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Abstract
The LD50 for soman is 10 to 20-fold higher for a mouse than a human. The difference in
susceptibility is attributed to the presence of carboxylesterase in mouse, but not in human plasma.
Our goal was to make a mouse lacking plasma carboxylesterase. We used homologous
recombination to inactivate the carboxylesterase ES1 gene on mouse chromosome 8 by deleting
exon 5 and by introducing a frame shift for amino acids translated from exons 6 to 13. ES1−/−
mice have no detectable carboxylesterase activity in plasma but have normal carboxylesterase
activity in tissues. Homozygous ES1−/− mice and wild-type littermates were tested for response
to a nerve agent model compound (soman coumarin) at 3 mg/kg sc. This dose intoxicated both
genotypes, but was lethal only to ES1−/− mice. This demonstrated that plasma carboxylesterase
protects against a relatively high toxicity organophosphorus compound. The ES1−/− mouse
should be an appropriate model for testing highly toxic nerve agents and for evaluating protection
strategies against the toxicity of nerve agents.
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Introduction
Studies on the toxicology of organophosphorus compounds (OP), including pesticides and
nerve agents, have been complicated by the absence of a suitable laboratory animal model.
Inexpensive animal models that mimic humans are needed to test the effects of exposure to
OP agents and to identify antidotes. Rodents are the traditional laboratory model animals.
The principal problem with rodents is the presence of carboxylesterase in their blood. For
example, mouse plasma contains four esterases: acetylcholinesterase (AChE),
butyrylcholinesterase (BChE), carboxylesterase and paraoxonase. Human and monkey
plasma contain BChE and paraoxonase, but no carboxylesterase (1) and only minute amounts
of AChE. AChE, BChE, and carboxylesterase are all inhibited by OP toxicants. The LD50 of
soman in mice is approximately 20 fold higher than in Rhesus monkeys (2). This difference
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in toxicity is attributed to the presence of carboxylesterase (ES1) in mouse plasma. ES1 acts
as an OP bioscavenger, effectively reducing the amount of OP reaching biologically relevant
targets.

In the past, the contribution of plasma carboxylesterase activity to nerve agent toxicity has
been minimized by pretreating animals with the carboxylesterase inhibitor
cresylbenzodioxaphosphorin oxide(3) (CBDP). This strategy potentiated the toxicity of OP
nerve agents, so that the LD50 dose became similar in mouse, rat, guinea pig, and rabbit
where these animals differ in the amounts of carboxylesterase in plasma (2–8). Use of CBDP
may be problematic because this agent inhibits not only carboxylesterase but also a number
of plasma and tissue enzymes to varying degrees (9), thereby confounding analysis of OP
effects.

Our goal was to produce a mouse that lacks plasma carboxylesterase (ES1) but has normal
levels of carboxylesterase in liver, intestine, lung and other organs. Plasma carboxylesterase
deficient mice have been previously reported in a screen of progeny from
triethylenemelamine-treated male mice (10, 11). The Jackson Laboratory bred ES1e/ES1e

males to C57BL/6J females to produce heterozygous embryos for cryopreservation. Before
we started the project to make the ES1−/− mouse, we purchased live mice (stock number
000785), strain B6; D2-aEs1e/J. The mice and their progeny had plasma alpha-naphthyl
acetate activity levels that were indistinguishable from wild type. However, ES1 deficient
mice produced from this stock by another laboratory had 26% of normal activity with o-
nitrophenyl acetate and 1% of normal activity with irinotecan (12).

ES1 carboxylesterase is a 65 kDa glycoprotein synthesized by mouse liver. It constitutes the
majority of esterase activity in mouse plasma (13). Inhibition of ES1 by OP agents is without
apparent associated toxicity (9). It was anticipated that this animal model would more
accurately mirror human response to OP exposure, because humans have no
carboxylesterase in plasma, but do have carboxylesterase in liver, intestine, lung, and other
organs (14, 15). We made an ES1 knockout mouse that is devoid of plasma carboxylesterase
activity and tested its response to soman coumarin, a fluorogenic soman model compound.
Soman coumarin was used because it is less toxic than authentic nerve agent and is therefore
permitted in non-military laboratories. Soman coumarin inhibits human and bovine
acetylcholinesterase(16, 17). Authentic soman, but not soman coumarin is hydrolyzed by
human plasma paraoxonase and squid DFPase(16). Soman coumarin has been used to screen
bacterial colonies for soman hydrolase activity where it was found to mimic authentic
soman(18, 19). This work reports the phenotypes of wild-type ES1+/+, heterozygous (ES1+/
−) and homozygous (ES1−/−) mice. The role of plasma carboxylesterase in protection
against OP toxicity was tested by comparing the response of ES1−/− and ES1+/+ mice to
soman coumarin.

Materials and Methods
Production of the ES1 knockout mouse

The ES1 knockout mouse was created by Ozgene Pty Ltd (Bentley WA, Australia) on a pure
C57BL/6 background by standard homologous recombination techniques (20). The time from
design of the targeting vector to founder animals was 3 years. Founder animals (3 female
and 3 male ES1 heterozygous (ES1+/−) mice in strain C57BL6) were delivered to the
University of Nebraska Medical Center.

The ES1 knockout mouse in strain C57BL/6 is available from The Jackson Laboratory
Repository (Bar Harbor, ME) http://jaxmice.jax.org/query where it is listed as JAX Stock
No. 014096 C57BL/6-Ces1ctm1.1Loc/J. An alternative name for the ES1 gene is Ces1c. The
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Jackson Laboratory provides heterozygous animals that must be bred to produce animals
completely deficient in plasma carboxylesterase.

Breeding
Animal work was conducted in accordance with the Guide for the Care and Use of
Laboratory Animals as adopted by the National Institutes of Health. Formal approval to
conduct the experiments was obtained from the Institutional Animal Care and Use
Committee (IACUC) of the University of Nebraska Medical Center. ES1+/− founders were
bred to C57BL/6 wild type mice (The Jackson Laboratory, Bar Harbor, Maine) to expand
the colony. The designation ES1+/+ is for wild-type mice. ES1+/− mice were bred to create
ES1+/+, ES1+/− and ES1−/− mice. This breeding protocol allowed siblings to be utilized in
experiments, reducing the possibility of effects from genetic drift.

Determination of phenotype
Pups were phenotyped by assaying plasma carboxylesterase activity of blood collected from
the saphenous vein. Body weight, body temperature, litter size, and Mendelian ratios were
compared between the ES1 phenotypes.

Determination of carboxylesterase, AChE, BChE, and paraoxonase activity
Enzyme activity was measured at 25°C in a 2-mL reaction volume using a Gilford
spectrophotometer interfaced with a MacLab data recorder (ADInstruments Pty Ltd, Castle
Hill, Australia). Carboxylesterase activity was determined by monitoring the hydrolysis rate
of alpha-naphthyl acetate (7). Plasma (3 μL) or tissue (10–100 μL of solubilized
preparations) samples were added to a solution of 0.1 M potassium phosphate buffer pH 7.0
in the presence of 0.01 mM eserine to inhibit AChE and BChE, and 1.3 mM EDTA to
inhibit paraoxonase. The samples were incubated at 25°C for 15 min. After incubation, 0.1
M α-naphthyl acetate in ethanol (100 μL) was added to the cuvette and the rate of hydrolysis
was followed at 321 nm. The extinction coefficient for the reaction product was 2220
M−1cm−1. AChE and BChE activities were assayed in plasma (3 μL) according to the
Ellman protocol (21) at 412 nm using an extinction coefficient of 13,600 M−1cm−1. AChE
activity was assayed with 1 mM acetylthiocholine in 0.1 M potassium phosphate pH 7.0, 0.5
mM dithiobisnitrobenzoic acid, at 25°C in the presence of 0.01 mM ethopropazine to inhibit
BChE. BChE activity was assayed with 1 mM butyrylthiocholine in 0.1 M potassium
phosphate pH 7.0, 0.5 mM dithiobisnitrobenzoic acid at 25°C. Plasma paraoxonase activity
(5 μL plasma) was assayed in 10 mM Tris buffer pH 8.0 containing 1.0 mM CaCl2 in the
presence of 1 mM phenyl acetate. The hydrolysis rate was recorded at 270 nm and activity
was calculated using an extinction coefficient of 1310 M−1cm−1. A unit of AChE, BChE,
carboxylesterase, or paraoxonase activity was defined as one Pmole of substrate hydrolyzed
per min. The concentrations of AChE, BChE, and carboxylesterase in mouse plasma are 0.2
mg/L, 2.6 mg/L, and 80 mg/L respectively (1). The subunit molecular weights are 70 kDa for
AChE, 85 kDa for BChE, and 70 kDa for carboxylesterase. Mouse plasma AChE is
predominantly a tetramer of 280 kDa, while plasma BChE is a tetramer of 340 kDa, and
plasma carboxylesterase is a monomer.

Nondenaturing gradient gel electrophoresis and staining for carboxylesterase activity
4–30% polyacrylamide gradient gels, 0.75 mm thick were prepared in a Hoefer gel
apparatus (SE600; Hoefer, Holliston, MA). Plasma samples (2 μL per lane) were mixed with
an equal volume of 50% glycerol, 0.1 M TrisCl pH 6.8, 0.1% bromophenol blue before
loading onto the gel. Gels were run at constant voltage for 5000 volt hours (200 volts for 25
hours) at 4°C. To visualize carboxylesterase activity nondenaturing gels were incubated in
100 mL buffer (Tris-Cl pH 8.0) containing α-naphthyl acetate (50 mg dissolved in 1 mL
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ethanol) and 50 mg of solid Fast Blue RR for 30 min until green bands of esterase activity
appeared.

Challenge with Soman Coumarin
Caution: The nerve agent model compound soman coumarin is hazardous and is handled
carefully. Adult male ES1+/+ and −/− mice (n=6 per genotype) were challenged with soman
coumarin to determine differences in toxicity and in effects on plasma BChE, AChE and
ES1 activities. The structures of the authentic compound and the model compound are
shown in Figure 1. Dose finding experiments were conducted in ES1+/+ mice to find a non-
lethal dose that would produce toxic signs. Soman coumarin (gift from Dr. Gareth
Williams) (17) (Briseno-Roa 2006, Scheme 2, no. 11) was dissolved in ethanol and delivered
subcutaneously (sc) at a dose of 3 mg/kg.

Observations, body weights and surface body temperatures (Thermalert model TH-5,
Physitemp Instruments, Inc., Clifton, New Jersey) were recorded prior to challenge, at 5, 10,
15, 30, 45 minutes, then hourly through 4–8 hours and finally at 24 hours post dosing. Blood
was collected prior to challenge and at 1, 4, 20, 48, 72, and 96 hours post dosing via the
saphenous vein (50 μL) into heparinized collection tubes. Plasma BChE, AChE and
carboxylesterase activities were determined at each time point as described.

Functional observational battery
Mice were observed for toxic signs as described by McDaniel and Moser (22) including
posture, involuntary motor movements, tremors, seizures, convulsions, palpebral closure,
reactivity to being handled, lacrimation, salivation, piloerection, gait, mobility, arousal, and
temperature.

Plasma and tissue AChE, BChE and carboxylesterase activity following challenge with
soman coumarin

ES1+/+ and −/− mice (n=3 per group, males age 6 weeks) were injected subcutaneously
with 3 mg/kg soman coumarin dissolved in ethanol. Observations of mouse behavior, body
weights and temperatures were recorded prior to challenge and at 5, 10, 15, and 30 minutes
post challenge. Plasma samples were collected prior to challenge and at 30 minutes post
challenge. At 30 minutes post challenge mice were euthanized by CO2 asphyxiation, and
perfused by transcardial wash with 60 mL of saline. Brain, diaphragm and quadriceps
muscle were collected and homogenized for 10 s in 10 volumes of ice-cold 50 mM
potassium phosphate, pH 7.4, 0.5% Tween 20, using a Polytron homogenizer (Brinkmann
Instruments, Mississauga, ON, Canada). The homogenate was clarified by centrifuging 3
times in a microfuge to remove all turbid material. The supernatant was transferred to a
clean tube and assayed for activity as described.

Statistics
Comparison of means was by two tailed t-test. Enzyme activity values are given ± SD.
Analysis was conducted using SPSS software (IBM Corporation Chicago, IL).

Results
Strategy to knockout the ES1 carboxylesterase gene

The National Center for Biotechnology Information map viewer shows 16 carboxylesterase
genes and pseudogenes on mouse chromosome 8. The ES1 gene is located in ensEMBL
gene ID: ENSMUSG00000057400. The intron/exon structure was confirmed by alignment
of mRNA sequence NM_007954 (23) with the ensEMBL genomic sequence. The ES1 gene
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has 13 exons spread over 32.3 kb. The peptide that includes the active site serine is encoded
by exon 5. The ES1 gene was inactivated by deleting exon 5, which introduced a frame shift
for exons 6 to 13. This strategy deleted the Ser, Glu and His amino acid residues of the
catalytic triad, leaving no possibility of an active ES1 carboxylesterase enzyme (accession#
gi:6679689 updated to gi:247269929). ES1 targeted mice were bred to CRE deleter mice
thereby removing the loxP flanked sequences in the genome and resulting in a complete
knockout. The wild type, targeted and deleted alleles are shown in Figure 2.

Phenotype of the ES1 knockout mouse
ES1+/+, +/− and −/− pups were born to ES1+/− parents at the expected Mendelian ratio.
Litter sizes averaged 7.2 pups. Breeding of ES1−/− pairs demonstrated that the ES1−/−
mice were fertile and produced healthy offspring. ES1+/− and −/− mice were found to be
viable, healthy, and of comparable body weight and body temperature to ES1+/+ mice.
ES1+/− and −/− mice had no observable phenotypes.

AChE, BChE, carboxylesterase, and paraoxonase plasma activity of ES1+/+, +/− and −/−
mice

AChE, BChE, and paraoxonase activity levels in plasma of adult ES1+/+, +/− and −/− mice
(n=20 per genotype) were found to be the same between genotypes (AChE 0.3±0.04 u/mL,
BChE 1.2±0.06 u/mL, paraoxonase 75±6.5 u/mL). Carboxylesterase activity was determined
in the plasma of 6-week old mice (n=20 per genotype) by hydrolysis of α-naphthyl acetate
following inhibition of AChE, BChE and paraoxonase (Table 1). ES1+/+ male and female
mice had 9–13 u/mL of carboxylesterase activity in plasma; ES1+/− had about 4–7 u/mL,
and ES1−/− had 0.5–0.7 u/mL. The background activity in ES1−/− plasma was due to
albumin hydrolysis of α-naphthyl acetate (14). This conclusion was arrived at by staining
non-denaturing polyacrylamide gels for esterase activity (see the following section).

No detectable carboxylesterase observed in the plasma of ES1−/− mice
Plasma ES1 activity was visualized on a nondenaturing gradient gel stained for esterase
activity with α-naphthyl acetate and Fast Blue RR. Lanes 2 and 3 in Figure 3 show no band
of carboxylesterase activity in ES1−/− plasma. Similarly, human plasma in lane 1 has no
band of carboxylesterase activity. Strong bands of activity appear at the position of ES1 in
lanes 4 and 5, for ES1+/− and ES+/+ sera. All ES1 phenotypes (lanes 2–5), as well as
human plasma in lane 1, had a BChE band near the top of the gel and an albumin band of
esterase activity near the bottom of the gel. The albumin band is broad because of the large
amount of albumin in 2 μl of plasma (80 μg). Albumin runs close to the ES1
carboxylesterase position. However, albumin activity is readily distinguished from the
carboxylesterase activity in lanes 4 and 5. These results confirm the absence of
carboxylesterase activity in ES1−/− plasma and the presence of a background pseudo-
esterase activity from albumin. The pseudo-esterase activity of albumin is due to acetylation
of multiple lysines on albumin by α-naphthyl acetate (14). The additional 4 faint bands of
apparent esterase activity (lanes 2–5) probably reflect stable acetylation of lysines on
unidentified proteins, similar to the acetylation of lysines in albumin.

ES1−/− mice have normal carboxylesterase activity in tissues
Mice, rats, and humans have substantial carboxylesterase activity in liver, intestine, lungs
and other tissues (15). The carboxylesterases in tissues are transcribed from the CES1 and
CES2 gene clusters on mouse chromosome 8 and not from the ES1 gene. Our goal was to
specifically knock out plasma carboxylesterase activity while leaving the tissue
carboxylesterases at normal levels. The functional activity of tissue carboxylesterase was
tested with α-naphthyl acetate as substrate. No significant differences in the carboxylesterase
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activity levels were found in the perfused tissues of ES1+/+, +/− and −/− adult female mice
(n=6 per genotype) (Table 2). The single exception was the carboxylesterase activity in
plasma, which was reduced in ES1 knockout mice. It was concluded that gene targeting
specifically deleted the ES1 gene and had no effect on other carboxylesterase genes.

Plasma carboxylesterase protects against soman coumarin challenge
Signs of toxicity—ES1+/+ and −/− mice (n=6 per genotype) were challenged with 3.0
mg/kg soman coumarin delivered subcutaneously (sc). The structure of soman coumarin is
shown in Figure 1. Toxic signs in both genotypes included hunched posture, decreased
arousal, muscle fasciculations (mild in ES1+/+ mice, more severe in ES1−/− mice),
piloerection, and decreased handling reaction. In addition, ES1−/− mice displayed ataxic
gait, mucus in the eyes, and flattened posture. None of the mice had seizures, convulsions,
or salivation. Toxic signs started to appear at 1 to 3 h after subcutaneous injection. The delay
is attributed to the time it takes a drug to be absorbed from the tissue beneath the skin.
ES1−/− mice had significantly lower body temperatures at 4 and 24 hours post dosing
compared to ES1+/+ mice (Figure 4). At 4 h, the temperature of ES1−/− mice was an
average of 30°C while that of wild type mice was 34°C. At 20 h post dosing, 3 ES1−/− mice
were moribund and 2 were dead while all ES1+/+ mice appeared to be recovering with
minimal toxic signs. At 24 h, the temperature of the surviving ES1−/− mice averaged 32°C,
while that of wild type mice averaged 35°C. At 48 hours post dosing 2 additional ES1−/−
mice had died and the remaining ES1−/− mice were moribund while none of the 6 ES1+/+
mice had toxic signs.

Determination of plasma inhibition—AChE activity was reduced to 10% of normal in
ES1−/− plasma at 4 h, but had returned to 25% of normal at 48 h post dosing (p<0.01)
(Figure 5). This low level of activity corresponded to the ES1−/− animals’ moribund status.
BChE activity was reduced to 10% of normal in the ES1−/− mice at 48 h (Figure 5). AChE
was inhibited to a greater degree than BChE in both ES1−/− and ES1 +/+ mice at 4 h. Both
AChE and BChE activities recovered to baseline levels in ES1+/+ mice by 48 h post dosing.
Plasma carboxylesterase activity was inhibited 90% in the wild type mice through 20 h, with
recovery to baseline by 96 h (Figure 5). Overall, the wild-type mice fared better than the
ES1−/− mice. It was concluded that plasma carboxylesterase was associated with protection
from challenge by soman coumarin.

AChE activity is irreversibly inhibited by soman (24, 25). The return to normal plasma AChE
activity in mice in 48 h is explained by synthesis of new molecules of AChE. Others have
found that AChE activity recovers by 48–72 h after treatment of rats with soman (26). Gene
expression studies have shown that mRNA for AChE in brain increases when mice are
treated with sarin (27).

Determination of tissue inhibition—ES1+/+ and −/− mice (n=3 per genotype) were
treated sc with 3 mg/kg soman coumarin. At 30 minutes post dosing the mice were
euthanized, tissues were perfused, collected, homogenized and the supernatants were
analyzed for carboxylesterase, AChE, and BChE activity. The results are shown in Table 3.
After 30 minutes, carboxylesterase activities in the diaphragm of ES1−/− mice were
significantly more inhibited than in the ES1+/+ mice. Relatively little carboxylesterase was
inhibited in the brain of either genotype. Diaphragm AChE activity was significantly more
inhibited in the ES1−/− mice than in the ES1+/+ mice. Brain AChE was inhibited
approximately 70% in both genotypes. BChE inhibition was comparable between the
genotypes, with no inhibition in the brain. It was concluded that plasma carboxylesterase
protected mice from the toxicity of soman coumarin by significantly reducing inhibition of
AChE and carboxylesterase in the diaphragm.

Duysen et al. Page 6

Chem Res Toxicol. Author manuscript; available in PMC 2012 November 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Discussion
The role of carboxylesterase ES1 in the protection of rodents against OP intoxication

Mice and rats differ from monkeys and humans in that they are less sensitive toward
intoxication by nerve agents (2). This difference has been attributed to the presence of
carboxylesterase in the plasma of rodents and its absence from the plasma of humans and
monkeys. Maxwell (28) measured the in vitro reactivities of various OP with rat
carboxylesterase and rat AChE, and determined their toxicity in rats that had been depleted
of carboxylesterase by treatment with CBDP and in rats that had not been depleted of
carboxylesterase. He concluded that carboxylesterase “appears to perform the role of a high-
affinity/low-capacity detoxication process” wherein it “is primarily important for
detoxication of highly toxic OP compounds that achieve lower in vivo concentrations, for
which the high affinity of the detoxication enzyme [carboxylesterase] is more important than
its detoxication capacity”. The rationale for this conclusion is as follows.

Case 1) Inhibition of carboxylesterase has no clinical sequelae; therefore toxic effects
following OP challenge can be ascribed to inhibition of AChE. OP that react readily with
AChE will cause toxicity at low doses. If those OP react readily with carboxylesterase as
well, then when carboxylesterase is present it will absorb a significant fraction of the toxin
and provide protection. Case 2) If carboxylesterase reacts poorly with OP that react readily
with AChE, then carboxylesterase will provide no protection. Case 3) OP that react less
readily with AChE will cause toxicity only at high doses, i.e. doses that are much higher
than the concentration of carboxylesterase in the subject. Under these conditions it makes no
difference whether carboxylesterase reacts readily with the OP or not. If carboxylesterase
reacts readily, it will be used up before it can absorb a significant fraction of the OP, thereby
affording no protection. Case 4) If carboxylesterase reacts poorly, it simply will not afford
protection.

Examples for each of these four scenarios can be easily found. Case 1) Pinacolyl-
methylphosphonofluoridate (soman) is a neutral OP which reacts readily with both AChE
(8.9×107 M−1min−1) and carboxylesterase (5.1×106 M−1min−1) (29). In a rat,
carboxylesterase ameliorates the effects of soman (28). Case 2) O-ethyl S-
[2(diisopropylamino)ethyl] methylphosphonothioate (VX) is a cationic OP which reacts
readily with AChE (3.2×107 M−1min−1) but not with carboxylesterase (1.5×103

M−1min−1) (29). In a rat, carboxylesterase has no effect on the toxicity of VX (28). Case 3)
Diisopropyl fluorophosphate (DFP) is a bulky OP that reacts poorly with AChE (2.9×104

M−1min−1) (29). Even though it reacts readily with carboxylesterase (3.5×106

M−1min−1) (29), carboxylesterase has no effect on the toxicity of DFP (28). Case 4)
Tetraisopropylpyrophosphoramide (iso-OMPA) is a bulky OP that reacts poorly with both
AChE (1.6×101 M−1min−1) and carboxylesterase (1.2×102 M−1min−1) (29).
Carboxylesterase would be expected to have no effect on its toxicity.

Carboxylesterase protects mice by serving as a stoichiometric scavenger of OP. “Therefore,
the capacity of carboxylesterase to detoxify OP compounds is quantitatively limited by the
number of available carboxylesterase molecules” (28). Our carboxylesterase knock-out mice
have been selectively depleted of serum carboxylesterase ES1. This makes the number of
ES1 molecules in the wild type mouse a critical factor in determining how their ES1−/−
brethren can be used for studies on OP toxicity. Estimation of the moles of carboxylesterase
in a mouse can be made in more than one way. One method is to start with the concentration
of ES1. ES1 carboxylesterase is found primarily in blood and lymph. A normal mouse has
80 mg of ES1 carboxylesterase per liter of blood. The molecular weight of carboxylesterase
is 70,000 g/mole. This makes the concentration of ES1in blood about 1.2 μM. Assuming the
blood volume for an average 25 g mouse is 1.75 mL, there would be 2 nmoles of ES1 in the
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blood. Another estimate can be made from the amount of OP that ES1 can protect against.
The LD50 for soman is about 0.5 μM and ES1 can protect against an amount of soman equal
to about 10 LD50, suggesting that there is about 5 μM ES1 in the blood. 1.75 mL of blood
would contain about 9 nmoles of carboxylesterase. If ES1 were distributed throughout the
lymph system as well as the blood, the total amount of carboxylesterase would be doubled to
about 18 nmoles. Mice in this study were dosed with 200 nmoles soman coumarin.

ES1−/− mice show increased sensitivity to challenge with soman coumarin
For the first few hours following challenge with 200 nmoles of soman coumarin (17) the
ES1−/− and wild-type mice showed very similar toxic signs. The major difference was that
the ES1−/− mice had significantly lower body temperature compared to the ES1+/+ mice.
These observations are consistent with the fact that at least 10-times more soman coumarin
than carboxylesterase (maximum 18 nmoles) was present, making stoichiometric scavenging
of soman coumarin by carboxylesterase an ineffective protection for the wild-type mice.
After 20 hours, 2 of the ES1−/− mice were dead while the wild-type mice were clearly
recovering. After 48 hours, 2 more ES1−/− mice had died and the remaining two were
moribund, while the wild-type mice had recovered. It thus appears that carboxylesterase
ameliorated the long term effects of soman coumarin without having a substantial effect on
the short term effects. This strongly suggests that carboxylesterase was able to turnover the
soman coumarin, albeit slowly. A half-time for spontaneous reactivation of 2.7 hours has
been reported for soman-inhibited rat plasma carboxylesterase (30). The slow hydrolysis of
soman coumarin reduced the soman coumarin concentration to a nontoxic level in wild-type
mice. After 48 h, the amount of soman coumarin remaining in the wild-type mouse was so
low that AChE activity was 100% normal (Figure 5). In conclusion, the absence of ES1
carboxylesterase and the loss of its bioscavenger effects made a significant difference in
toxic signs and lethality after challenge by soman coumarin.

Stereoisomers of soman coumarin
By analogy to soman (7), the soman coumarin used in the experiments was racemic at the
phosphorus atom. It therefore existed as a pair of diastereoisomers – C(+)P(+), C(−)P(+) and
C(+)P(−), C(−)P(−) – due to the presence of an additional chiral center at the secondary
carbon atom of its pinacolyl side-chain. The rates of inhibition of AChE and hence LD50
values of the four different stereoisomers are expected to follow those of soman, being
maximal for the P(−)isomers. The rate constants for inhibition of AChE at 25 °C by
C(+)P(+), C(−)P(+), C(+)P(−) and C(−)P(−) soman are < 5 × 103, < 5 × 103, 2.8 × 108 and
1.8 × 108 M−1 min−1 respectively as reflected in the corresponding LD50 values to mice of >
5000, > 2000, 99 and 38 μg/kg (31). The bioscavenger effect of any enzyme will therefore be
maximal if that enzyme shares the same stereoselectivity as AChE towards the nerve agent.
The protective effect of mouse plasma carboxylesterase is due to selective targeting of the
most toxic P(−) soman stereoisomers as shown in experiments with purified mouse plasma
carboxylesterase where the P(−) stereoisomers where 100 times more potent inhibitors than
the P(+) stereoisomers (32).

Conclusion
We have created a knockout mouse that is missing ES1 carboxylesterase from its blood,
making it a reasonable human model for toxicity studies. We used this mouse to describe a
new application of a fluorogenic nerve agent model compound that complements its
established role as a tool for screening hydrolytic enzymes. The challenge study confirmed
the conclusion that plasma carboxylesterase provides effective protection against highly
toxic OP.
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Figure 1.
Structural differences between the authentic nerve agent soman, and the nerve agent model
compound soman coumarin.
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Figure 2.
Targeting strategy to delete exon 5 of the ES1 gene. The top drawing shows the first 7 exons
of the wild-type allele, as well as the location of the 5′ and 3′ homology arms in the gene
targeting vector, the location of two probes (5′ probe and 3′ probe) outside the gene targeted
region, and the location of one internal probe. Also shown are the restriction sites used for
Southern blotting to distinguish wild-type, targeted, and deleted alleles. The middle drawing
shows the targeted allele after recombination has inserted loxP sites and the Neo gene
cassette. The bottom drawing shows the deleted allele produced by breeding to Cre
recombinase-expressing mice, thus deleting exon 5 and the Neo gene cassette.
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Figure 3.
Visualization of ES1 activity in the plasma of ES1+/+, +/− and −/− mice using α-NA as the
substrate. Plasma was loaded at 2 μl/well onto a nondenaturing gradient polyacrylamide gel.
Lane 1) Human plasma has BChE and albumin pseudo-esterase activity, but no
carboxylesterase. Lanes 2 and 3) Plasma from ES1−/− mice demonstrates the complete
absence of carboxylesterase activity in these mice. Lane 4) ES1+/− plasma. Lane 5) ES1+/+
plasma. The ES1 band intensity is greater in lane 5 than lane 4, corresponding to the higher
carboxylesterase activity in +/+ than +/− plasma.
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Figure 4.
Average surface body temperatures of ES1−/− (open squares) and +/+ (closed circles) mice
post-challenge with soman coumarin (± SD). a is significantly different than b by two tailed
t-test p≤0.05.
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Figure 5.
Average AChE, BChE and ES1 carboxylesterase activity in the plasma of ES1−/− (grey
bars) and ES1+/+ (black bars) mice pre- and post-challenge sc with 3.0 mg/kg soman
coumarin. By 48 h esterase activities returned to baseline in wild-type, but not in ES1−/−
mice. (± SD).
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Table 1

Plasma carboxylesterase activity in 6 week old mice

Gender ES1 Genotype ES1 Activity (u/mL)

Male +/+ 10.9±1.6

Male +/− 5.5±1.1

Male −/− 0.7±0.4

Female +/+ 11.8±1.7

Female +/− 6.2±1.1

Female −/− 0.5±0.7

±SD; n =20 mice per group; α-naphthyl acetate substrate
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