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Summary
Objective: Exposure to chemical warfare nerve agents (CWNAs), such as

soman (GD), can induce status epilepticus (SE) that becomes refractory to ben-

zodiazepines when treatment is delayed, leading to increased risk of epileptoge-

nesis, severe neuropathology, and long‐term behavioral and cognitive deficits.

Rodent models, widely used to evaluate novel medical countermeasures

(MCMs) against CWNA exposure, normally express plasma carboxylesterase,

an enzyme involved in the metabolism of certain organophosphorus compounds.

To better predict the efficacy of novel MCMs against CWNA exposure in

human casualties, it is crucial to use appropriate animal models that mirror the

human condition. We present a comprehensive characterization of the seizuro-

genic, epileptogenic, and neuropathologic effects of GD exposure with delayed

anticonvulsant treatment in the plasma carboxylesterase knockout (ES1−/−)
mouse.

Methods: Electroencephalography (EEG) electrode‐implanted ES1−/− and wild‐
type (C57BL/6) mice were exposed to various seizure‐inducing doses of GD, trea-

ted with atropine sulfate and the oxime HI‐6 at 1 minute after exposure, and

administered midazolam at 15‐30 minutes following the onset of seizure activity.

The latency of acute seizure onset and spontaneous recurrent seizures (SRS) was

assessed, as were changes in EEG power spectra. At 2 weeks after GD exposure,

neurodegeneration and neuroinflammation were assessed.

Results: GD‐exposed ES1−/− mice displayed a dose‐dependent response in sei-

zure severity. Only ES1−/− mice exposed to the highest tested dose of GD devel-

oped SE, subchronic alterations in EEG power spectra, and SRS. Degree of

neuronal cell loss and neuroinflammation were dose‐dependent; no significant
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neuropathology was observed in C57BL/6 mice or ES1−/− mice exposed to

lower GD doses.

Significance: The US Food and Drug Administration (FDA) animal rule requires

the use of relevant animal models for the advancement of MCMs against CWNAs.

We present evidence that argues for the use of the ES1−/− mouse model to screen

anticonvulsant, antiepileptic, and/or neuroprotective drugs against GD‐induced toxi-

city, as well as to identify mechanisms of GD‐induced epileptogenesis.

KEYWORD S

chemical warfare nerve agents, electroencephalography, ES1−/− mice, organophosphorus, spontaneous

recurrent seizures

1 | INTRODUCTION

Exposure to chemical warfare nerve agents (CWNAs) can
induce severe and prolonged seizures (ie, status epilepticus;
SE) as a consequence of cholinergic hyperactivation in lim-
bic and cortical structures.1 Currently, medical countermea-
sures (MCMs) against CWNA exposure consist of a
muscarinic ACh receptor (mACh) antagonist (eg, atropine
sulfate) to reduce the severity of peripheral toxic signs, an
oxime to reactivate inhibited acetylcholinesterase (eg, 2‐
PAM, HI‐6), and a benzodiazepine (eg, diazepam or mida-
zolam [MDZ]) for the treatment of seizures.2 In rodent
models of cholinergic‐induced SE, benzodiazepines are
effective at terminating seizures and increasing survival
when administered promptly; delayed treatment leads to SE
that is refractory to benzodiazepine treatment,3 and results
in lasting neuroanatomic changes, development of sponta-
neous recurrent seizures (SRS), and long‐term cognitive/be-
havioral impairments.4–6 Rodent models of treatment‐
resistant temporal medial lobe epilepsy, caused by an initial
acute hippocampal lesion, also echo the chronic conse-
quences (ie, robust neuroinflammation, neuronal network
rewiring, and recurrent spontaneous seizures, among others)
of uncontrolled seizure activity.7 In all, pharmacoresistance
is an unsolved therapeutic challenge as there is currently no
approved treatment for CWNA‐induced refractory SE.

Prolonged seizure activity increases synaptic N‐methyl‐
D‐aspartate (NMDA) receptors that increase calcium influx
and can induce cell death.3,8,9 Release of pro‐inflammatory
mediators from activated microglia and astrocytes may pro-
mote hyperexcitability and contribute to cell loss and
synaptic reorganization,10 although the mechanisms by
which changes in neuronal circuitry contribute to SRS
development are unknown.

The advancement of MCMs against the toxic effects of
CWNAs, such as soman (GD), is highly dependent on the
use of an appropriate animal model that closely mirrors the
level of toxicity observed in human victims of CWNA

exposure. Because delayed anticonvulsant administration is
highly plausible in a mass casualty scenario where MCMs
against CWNA exposure are not readily accessible, the need
for research into more effective treatments to counteract
benzodiazepine pharmacoresistance is urgent. Rodents are
often used for drug screening against CWNA‐induced toxic-
ity, albeit with a major caveat: mice and rats have plasma
carboxylesterase (CaE) activity, which scavenges many
organophosphorus compounds, rendering the animal more
resistant to GD and other organiphosphates.11 In contrast,
humans have undetectable plasma CaE activity. Pretreating
mice with the CaE inhibitor cresylbenzodioxaphosphorin
oxide (CBDP) prior to exposure potentiates GD toxicity but
inhibits other esterases that may confound results.12,13 ES1
gene knockout (ES1−/−) mice were developed to specifi-
cally lack plasma CaE while containing normal CaE activity
levels in organs.11 ES1−/− mice exhibit lower median
lethal doses (LD50) of parathion, chlorpyrifos,

14 and the less
toxic analogue of GD, soman coumarin, when compared to
wild‐type mice.11 The present work focused on the

Key Points

• Carboxylesterase knockout (ES1−/−) mice are
more susceptible than wild-type C57BL/6 mice
to the lethal effects of soman

• Spontaneous recurrent seizures develop in ES1−/
− mice following soman-induced status epilepti-
cus when midazolam treatment is delayed

• Severe neuronal loss and neuroinflammation are
present in ES1−/− mice 2 weeks following
soman-induced status epilepticus

• ES1−/− mice show acute and subchronic elec-
troencephalography (EEG) power spectra
changes after soman-induced status epilepticus
and midazolam treatment is delayed
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characterization of the seizuregenic, epileptogenic, and neu-
ropathologic effects of GD exposure in ES1−/− mice,
which may be a useful model to identify improved MCM
against CWNA exposure.

2 | METHODS

2.1 | Animals

Male ES1−/− and their background strain (C57BL/6) mice
were obtained from the United States Army Medical
Research Institute of Chemical Defense (USAMRICD)
breeding colony at 8‐9 weeks of age (19‐22 g) and housed
on a 12 hour:12 hour light‐dark cycle with lights on at
0600. Food and water were available ad libitum. Mice were
weighed daily. The experimental protocol was approved by
the Institute Animal Care and Use Committee at USAM-
RICD, and all procedures were conducted in accordance
with the principles stated in the Guide for the Care and
Use of Laboratory Animals and the Animal Welfare Act of
1966 (P.L. 89‐544), as amended.

2.2 | Median lethal dose (LD50) of GD in
male ES1−/− mice

To determine the LD50 of GD male, ES1−/− mice were
exposed subcutaneously (sc) to GD (0.5 mL/kg) in a stage‐
wise manner using the methods described by Feder et al.15

GD (pinacolyl methylphosphonofluoridate) was obtained
from the Edgewood Chemical Biological Center. The LD50

was calculated by applying a probit regression analysis
using the maximum likelihood procedure to the combined
data from all stages. The 95% confidence intervals (CIs)
for the LD50 were calculated using the delta method.

2.3 | Surgeries and EEG recordings

Mice were implanted under 2%‐5% isoflurane with ETA‐F10
telemetry transmitters from Data Sciences International (DSI)
as described in Lundt et al.16 Transmitters were implanted
(sc) with wires wrapped around 2 cortical stainless steel
screw electrodes placed at 1.5 mm right of the midline, and
1.5 mm anterior, and 3.0 mm posterior to bregma. Buprenex
SR was administered (0.5 mg/kg, sc) to minimize pain. Data
were recorded using Dataquest Art Acquisition software
(DSI) and digitized at 250 Hz.

2.4 | Soman exposures and treatments

After 2 weeks of recovery from surgery, ES1−/− mice
(n = 6‐8 per group) were exposed to 23, 46, or 82 μg/kg GD
(sc) or saline; C57BL/6 mice were exposed to 82 or 285 μg/
kg GD (sc) or saline (n = 3‐7 per group). One minute after

exposure, mice received an admix (ip) of atropine sulfate
(4 mg/kg; Sigma Aldrich), and the bispyridinium oxime HI‐6
(50 mg/kg; Sigma Aldrich). Midazolam (MDZ; 5 mg/kg, ip)
was administered 15 minutes after GD‐induced seizure or
20 minutes after saline exposure.

2.5 | Behavioral seizure

Noldus Observer XT was used to input behavioral signs of
toxicity. The severity of behavioral seizures was scored using
a modified Racine17 scale with the following stages: 0, no
abnormality; 1, oral movements; 2, head nodding and/or tre-
mors; 3, forelimb clonus; 4, rearing with convulsions; and 5,
rearing and falling with convulsions.

2.6 | EEG scoring and power spectral
analysis

Electroencephalography data were collected continuously
from 3 days before GD exposure to 14 days after exposure.
Data analysis was done using customized MATLAB algo-
rithms to assess seizure activity defined as rhythmic high‐
amplitude spikes lasting 10 seconds or longer (details in
Appendix S1).4,18

2.7 | Brain tissue collection and
immunohistochemistry

Two weeks after exposure, mice were injected with sodium
pentobarbital (75 mg/kg, ip, Fatal Plus; Patterson Veteri-
nary), and perfused with 0.1 mol/L phosphate buffer (PB),
followed by 4% paraformaldehyde in 0.1 mol/L PB (FD
NeuroTechnologies). Heparin sodium injection (0.1 mL per
L of 1000 Units per mL; Henry Schein Animal Health) was
added to the PB used in perfusion. Brains were removed
and post‐fixed for 6 hours in the same fixative at 4°C. After
cryoprotection in 0.1 mol/L PB containing 20% sucrose for
at least 72 hours at 4°C, brains were rapidly frozen and
stored in a freezer at −80°C until sectioning. Serial cryostat
sections (30 μm) were cut coronally through the cerebrum,
approximately from bregma 2.80 mm to −4.84 mm. Every
first to eighth section of each series of 8 sections (interval:
260 μm) was collected separately. Sections were stored
free‐floating in FD section storage solution (FD NeuroTech-
nologies) at −20°C before immunostaining (details in
Appendix S1).19

2.8 | Cell counts

Immunostained slides were scanned using an Olympus
BX16IVS microscope with a Pike F‐505 camera (Allied
Vision). Surveyor (Objective Imaging Inc.) was used to
capture images, and Image‐Pro Plus (Media Cybernetics,
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Inc.) was used to obtain counts of cells immunoreactive for
the markers neuronal nuclear protein (NeuN), glial fibril-
lary acidic protein (GFAP), and glutamic acid decarboxy-
lase (GAD67) in the thalamus, hippocampus, basolateral
amygdala, and/or piriform cortex at bregma −1.94. Brain
regions were traced for a specific region of interest using
anatomic landmarks and then cell density calculated; 3
replicates were scored and averaged. For analysis of highly
dense NeuN‐positive (NeuN+) neurons in the CA1 region
of the hippocampus, stereology using Stereo Investigator
software (MBF Bioscience) was performed in sections
(30 μm each; ∼5 sections per mouse) using the optical
fractionator method.20 The counting frame was
40 × 40 μm, and the counting grid was 200 × 200 μm.
The dissector height was 20 μm.

2.9 | Microglia morphology analysis

Morphologic changes in cells immunoreactive for ionized
calcium-binding adapter molecule 1 (Iba1), indicative of
microglia activation, were assessed by estimations of cell
body to cell size ratio.21,22 Using the ImageJ software
(National Institutes of Health), a modification of previously
described methods was used (details in Appendix S1).21

2.10 | Data analysis

A Kruskal‐Wallis analysis of variance (ANOVA) test was
performed on Racine scores to determine the main effect of
GD on toxicity at each time point, followed by multiple
comparisons to control group using the Dunn's method.
The effect of GD dose on seizure onset was determined by
a one‐way ANOVA, followed by Tukey's test. A 2‐way
repeated‐measures ANOVA was used to determine the
main effect of GD on body weight and on changes in EEG
power spectra across time, followed by a Dunnett's test. A
one‐way ANOVA was used to determine main effect of
GD on NeuN, GAD67, GFAP, and Iba1 immunoreactivity,
followed by a Dunnett's test. Differences were considered
statistically significant when P < 0.05.

3 | RESULTS

3.1 | Median lethal dose of GD in male
ES1−/− mice

Data from our dose‐lethality response study show that the
estimated LD50 of male ES1−/− mice is 19.2 μg/kg (95%
CI 18.0‐20.5 μg/kg) and the slope of the GD dose‐response
curve is 74.8 (Figure 1). In comparison, the LD50 of GD in
C57BL/6 mice is 83 μg/kg,23 approximately 4‐fold higher
than in ES1−/− mice.

3.2 | Acute EEG and behavioral seizures,
and development of spontaneous recurrent
seizures following subcutaneous GD exposure

Male ES1−/− mice exposed to GD presented with behav-
ioral and EEG seizure activity. Only the 82 μg/kg dose of
GD (approximately 4 LD50) resulted in a robust change in
EEG amplitude that developed into SE and continued spo-
radically for at least 48 hours following the initial toxic
insult (Figure S1). Exposure to 23 and 46 μg/kg GD (ap-
proximately 1 and 2 LD50, respectively) resulted in inter-
mittent seizure activity that did not progress into SE. GD
exposure induced dose‐dependent signs of cholinergic toxi-
city consisting of ataxia, head bobs, and body tremors
within 10 minutes of exposure (Figure 2A). Maximum
median severity of stage 5 behavioral seizures persisted in
mice exposed to 82 μg/kg, whereas mice exposed to 23 or
46 μg/kg GD showed a maximum median of 1.5 and 4,
respectively. A main effect of GD dose was detected on
the latency to seizure onset [F(1,19) = 12.9, P < 0.001];
mice exposed to 23 μg/kg presented seizure at an average
of 9.4 ± 2.1 minutes after GD exposure, which was signifi-
cantly longer compared to the 46 μg/kg (4.7 ± 1.6 minutes;
P = 0.001) and 82 μg/kg (4.4 ± 2.6 minutes; P < 0.001)
groups (Figure 2B). Mice that received 82 μg/kg GD pre-
sented with SE, with a mean seizure activity duration dur-
ing the first 24 hours following GD exposure of
555.4 ± 325. 0 minutes (mean ± SD). This dose led to the
development of SRSs, characterized by hypersynchronous

FIGURE 1 Dose‐response curve for GD‐induced lethality in
adult male ES1−/− mice. Each point in the graph represents the
average estimated percent of lethality for adult male ES1−/− mice
exposed to a particular dose of GD. At 19.2 μg/kg (95% CI 18.0‐
20.5) the LD50 of GD of male ES1−/− mice was 4 times lower
than that of C57BL/6 mice reported in the literature. The LD10 and
LD90 are also shown in the graph. CI, confidence interval; LD,
lethal dose
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discharges of high amplitude with duration <1 minute in 5
of 7 ES1−/− mice (Figure 2C). An average number of
6.9 ± 6.6 SRSs were detected during the 14 days follow-
ing GD‐induced SE with an average latency of
6.1 ± 1.4 days.

In contrast to findings in ES1−/− mice, C57BL/6 mice
exposed to 82 μg/kg had intermittent seizure activity, did
not develop SE, and showed a maximum Racine score of
3, which was not significantly different from control ani-
mals (Figure S2). C57BL/6 mice exposed to 285 μg/kg GD
(approximately 4 LD50 in this strain) presented high‐ampli-
tude rhythmic EEG activity characteristic of SE that lasted
only an average of 22.5 ± 8.5 minutes, whereas behavioral

seizures lasted up to 270 minutes after exposure. Only 1 of
9 C57BL/6 mice exposed to the highest dose of GD and
treated with MDZ survived to 24 hours after exposure, and
none survived to 48 hours.

3.3 | Full‐power spectral analysis during the
acute and subchronic periods following
exposure to GD

Full‐power spectral analysis was performed on EEG as
described in de Araujo Furtado et al.18,24 There was a main
effect of GD exposure on the relative power of delta
[F(2,84) = 7.35; P = 0.001], theta [F(2,84) = 9.84; P <

FIGURE 2 Behavioral and electroencephalography (EEG) seizure activity from male ES1−/− mice exposed to various doses of GD. A,
Mice exposed to GD and treated with atropine, HI‐6 at 1 minute after exposure and midazolam (MDZ) 15‐30 minutes after seizure onset showed
signs of cholinergic toxicity within minutes; the severity of toxic signs scored according to a modified Racine scale was dose‐dependent, with the
82 μg/kg dose resulting in the most severe signs in ES1−/− mice compared to no GD control; data graphed represents median as well as 90th
and 10th percentile. B, In ES1−/− mice, the latency of seizure activity was dependent on the administered dose of GD, with the 82 μg/kg dose
resulting in the shortest latency to seizure onset. C, Onset and frequency of spontaneous recurrent seizures (each open circle is an event for one
mouse) in ES1−/− mice exposed to ~4 × LD50 (82 μg/kg GD); a total of 5 of 7 ES1−/− mice exposed to this dose of GD developed chronic
seizures during the 2 week period following GD‐induced status epilepticus and delayed MDZ treatment. Onset of spontaneous recurrent seizures
(SRS) was an average of 6 days after exposure
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0.001], and gamma [F(2,84) = 5.44, P = 0.005] frequency
bands of ES1−/− mice (Figure 3). ES1−/− mice exposed
to 82 μg/kg GD show increased relative power of delta for
up to 108 minutes after GD exposure (P ≤ 0.05; Fig-
ure 3A), theta from time of GD exposure up to euthanasia
(P ≤ 0.05; Figure 3B), as well as a decrease in the power

of gamma for up to 60 hours after GD exposure (P ≤ 0.05;
Figure 3E), compared to no‐GD (control) mice. Con-
versely, ES1−/− mice exposed to 23 and 46 μg/kg GD
showed decreased alpha power up to 36 hours after GD
exposure, and increased gamma power for up to 24 hours
after GD exposure, compared to control mice. There was

FIGURE 3 Effects of GD exposure on electroencephalography (EEG) power spectra of male ES1−/− mice. The percent of relative
change from baseline in the power of (A) delta (0.1‐4 Hz), (B) theta (4.1‐8 Hz), (C) alpha (8.1‐12 Hz), (D) beta (12.1‐25 Hz), and (E)
gamma (25.1‐50 Hz) EEG frequencies was calculated for ES1−/− mice exposed to GD and administered delayed midazolam treatment. Effect
of GD exposure on individual power spectra throughout the duration of the study was determined by 2‐way ANOVA analysis, and the
change in relative power for mice exposed to 23, 46, and 82 μg/kg GD were compared to values of control (No GD) animals. In ES1−/−
mice exposed to 82 μg/kg GD the oscillations in gamma and beta power intensity that coincide with sleep/wake cycles disappear in
comparison with the other mouse groups. Statistically significant differences between groups at particular time points are marked by a line
drawn above or below the graphed data *P < 0.05, 82 μg/kg GD compared to No GD; ^P < 0.05; 46 μg/kg GD compared to No GD;
#P < 0.05, 23 μg/kg GD compared to No GD
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no effect of GD exposure on the relative power of the beta
band (Figure 3D).

In C57BL/6 mice, GD exposure also resulted in changes
in EEG power spectra. Because most C57BL/6 mice that
were exposed to 4 LD50 of GD did not survive past
24 hours, analysis of the acute effect of GD exposure on
EEG power spectra was limited to the first 12 hours fol-
lowing GD‐induced SE. There was a main effect of GD
exposure on the relative power of delta [F(2,146) = 5.92;
P=0.020], theta [F(2,146) = 5.38; P=0.026], alpha [F(2,146) =
4.17, P = 0.048], beta [F(2,146) = 6.86, P = 0.013], and
gamma [F(2,146) = 14.48, P = 0.001] frequency bands (Fig-
ure S3). C57BL/6 mice exposed to 285 μg/kg GD show
increased relative power of delta for up to 450 minutes after
GD exposure (P ≤ 0.05; Figure S3A), theta from 140 to
720 minutes after GD exposure (P ≤ 0.05; Figure S3B),
alpha from 160 to 600 minutes after GD exposure (P ≤ 0.05;
Figure S3C), and beta from 300 to 600 minutes after GD
exposure (P ≤ 0.05; Figure S3D) compared to control. Simi-
lar to ES1−/− mice exposed to doses of GD that resulted in
epileptiform activity without SE, C57BL/6 exposed to 82 μg/
kg GD show an increase in the power of gamma from 160 to
720 minutes after exposure (P ≤ 0.05; Figure S3E) compared
to control. C57BL/6 mice exposed to the lower dose of GD
also present a decrease in theta power from 140 to 550 min-
utes, and alpha power from 160 to 600 minutes after GD
exposure compared to control mice.

Analysis of changes in EEG power spectra in C57BL/6
mice during the 2 weeks after exposure to 82 μg/kg GD
showed a main effect of GD exposure on beta
[F(2,28) = 49.7; P = 0.002], with GD‐exposed mice show-
ing a decrease from 12 hours after exposure until day of
euthanasia (Figure S4D). There was a significant interac-
tion between the effects of GD dose and time on changes
in the power of alpha [F(2,28) = 7.19, P < 0.001] and
gamma [F(2,28) = 4.89, P < 0.001]. C57BL6/mice exposed
to 82 μg/kg GD had decreased power of alpha for up to
24 hours after the time of exposure (P ≤ 0.05, Figure S4C),
and an increase in the power of gamma for up to 36 hours
after the time of exposure (P ≤ 0.05, Figure S4E). No sta-
tistically significant main effects on delta and theta power
in C57BL/6 mice were found.

3.4 | Body weights

Mice exposed to GD lost body weight during the first
24 hours after exposure but recovered within 1 week of
exposure. In ES1−/− mice, there was a main effect of day
[F(9,171) = 30.98; P < 0.001] and a significant interaction
between group and day [F(27,171) = 2.6, P < 0.001]. ES1−/
− mice exposed to 23, 46, and 82 μg/kg GD, respectively,
lost on average 7.2%, 4.7%, and 15.9% of body weight dur-
ing the first 24 hours after exposure. In C57BL/6 mice, a

main effect of day [F(9,36) = 14.54; P < 0.001] and a sig-
nificant interaction between group and day [F(9,36) = 2.97,
P = 0.01] was found; mice exposed to 82 μg/kg GD lost
7.7% of their body weight during the first 24 hours after
exposure.

3.5 | Neuropathologic analysis at 2 weeks
following exposure to GD

In ES1−/− mice, a main effect of GD exposure was detected
in the CA1 region of the hippocampus [F(1,10) = 9.98,
P = 0.010), dorsomedial thalamus [F(1,21) = 3.90, P = 0.023],
dorsolateral thalamus [F(1,21) = 29.5, P < 0.001], basolateral
amygdala [F(1,21) = 15.0, P < 0.001], and layer 3 of the piri-
form cortex [F(1,21) = 4.84, P = 0.010]. Although ES1−/−
mice exposed to 46 (P = 0.038) and 82 (P < 0.001) μg/kg
GD showed reduced NeuN+ cells in the basolateral amyg-
dala, only those exposed to 82 μg/kg GD showed signifi-
cantly reduced NeuN immunostaining in other brain regions
(dorsomedial thalamus, P = 0.023; dorsolateral thalamus,
P < 0.001; layer 3 of the piriform cortex, P = 0.018), and
CA1 of hippocampus (P = 0.01) compared to control (Fig-
ure 4). No main effect of GD exposure on NeuN immunos-
taining was detected in C57BL/6 mice exposed to 82 μg/kg.
A main effect of GD exposure was observed on GAD67
immunostaining [F(1,24) = 5.01, P = 0.008], with mice
exposed to 82 μg/kg GD having fewer GABA inhibitory
interneurons in layer 3 of the piriform cortex compared to
control (P = 0.017; Figure S5). There was no effect in
C57BL/6 mice exposed to 82 μg/kg.

A robust neuroinflammatory response occurred in
ES1−/− at 2 weeks after GD exposure, measured by
changes in the morphology and density of Iba1‐positive
(Iba1+) microglia, and density of GFAP‐positive (GFAP+)
cell density. A main effect of GD was detected in the aver-
age cell body‐to‐cell size ratio in the CA1 [F(1,22) = 5.58,
P= 0.005], dorsomedial thalamus [F(1,22) = 23.6, P < 0.001],
dorsolateral thalamus [F(1,22) = 27.0, P < 0.001], basolateral
amygdala [F(1,22) = 34.1, P < 0.001], and layer 3 of the piri-
form cortex [F(1,22) = 21.7, P < 0.001] (Figure 5). Only
ES1−/− mice exposed to 82 μg/kg GD and that developed
SE increased the cell body‐to‐cell size ratio in Iba1+ cells in
all aforementioned regions (CA1, P = 0.005, dorsomedial
thalamus, P < 0.001; dorsolateral thalamus, P < 0.001; baso-
lateral amygdala, P < 0.001; layer 3 of the piriform cortex,
P < 0.001) compared to control mice. A main effect of GD
was detected in the average Iba1+ cell density in the CA1
[F(1,22) = 4.51, P=0.013], dorsomedial thalamus [F(1,22) =
11.9, P < 0.001], dorsolateral thalamus [F(1,22) = 17.1,
P < 0.001], basolateral amygdala [F(1,22) = 9.32, P <
0.001], and layer 3 of the piriform cortex [F(1,22) = 14.9,
P < 0.001]. Only ES1−/− mice exposed to 82 μg/kg GD
and that developed SE had increased number of Iba+ cell
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bodies in CA1 (P = 0.011), dorsomedial thalamus
(P < 0.001), dorsolateral thalamus (P < 0.001), basolateral
amygdala (P < 0.001), and layer 3 of the piriform cortex
(P < 0.001) compared to control. No main effects of GD
exposure on either cell body‐to‐cell size ratio or Iba1+ cell
bodies were detected in C57BL/6 mice exposed to 82 μg/
kg (data not shown).

A main effect of GD exposure on GFAP+ cell density
was detected in the dorsomedial thalamus [F(1,21) = 17.4;
P < 0.001], dorsolateral thalamus [F(1,21) = 39.5; P <
0.001], basolateral amygdala [F(1,21) = 30.1; P < 0.001],
and CA1 region of the hippocampus [F(1,21) = 3.18;
P = 0.033] of ES1−/− mice (Figure 6), but not in the pir-
iform cortex. Only ES1−/− mice exposed to 82 μg/kg

FIGURE 4 Effect of GD‐induced status epilepticus and delayed midazolam treatment on mature neuronal cell population of male ES1−/−
mice. At 2 weeks following exposure to GD and delayed midazolam treatment, ES1−/− mice were perfused and brains collected for
immunohistochemistry processing with an antibody against NeuN, a marker for mature neurons. NeuN‐positive (NeuN+) cells were manually
quantified in the bregma range of −1.28 to −1.64 mm and cell densities estimated in the dorsomedial thalamus, dorsolateral thalamus, basolateral
amygdala, and layer 3 of the piriform cortex. NeuN+ cell density in the CA1 region of the hippocampus was estimated by stereology methods.
Cell NeuN+ cell density is shown in graph. *P < 0.05, ***P < 0.001 compared to control (No GD) ES1−/− mice
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GD increased GFAP+ cell density in the dorsomedial tha-
lamus (P < 0.001), dorsolateral thalamus, (P < 0.001),
basolateral amygdala, (P < 0.001), and CA1 of the

hippocampus (P = 0.033), compared to control. There
was no effect in C57BL/6 mice exposed to 82 μg/kg GD
(data not shown).

FIGURE 5 Effect of GD‐induced status epilepticus and delayed midazolam treatment on microglial activation in male ES1−/− mice. At
2 weeks following exposure to GD and delayed midazolam treatment, ES1−/− mice were perfused and brains collected for immunohistochemistry
processing with an antibody against Iba1, a marker for microglia. Cresyl violet was used as counterstain for visualization of anatomic landmarks.
Measures of cell body‐to‐cell size ratio and cell density of Iba1‐positive (Iba1+) cells were estimated in the bregma range of −1.28 to −1.64 mm in
the CA1 region of the hippocampus, dorsomedial thalamus, dorsolateral thalamus, basolateral amygdala, and layer 3 of the piriform cortex; Iba+
cell density is shown in graph. *P < 0.05, **P < 0.01, ***P < 0.001 compared to control (No GD) ES1−/− mice
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4 | DISCUSSION

We report on GD‐induced SE and the development of
SRSs in ES1−/− mice, which similar to humans lack
plasma carboxylesterase. Mice exposed to 4 LD50 devel-
oped SE, SRS, and had altered EEG power spectrum when
MDZ treatment was delayed to 15 minutes after seizure
onset, similar to ours and other's previous findings in GD‐
exposed Sprague‐Dawley rats.4,5,25 To our knowledge, this
is the first characterization of CWNA‐induced SE and
epileptogenesis in this novel mouse strain, a more relevant
model to human exposure.

GD‐exposed ES1−/− mice that developed SE displayed
increases in the delta and theta power bands, the latter
being persistently elevated throughout the study. Periods of
seizure activity (with frequency components in delta and
theta bands), interictal spikes, and an overall increase in
sharp wave complexes (with frequency components in delta
band) are responsible for the power increases in these
bands. It is important to note that the increase in delta
activity during the days following GD exposure correlates
with the severity of seizure‐induced neuronal damage,26

and delta activity is postulated as a predictive marker of a
drug's neuroprotective efficacy.25 The increase in power in

FIGURE 6 Effect of GD‐induced status epilepticus and delayed midazolam treatment on astrocytic cell response in male ES1−/− mice. At
2 weeks following exposure to GD and delayed midazolam treatment, ES1−/− mice were perfused and brains collected for
immunohistochemistry processing with an antibody against GFAP, a marker for astrocytes. Cresyl violet was used as counterstain for
visualization of anatomic landmarks. GFAP‐positive (GFAP+) cells were manually counted in the bregma range of −1.28 to −1.64 mm in the
dorsomedial thalamus, dorsolateral thalamus, basolateral amygdala, layer 3 of the piriform cortex, and the CA1 region of the hippocampus.
GFAP+ cell density is shown in graph. *P < 0.05, ***P < 0.001 compared to control (No GD) ES1−/− mice
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the delta band is due to typical high amplitude spike wave
activity occurring at 1‐4 Hz, and this type of epileptiform
activity can vary in pattern and amplitude following expo-
sure to GD.27 Notably, the increase in power of the delta
band also occurs in nonhuman primates displaying SE after
CWNA exposure,28 suggesting that this spectral anomaly
may be used as a biomarker for imminent brain damage.25

Our observations are extremely relevant, as victims of
CWNA exposure can display an increase in sharp wave
complexes on EEG during sleep several months after the
exposure to the CWNA sarin.29 Similar to our findings,
pilocarpine‐induced SE in mice increases theta activity in
the preictal and SE phases.30 In addition, case studies of
patients diagnosed with idiopathic generalized epilepsy
reveal increases in theta and delta power during interictal
states.31 Moving forward, it will be interesting to test in
the ES1−/− mouse model of CWNA toxicity the hypothe-
sis that drug treatments that reduce the observed increase
in power of EEG activity in the 0.1‐8 Hz frequency range
would ameliorate chronic epileptic activity that follows pro-
longed benzodiazepine‐resistant SE. Supporting this idea
are data from clinical studies that show that seizure‐free
patients diagnosed with idiopathic generalized epilepsy on
a daily treatment of valproic acid, a highly effective
antiepileptic drug, have reduced power in the delta and
theta frequency range.32

Animals exposed to 23 or 46 μg/kg GD and treated
with MDZ had transient reduction in the alpha band com-
pared to controls. Paroxysmal high‐voltage rhythmic spike
in the alpha band is reduced by diazepam.33 Because MDZ
is similarly sedating, a similar effect may occur in mice
that did not develop SE.

The power in the gamma band was reduced in parallel
to increased power in the delta band. In a model of amyg-
dala kindling,34 increase in delta power and decrease in
gamma and beta bands are coupled with epileptogenesis,
seizures with behavioral components, and consciousness
level. γ‐aminobutyric acid A (GABAA) receptors, ubiqui-
tous in the central nervous system (CNS), might have a
critical function in gamma frequency regulation.35–37

ES1−/− mice exposed to an SE‐inducing dose of GD had
loss of GABA interneurons in the piriform cortex. Simi-
larly, rats presenting GD‐induced SE have massive loss of
GABAergic neurons38,39 and downregulation of GABAA

receptors after SE,40 which might result in a prolonged
reduced power density in the gamma band and other
anomalous brain oscillations. Our findings in ES1−/− mice
of GD‐induced increased delta and theta power and
reduced gamma power agree with findings in rats following
exposure to a seizure‐inducing dose of GD.24

Severe and widespread neuronal loss in brain regions
associated with seizure propagation was observed in ES1−/−
mice 2 weeks following exposure to 4 LD50 GD. ES1−/−

mice exposed to lower doses of GD presented with choliner-
gic signs of toxicity, yet neuronal densities were not different
from control, with the exception of neuronal loss in the baso-
lateral amygdala in mice exposed to 2 LD50. In addition,
only ES1−/− mice exposed to 4 LD50 GD showed a robust
increase in neuroinflammation, demonstrated by increased
density of microglia and changes in morphology associated
with activation of microglia and increased reactive astro-
cytes. Chronic neuroinflammation plays a role in the process
of epileptogenesis after an initial brain insult.41,42 Uncon-
trolled seizure activity in rodents is associated with the acti-
vation of a persistent neuroinflammatory response, mediated
by microglia and astrocytes, in the days following SE. An
increase of inflammatory cytokines [ie, interleukin (IL)‐6,
IL‐1β, and tumor necrosis factor alpha (TNF‐α), among
other factors] occurs in key brain regions of seizure propaga-
tion in animal models of cholinergic‐induced SE.43–45

Although their role in the clearance of toxic debris is consid-
ered to be beneficial in the acute period following brain
injury, chronic microglial overactivation creates a neurotoxic
environment that worsens neuronal damage46 and con-
tributes to epileptogenesis.

As expected, the LD50 in ES1−/− mice was 4‐fold
lower than that reported previously in wild‐type C57BL/6
mice.23 Although in ES1−/− a 4 LD50 GD induced SE,
albeit with a high survivability rate, in C57BL/6 mice an
equitoxic dose induced <30 minutes of continuous seizure
activity with prolonged behavioral toxicity signs and poor
survival. It is notable that the C57BL/6 mouse model of
temporal lobe epilepsy induced by kainic acid has severe
behavioral toxicity that is not always correlated with EEG
seizure activity.47 The incongruence in the EEG seizure
duration and behavioral convulsions in the C57BL/6 mice
strengthens the argument for the necessity of telemetry
instrumentation for continuous EEG recording in animal
models of seizures.

In summary, this study is the first to show in this inno-
vative animal model CWNA‐induced SE, epileptogenesis,
long‐lasting disruptions in EEG power, gliosis, and severe
neuropathology. The ES1−/− mouse model, which more
accurately mimics the toxicity of CWNA exposure in
humans compared to wild‐type mice and rats, may be a
useful tool to identify improved MCM against the effects
of CWNA exposure, and to identify mechanisms of epilep-
togenesis.
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