sp, is capable of 
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rapid reactivation, which could be one factor why BChE reactivation of sarin inhibition 

approached only 50% in the macaques. Previous in vitro studies which compared inhibition 

and reactivation of AChE from several animal species also indicated that the inhibitory 

potency of macaque AChE with POX was similar to that of human AChE with only 

moderate differences in the reactivation constants between the two enzymes [38].

Five macaques treated with RS194B within minutes of termination of a sarin challenge 

exhibited dramatic reversal of classic clinical symptoms within one hour in the four 

macaques with the most severe signs (e.g tremors and convulsions) and thought to have little 

chance of surviving. Macaque #42848 exhibited less severe signs of toxicity (e.g. 

fasciculations, miosis and salivation) and may have survived in the absence of the oxime 

antidote. This compares with five control sarin-exposed macaques which did not receive the 

RS194B and died between 38.5 to 369 mins following sarin initiation (data not shown).

Interestingly, in the presence of oxime, reactivation of both blood AChE and plasma BChE 

activities reached similar levels (~60–70%) by 48 hr in macaques, unlike previous rodent 

studies, where AChE was more selectively reactivated. This rapid recovery of cholinesterase 

activity by RS194B and rapid cessation of central effects (convulsions) suggest efficient 

passage of oxime through the blood-brain barrier in macaques, as shown previously in mice 

(28). Several studies conducted over many years established that respiratory and 

cardiovascular depression associated with OP exposure is a consequence of AChE inhibition 

in both central and peripheral nervous systems (1,39). The protective efficacy observed here 

is also consistent with pharmacokinetic studies in mice (28) that showed rapid penetration of 

RS194B into the brain within 5–10 minutes to attain near steady-state concentrations within 

the first 40 min of administration. However, in contrast to mice, which showed a rapid ~10-

fold decline over 2 hrs of RS194B in plasma, ChE levels in macaque blood continued to 

increase or remained high and unchanged for up to 48 hrs post-sarin challenge. This is in 

agreement with initial RS194B pharmacokinetic studies in macaques (not shown) and 

suggests that residual oxime remains or is replenished in the macaque circulation for longer 

time intervals (Fig.3). It is also consistent with the zwitterionic properties of RS194B and 

the formation of a neutral species that exhibit more sustained residual tissue and plasma 

levels. The capacity to cross the blood-brain barrier, to be absorbed orally and to remain in 

the plasma after a single injection offers RS194B a significant advantage over 2-PAM and 

several pyridinium aldoxime analogs (HI-6, obidoxime and MMB4) that are unable to enter 

intracellular sites in tissues or the CNS and thus are rapidly cleared (40,41).

In this context, IM injection of oxime MMB4, which does not cross the blood-brain barrier, 

efficiently reactivated cyclosarin-inhibited AChE in blood samples from macaques 

administered IM with 1LD50 dose of cyclosarin 5 mins before MMB4 treatment. However 

in this study, it is not clear to what extent the MMB4 protected the animals, since macaques 

received a higher dose of atropine (1mg/kg) 15 mins prior to cyclosarin exposure; 

suppressing the incidence and severity of the clinical signs of cyclosarin toxicity (42). In the 

case of OP pesticides, humans administered a 2g loading dose plus a steady infusion of 2-

PAM following poisoning with two diethylphosphoryl-containing pesticides, chlorpyrifos 

and quinalphos, variably reactivated BChE, but was not sustained past 10–12 hr (43). In 
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addition, in the treatment of methamidophos poisoning in man, multiple dosing of a 

pyridinium aldoxime over a sustained period was required to reverse toxicity (11).

In contrast to sarin analog-inhibited Ma-RBC-AChE and Ma-rBChE in vitro, where 

inhibition was sustained but reversed by RS194B, enhancement of sarin-inhibited BChE 

activity in macaques in vivo appears more complex; involving a slow oxime-independent 

and a rapid oxime-dependent reactivation. Slow recovery of BChE activity has also been 

previously observed in macaques exposed to POX in vivo (44) and in vitro (45).

Our findings in macaques following pulmonary sarin exposure suggest different outcomes 

from prior studies of systemic sarin treatment in guinea pigs (46). Despite the attractiveness 

of low carboxylesterase activity in this animal model, initial in vitro studies with guinea pig 

liver microsomes showed rapid metabolism of RS194B, which is in contrast to the absence 

of metabolic decomposition of RS194B in mouse, rat, monkey and human microsomes (B. 

Capacio, USARMICD, unpub. data). In addition, guinea pig AChE shows more resistance 

(47,48) to inhibition by certain organophosphates. Such interspecies variability requires an 

assessment of antidote efficacy in multiple species and, for volatile OP’s, administration by 

the very means that replicate vapor exposure in the environment.

The macaques in this study received sub-stoichiometric doses of rHuBChE as a prophylactic 

treatment, thus additional studies are underway to ascertain the extent to which prior 

inhalation of BChE contributed to the efficacy of RS 194B. Efficient distribution of IM 

RS194B via the circulation to the pulmonary system and into epithelial cells and bronchial 

secretions may effect a localized BChE reactivation, resulting in enhanced/extended 

protection from aer-BChE pretreated macaques. In this context, it is important to note that, 

while 4/5 control BChE-untreated sarin-exposed macaques experienced convulsions and 

tremors (three of which died), none of four macaques pretreated with rHuBChE using a 

nebulizer (3 of which died) exhibited convulsions at the same dose (>5 m/m3)(data not 

shown). This suggests that even at sub-optimal doses, sufficient aer-BChE was present to 

minimize the amount of agent reaching the brain resulting in some clinical protection. In this 

context, Saxena et al (49), showed that suboptimal doses of plasma BChE delayed cardiac 

and neural toxicity signs, but not survivability in sarin-exposed Gottingen minipigs. Such 

findings raise the attractive prospect of developing a parenteral, post-exposure IM loading 

dose/oral maintenance dose schemes, in combination with pulmonary administration of a 

bio-scavenger as a complementary and synergistic means to counteract terrorism and 

minimize its consequences.

Conclusion

Identifying efficacious antidotes capable of reactivating nerve agent or pesticide-inhibited 

brain AChE in the central and peripheral nervous systems has proven elusive despite many 

years of intense effort. In addition, the lack of efficacious protective antidotes has been 

exacerbated by variations in clinical efficacy of the few available oximes approved for 

human use. In this context, the choice of animal models for regulatory approval is critical. 

The efficacy of RS194B to reactivate both sarin- and POX-inhibited MaAChE and MaBChE 

conjugates in vitro and to effect a reversal of severe clinical symptoms with subsequent 
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survival of macaques exposed to sarin in vivo bodes well for its development as a protective 

treatment in humans, as well as the utility of the NHP model for regulatory approval.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
RS194B concentration dependence for reactivation at 37°C of macaque RBC-AChE and 

recombinant CHO-derived (rMaBChE) inhibited by a sarin analogue and paraoxon (POX) in 
vitro. (A) reactivation of isopropyl methylphosphonyl AChE from macaque blood MaRBC-

AChE (B) reactivation of diethylphosphoryl Ma RBC AChE, (C) reactivation of isopropyl 

methylphosphonyl rMaBChE and (D) reactivation of diethylphosphoryl rMaBChE. Oxime 

was added at 0.5mM (grey), 1.5 mM (black), 5mM (red) and 15mM (blue).
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Figure 2. 
Reactivation of blood AChE (upper panel) and BChE (lower panel) in three surviving 

macaques (#42984, 43553 and 43960) following inhalation exposure to sarin. Values are 

related to pre-exposure levels in the corresponding macaque. The respective macaques 

received sarin exposure for 10.8, 17.7 and 17.3 min and exhibited the symptoms including 

tremors following miosis in two of the three animals. Colors from green to red signify the 

severity of clinical symptoms. Animals were pretreated with aerrHuBChE using a nebulizer 

and received no oxime.
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Figure 3. 
Post-exposure reactivation by IM RS194B of RBC-AChE and plasma BChE in five 

macaques (#42840, 43481, 42848, 42029, 44434) exposed to inhaled sarin (49.6 µg/kg). 

Values are shown as percent of pre-exposure levels in the individual macaque prior to sarin 

exposure. The time intervals between cessation of sarin administration and injection of 

RS194B in the surviving animals was 2.75, 0.9, 1.5, 4.2 and 4.5 min respectively. All 

animals were administered oxime (62.5 mg/kg) IM with atropine (0.28 mg/kg) IM and all 

survived. Colors from pale pink to red signify the severity of clinical symptoms. The clinical 

signs indicated were observed at 27.6min (#42840), 33.1min (#43481), 20.3mins (#42840), 

19.3 mins (#42029) and 20.5 mins (#44434) following initiation of sarin administration. By 

contrast, five control sarin-exposed macaques, which did not receive the RS194B, exhibited 

the typical clinical signs of sarin poisoning including tremors and convulsions and died with 

AChE levels at 3–4% of baseline in those animals where an initial sample measurement was 

possible. Animals were pretreated with aer-rHuBChE.
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Scheme 1. 
(A) Ionization equilibria of the hydroxyiminoacetamidoalkyl cyclic amines showing the 

transition from cations to anions to proceed through zwitterionic and neutral species. The 

oximate-oxime and amine protonation in the azepine ring have nearly identical pKa’s ~8.8. 

The neutral species facilitates crossing the blood-brain barrier and oral bioavailability, while 

the cation will be attracted to the active center gorge and in solution the anion is the 

nucleophilic, general base catalyst. (B) The lead structure, RS 194B of over 100 congeners 

synthesized, is shown on the right.
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