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ABSTRACT

Multiple recent instances of nerve agent (NA) exposure in civilian populations have occurred, resulting in a
variety of negative effects and lethality in both adult and pediatric populations. Seizures are a prominent effect
of NAs that can result in neurological damage and contribute to their lethality. Current anticonvulsant treat-
ments for NAs are approved for adults, but no approved pediatric treatments exist. Further, the vast majority of
NA-related research in animals has been conducted in adult male subjects. There is a need for research that
includes female and pediatric populations in testing. In this project, adult and pediatric male and female rats
were challenged with sarin or VX and then treated with fosphenytoin, levetiracetam, or propofol. In this study,
fosphenytoin and levetiracetam failed to terminate seizure activity when animals were treated 5min after sei-
zure onset. Propofol was effective, exhibiting high efficacy and potency for terminating seizure activity quickly
in pediatric and adult animals, suggesting it may be an effective anticonvulsant for NA-induced seizures in

pediatric populations.

1. Introduction

Nerve agents (NA) are organophosphorus compounds that inhibit
acetylcholinesterase, causing a buildup of acetylcholine that can lead to
salivation, lacrimation, convulsions, status epilepticus (SE), and even
death (King and Aaron, 2015). Thousands of men, women, and children
have fallen victim to NAs. SE seizures can result in neurotoxicity and
lethality in all age groups and are a prominent effect of NAs. Alar-
mingly, there are no countermeasures for NA-induced seizures in chil-
dren that are currently approved. Children are especially vulnerable to
the effects of NA (Hamele et al., 2014) and are more likely than adults
to experience life threatening CNS effects (Rotenberg and Newmark,
2003). Experts in the field of emergency preparedness have determined
that age-specific therapies are necessary to protect children against
potential mass chemical exposures (American Academy of Pediatrics,
2000; Shirm et al., 2007; Henretig, 2009). Therefore, it is vital that
treatment and dosing be developed for both sexes as well as for pe-
diatric population (American Academy of Pediatrics, 2000; Shirm et al.,
2007). This study evaluated the efficacy of three anticonvulsants for
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terminating NA-induced seizures in post-natal day (PND) 21, 28, and 70
male and female rats. In this experiment, animals were administered
fosphenytoin, levetiracetam, or propofol to evaluate drug efficacy for
terminating NA-induced SE following sarin or VX exposure. Both sarin
and VX NAs were used because they are representative of the two main
types of NAs. Sarin is slightly less volatile than water and is considered
by the military as a short-term vapor hazard; VX has low volatility and
is considered as a persistent percutaneous hazard. While both agents
inhibit acetylcholinesterase and can elicit seizures, the onset of toxic
signs and seizures is substantially more rapid with sarin than with VX
when given at equitoxic doses (Shih et al., 2003).

Scholl and colleagues (Scholl et al., 2018) recently developed an
animal model using electrographic (EEG) monitoring in pediatric rats.
The authors observed that NAs and organophosphates (OPs) caused SE
in PND21 and PND28 rats comparable to that observed in adult rats
(PND70), but did not cause SE in PND14 rats. PND28 but not PND21
rats also exhibited similar neuropathology to that observed in adult
rats. This information is vital for evaluating the efficacy of NA coun-
termeasures in pediatric populations. Furthermore, this model is used in
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the current study to evaluate second- and third-line anticonvulsants to
treat NA-induced seizures in rat adults and pups.

Benzodiazepines are generally considered the first-line treatment for
SE (Glauser et al., 2016; Brophy et al., 2012). Specifically, midazolam,
lorazepam and diazepam are suggested as first-line treatments in both
pre-hospital care and hospital settings for SE. Currently, midazolam is
under consideration by the Department of Defense to replace diazepam
as a first-line treatment for NA-induced seizures. In rats, Matson and
colleagues (Matson et al., 2019) demonstrated that both diazepam and
midazolam are effective at terminating NA-induced seizures in both
male and female, adult and pediatric rats. Unfortunately, the effec-
tiveness of benzodiazepines is limited with increased time of adminis-
tration following seizure onset, and they are not as effective 40 min
post-onset in rodents (McDonough et al., 2010). Therefore, it is critical
to identify additional effective adjunctive or standalone anticonvulsants
for treating NA-induced seizures. The Neurocritical Care Society sug-
gests fosphenytoin and levetiracetam among the drugs to be considered
as second-line treatments for pediatric SE (Brophy et al., 2012). Pro-
pofol is currently being utilized as a refractory status epilepticus (RSE)
treatment option if first- or second-line anticonvulsants do not control
seizures (Brophy et al., 2012; Loddenkemper and Goodkin, 2011). Al-
though most of the described anticonvulsants have been tested in other
seizure models, there are no data regarding their efficacy for termi-
nating NA-induced seizures. Additionally, data are limited on the effi-
cacy of second-line anticonvulsants for terminating NA-induced sei-
zures in female populations.

Fosphenytoin, levetiracetam, and propofol all have differing me-
chanisms of action for controlling seizures. Fosphenytoin is a water
soluble prodrug formulation of phenytoin, and its mechanism of action
is largely due to inhibition of voltage-dependent sodium channel
(Alford et al., 2015). Adverse effects can include bradyarrhythmias,
hypotension, and local tissue necrosis (Abend and Loddenkemper,
2014). The mechanism of action of levetiracetam is not fully under-
stood. The drug binds to synaptic vesicle protein 2 (SV2), which has
three isoforms, 2A, 2B, and 2C. Specifically, SV2A may regulate sy-
naptic release mechanisms, by aiding in the control of exocytosis of
vesicles containing neurotransmitters (Deshpande and Delorenzo,
2014). Levetiracetam is effective in managing generalized convulsive
SE (Trinka et al., 2015; Grover et al., 2016; Misra et al., 2012) and has
benefits such as rapid absorption and lack of reported cardio-toxic ef-
fects when administered at appropriate doses (Ruegg et al., 2008;
Wright et al., 2013). Levetiracetam is also very successful as a second-
line treatment when used to suppress drug-induced seizures, with few
adverse side effects (Ruegg et al., 2008; Lee et al., 2018). Disadvantages
and adverse effects include irritability and sedation (Abend and
Loddenkemper, 2014). Propofol increases the strength of GABA-ergic
neurotransmission. It reversibly inhibits excitation at NMDA receptors.
At high enough concentrations, propofol also stimulates the production
and release of nitric oxide, protecting against glutamate-induced toxi-
city. Propofol is a widely utilized IV anesthetic. It is capable of termi-
nating SE at sub-anesthetic doses in both animals (Holtkamp et al.,
2001) and humans (Stecker et al., 1998). Propofol has a short half-life,
allowing for easy titration and a rapid awakening after drug cessation
(Alford et al., 2015) which is beneficial in a hospital setting. While
propofol is effective for treating seizures, it poses a risk of respiratory
depression (Parviainen et al., 2007; Cantrell et al., 2016). There is also a
risk of developing propofol-related infusion syndrome (PRIS) with
prolonged infusions in both adult and pediatric populations (Alford
et al., 2015). Investigation of anticonvulsants with differing mechan-
isms may yield information regarding effective treatments for NA-in-
duced seizures.

Anticonvulsant treatments for NA-induced SE should display high
efficacy, high potency, fast seizure termination latency, long-term
treatment success, and bioavailability, and should prevent brain da-
mage caused by the seizure activity. In this experiment, the second-line
anticonvulsants fosphenytoin, levetiracetam, and propofol, were
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evaluated for effectiveness to treat NA-induced seizures using an es-
tablished pediatric rat model (Scholl et al., 2018). The calculated
median effective anticonvulsant dose values (ED50; the dose stopping
seizures in 50 % of the animals), seizure termination latency, and
neuropathology data were included in the evaluation of propofol. Due
to the inefficacy of fosphenytoin and levetiracetam, ED50 values could
not be determined for these drugs; however, lethality and neuro-
pathology data are reported for both drugs.

2. Methods

The below methods are the same as were used in Matson et al.
(2019), with the exception of specific information for anticonvulsant
formulation and dosing.

2.1. Animals

Pregnant Sprague-Dawley rats (13-15 days gestation) were received
from Charles River (Raleigh, NC); pups were delivered in the animal
facility approximately 1 week following arrival of the pregnant female.
Litters were culled to 8 or 10 pups to maintain consistency for weights.
Animals were kept on a 12 h light-dark cycle and had access to food and
water ad libitum. All surgical procedures and experiments were ap-
proved by the Institutional Animal Care and Use Committee and were
conducted in accordance with the Guide for the Care and Use of
Laboratory Animals (National Research Council, 2011) and the Animal
Welfare Act of 1966 (P.L. 89-544) as amended.

2.2. EEG implantation

Rats were implanted with stainless steel electroencephalographic
(EEG) 3-channel electrodes and headpieces (Plastics One, Roanoke,
VA). All animals received 1 mg/kg meloxicam subcutaneously (SC)
15 min prior to surgery or 0.03 mg/kg buprenorphine (SC) immediately
following surgery for analgesia. At PNDs 19 and 25 or 26 for pups and
PND63 or 64 for adults, the animals were anesthetized with isoflurane
(5% induction; 0.5-3.0 % maintenance, with oxygen) and placed into a
stereotaxic frame. The skull was exposed with a midline incision. Small
burr holes were drilled in the skull using a hand drill equipped with a
stop set at ~0.5—1.5 mm to prevent penetration into the brain with the
exact depth based on the age of the animal. Sterilized stainless steel
screw electrodes served as cortical EEG leads, and were placed in the
holes. The leads were connected to a miniature connector plug via wires
already soldered to the heads of the screws. PND21 and PND28 animals
were implanted with smaller EEG electrodes. Two small holes were
drilled and screws were placed in the holes. These simply served as
anchor screws, as wires connected to the headpiece were looped at the
end and touched the skull in comparable areas to those of the PND70
rats. The screws and plug were held in place using either acrylic dental
cement or glass ionomer dental cement for both adults and rat pups.
The skin incision around the head mount was sutured. Immediately
after surgery all animals received warmed Ringer’s solution. Animals of
all age groups were placed in a heated recovery chamber, and were
returned to single-housed home cages once they were alert and am-
bulating.

2.3. Test compounds

Stocks of sarin ((RS)-propan-2-yl methylphosphonofluoridate) and
VX (O-ethyl S-diisopropylaminomethyl methylphosphonothiolate),
both from the USAMRICD and > 97 % pure by phosphorus NMR ana-
lysis, were aliquoted in saline and stored at —80 °C. NAs were thawed
on experiment days and remained on ice during the experiment.
Pralidoxime ClI (2PAM; USP) was purchased from ScienceLabs
(Houston, TX), atropine methyl nitrate (AMN; > 98 % purity) was
purchased from Sigma-Aldrich (St. Louis, MO), and atropine sulfate
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(ATSO,4; USP) was purchased from Sparhawk Labs (Lenexa, KA).
Propofol and fosphenytoin were tested in 1/8 log;o steps while le-
vetriacetam was tested in 1/4 log; steps using the up and down testing
method which is described in further detail below (Dixon and Massey,
1983). Initial doses of 18 mg/kg (pediatric animals) and 75mg/kg
(adults) of propofol (10 mg/mL) were used in this study. Propofol was
purchased from Activas Pharma, Inc. (Parsippany, NJ). Starting doses of
levetiracetam (500 mg/mL) were 560 mg/kg (PND28s) or 320 mg/kg
(adults). Levetiracetam, mixed with sterile H,O, was purchased from
Tocris (Bristol BS11 OQL, UK) or Sigma-Aldrich (St. Louis, MO). The
initial doses utilized for fosphenytoin (75 mg/mL) were 48 mg/kg (32
PE) or 203 mg/kg (135 PE) (start doses of fosphenytoin increased once
the experiment began and treatments were not successful at the lower
dose). It should be noted when using fosphenytoin, the amount of drug
used is always expressed in phenytoin sodium equivalents, or PE. Thus,
1.5mg of fosphenytoin sodium is equivalent to 1 mg of phenytoin so-
dium after administration (McDonough et al., 2004). As such, for the
rest of the paper, all doses of fosphenytoin will be expressed in PE.
Fosphenytoin was purchased from Parke-Davis (Morris Plains, NJ).

2.4. Procedure

Although dependent on litter characteristics, attempts were made to
test an equal number of males and females as well as age groups for
each test day. On PND21, PND28 or PND70 the animals were pretreated
with a 25 mg/kg dose of 2-PAM Cl and then challenged SC 20 min later
with the NAs sarin or VX. These rat PND ages represent human
equivalent ages of 3-6 years old, 8-10 years old and 15-18 years old,
respectively, depending upon the method used to calculate equivalence
(Sengupta, 2013). Doses and concentrations of VX and sarin varied
depending on the age group, but were determined in previous experi-
ments to be ideal for eliciting seizures (Scholl et al., 2018; Matson et al.,
2019).

Animals administered sarin received an admixture of atropine sul-
fate (ATSO4; 0.5 mg/kg) and methyl atropine nitrate (AMN; 2 mg/kg)
directly after agent exposure; PND21 and PND28 animals given VX
received the AMN and ATSO, at first signs of toxicity; PND70 animals
exposed to VX received the AMN immediately after exposure and the
ATSOy, at first signs of toxicity. For PND21 and PND28 rats all injections
(including NA) were SC; PND70 rats also received NA SC but received
2PAM, ATSO,4, and AMN IM due to the larger muscle mass in the adult
animals. These treatments significantly reduced the early lethal NA
effects without preventing the development of SE. The animals were
then monitored for the development of EEG seizure activity using a
tethered system. Fig. 1 provides a time-line and summarizes procedural
details for all age groups. Five min after the onset of sustained seizure
activity the animals were treated intraperitoneally (IP) with a dose of
the test compound, which was determined using the Dixon and Massey
(1983) up-down experimental method. In the up-down method, the
initial testing dose was chosen based on pilot work, and then a suc-
cession of doses in 1/8 (propofol, fosphenytoin) or 1/4 (levetiracetam)
log(10y units above and below this starting dose were established as
fixed steps between doses. If the initial dose tested in the first animal
stopped the seizure, the next lower dose was tested in the second an-
imal; if the initial test dose did not stop the seizure, the next higher dose
was tested in the second animal. Testing proceeded in this fashion until
4 reversals occurred. This procedure was followed for each unique age
group, sex, NA and drug treatment combination. In the cases of fo-
sphenytoin and levetiracetam, the failure of all the doses tested to
control seizures elicited by either NA led to a decision to suspend
testing. This is described in more detail in the results. The EEG was then
monitored for 4 h after anticonvulsant treatment. If an animal displayed
sustained seizure activity at the 4-hr time point, they were candidates
for early removal and were euthanized as described below. To be rated
as a treatment success all spiking and/or rhythmic waves had to stop
within 1h of drug treatment, and the EEG had to remain free of
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Fig. 1. Description of the test procedure. All animals received 2-PAM prior to
nerve agent exposure. All PND21 and PND28 VX exposed animals received
AMN and ATSO at the onset of toxic signs; PND70 VX exposed animals received
AMN 1 min after VX and ATSO at the onset of toxic signs. All sarin exposed
animals received atropine methyl nitrate (AMN) and atropine sulfate (ATSO)
1 min after exposure. Test anticonvulsants were given 5 min after seizure onset.

epileptiform activity for a minimum of 1 h. If the seizure activity was
controlled by the treatment, the animals were administered 2—5ml
saline or lactated ringer’s solution and placed back in their holding
room. The animals were then returned to the EEG recording chambers
24 h later for another 30 min EEG recording session. All EEG recordings
were done with CED 1902 amplifiers to display and record the EEG
signals on a computer with Spike2 software (Cambridge Electronic
Design, Ltd., Cambridge, UK).

2.5. Tissue collection

Either at four or 24 h after treatment, rats were anesthetized with
75-100 mg/kg sodium pentobarbital, IP (Vortech Pharmaceuticals,
Dearborn, MI) and perfused with 0.9 % phosphate buffered saline (PBS)
followed by 4% paraformaldehyde (FD Neurotechnologies, Columbia,
MD). Brains were removed and post-fixed in 4% paraformaldehyde.
Three paraffin embedded sections were consecutively cut at five mi-
crons from Bregma (one at 1 mm, one at -2.64 to -2.76 mm, and one at
5.04-5.16 mm) using a Leica RM225 microtome. Brain tissue was then
stained with hematoxylin and eosin (H&E) and scored for damage by a
board-certified veterinary pathologist who was unaware of exposure
conditions or treatment outcome. The six brain areas that were eval-
uated and scored for neuronal damage were the lateral cortex, dorsal
cortex, piriform cortex, amygdala, thalamus, and hippocampus using a
previously defined scale of 0-4 (0, no damage; 1, minimal damage
(1-10 %); 2, mild damage (11-25 %); 3, moderate damage (26-45 %);
4, severe damage (> 45 %) (McDonough et al., 1995; Matson et al.,
2019). The scores for the six individual areas were summed to yield a
total neuropathology score for each animal. Total neuropathology
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scores could range from 0 to a maximum score of 24 for an individual
animal.

2.6. Data analyses

The formula and tables in Dixon and Massey (1983) were utilized to
determine anticonvulsant ED50 values for propofol in the pediatric
groups. An ad hoc analysis was conducted on the log;o of the ED50
values to compare the values among age, agent, and sex. To reduce
variability in the data, the log;o values of the ED50 s were used in the
analysis using JMP 13.1.0 (SAS Institute Inc.) statistical software. A
three-factor ANOVA was used with all two-factor interactions. Due to
an initial misclassification of animals (i.e., some PND70 animals were
initially classified as treatment failures and were later reevaluated and
classified as treatment successes), there was an insufficient number of
reversals in the adult propofol groups, and the ED50 values for the
propofol-treated PND70 groups could therefore not be calculated using
the Dixon and Massey (1983) up-down procedure. However, there was
sufficient data from all PND70 animals to estimate the ED50 for pro-
pofol using a regression analysis with a probit transformation using the
IBM SPSS Statistics program (Version 26). Since fosphenytoin and le-
vetiracetam failed to terminate seizures in this experiment, no ED50
value information could be gathered for these two anticonvulsants.

Several doses of propofol were used to treat SE in PND21, 28 and 70
male and female rats. Doses were not used as a factor in estimating the
mean seizure termination latencies for the propofol-treated animals. A
parametric survival analysis was performed using several different
distributions (Weibull, Lognormal, Exponential, Frechet and
Loglogistic). The Frechet distribution was determined to be the best fit
of the data and used to compare agent, age, sex and all two-factor in-
teractions. Animals that did not experience a seizure termination were
considered a treatment failure, given a maximum time of 60 min for the
analysis and were treated as censored data in the survival analysis.
Further comparisons of age within each agent group with respect to
seizure termination time were made using a Product-Limit Survival fit.
JMP 13.1.0 (SAS Institute Inc., Cary, NC) statistical software was used
for all of these analyses.

Neuropathology scores for propofol-treated animals were categor-
ized and compared based upon whether seizures terminated (treatment
success) or did not terminate (treatment failure) following adminis-
tration of the anticonvulsant. Since the total of the neuropathology
scores was categorical in nature and thus not normally distributed, a
generalized linear model was used to assess age (PND21, 28, 70), agent
(sarin, VX) and seizure termination status (treatment success, treatment
failure) differences. Neuropathology scores of animals treated with fo-
sphenytoin or levetiracetam were also examined, but due to the limited
number of animals per group, no statistical analyses were conducted on
these groups of animals.

3. Results
3.1. Fosphenytoin and levetiracetam

Neither fosphenytoin nor levetiracetam was successful in control-
ling sarin- or VX-induced seizures in any of the age groups. Animals
treated with these drugs typically seized continuously through the day
post-treatment (Fig. 2). Across both sexes and all age groups, only 1 of
24 (4%) fosphenytoin-treated animals qualified as a treatment success
(Table 1), while the rest were considered failures. Four of 24 (17 %)
died post-treatment, all of which were treated at the highest fo-
sphenytoin dose administered (203 mg/kg; 135 PE) in the experiment.
When the PND70 male and female age group animals reached the 135
PE dose level of fosphenytoin and there was no evidence of seizure
control, two additional male and female animals were tested with each
agent and the 135 PE fosphenytoin dose. All were treatment failures.
Since there was no evidence of fosphenytoin (76 PE) exerting any
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anticonvulsant effect in the PND21 or PND28 animals of either sex
exposed to either NA, and given the failure of the higher dose in the
PND70s, a decision was made to suspend testing with these younger
animals at higher doses. Similarly, across both sexes and all age groups,
no animals treated with levetiracetam were considered to be a treat-
ment success (Table 1). Four of 18 (22 %) levetiracetam-treated rats
died post-treatment, all four of which were treated with one of the two
highest doses (560 mg/kg or 1000 mg/kg) administered in the experi-
ment. Because there was no evidence of treatment success in the PND70
animals at any dose of levetiracetam, only limited testing was per-
formed in younger animals at the 560 mg/kg (PND28, N = 3) or
1000 mg/kg (PND21, N = 1; PND28, N = 3) dose, again with no evi-
dence of an anticonvulsant effect in any animal.

3.2. Propofol

Propofol was highly effective in controlling NA seizures in all age
groups. EEG examples of successful seizure control with propofol in all
age groups are displayed in Fig. 3. When a dose was effective in ter-
minating the seizure the animal was initially sedated and this could last
several hours, but most animals that were successfully treated had re-
gained the ability to right themselves by the end of the initial recording
session. Comparison of the anticonvulsant ED50 s showed no significant
two-factor interactions. However, a significant difference in ED50 s was
observed between age groups. The PND28 animals had a significantly
higher mean ED50 than the PND21 animals, p < 0.05 (PND28 ED50
value: 26.72 mg/kg; PND21 ED50 value: 11.11 mg/kg). No other sig-
nificant effects of either NA or sex were observed. Due to limited data
for PND70 animals, it was not possible to estimate ED50 s for each sex
by agent group. However, since analysis of PND21 and PND28 propofol
anticonvulsant ED50 s with sarin and VX did not show a significant sex
or agent difference, it was assumed that the same would be true for
PND70 animals. Therefore, the data was combined across sex and agent
in order to estimate one anticonvulsant ED50 for all PND70 propofol
animals using a probit analysis. Table 2 displays all the data used in this
analysis. The estimated anticonvulsant ED50 of propofol for PND70
animals was 57.82 mg/kg, however, no confidence interval was able to
be estimated. This ED50 dose of propofol in PND70 animals is more
than two-fold higher than the ED50 of the PND28 animals and more
than five-fold higher than the ED50 of the PND21 animals.

No significant effects of sex, age, or agent were observed for seizure
termination latency. Since agent and sexes were not significantly dif-
ferent, a further comparison and estimation of mean seizure termina-
tion latency for ages within each agent group was made. No significant
differences were observed in seizure termination latency among
PND21, PND28, or PND70 rats for either sarin or VX (Fig. 4). The
percent of animals with seizure termination and the seizure termination
latencies are given in Table 3.

3.3. Neuropathology

A generalized linear model on total neuropathology score for NA
(VX, sarin), age (PND21, 28, 70), and treatment status (treatment
success, treatment failure) indicated that there were main effects of age
(p = .022) and treatment outcome (p < .001), but not NA (p = .149)
in propofol-treated animals. Rats that were considered treatment suc-
cesses had significantly lower total neuropathology scores than animals
that were considered treatment failures (p < .001). PND28 animals had
similar total scores to PND70 animals. Animals that had their seizures
successfully controlled by propofol displayed no neural damage re-
gardless of agent or age group; Fig. 5 illustrates total neuropathology
scores across age and treatment outcome for propofol-treated animals.
Fig. 6a demonstrates the amygdala in PND21, 28, and 70 animals
successfully treated with propofol. All animals treated with either fo-
sphenytoin or levetriacetam exhibited total neuropathology scores of 4
or higher. Total neuropathology scores in treatment failures ranged
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Seizure Activity in PND70 rats treated with fosphenytoin
and levetiracetam

E.N. Dunn, et al.
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Fig. 2. EEG recordings of PND70 animals administered high doses of fosphenytoin (FOS) and levetiracetam (LEV). A VX-exposed male (A) and a sarin-exposed female
(B) animal treated 5 min after seizure onset with fosphenytoin (135 PE). A VX-exposed female (C) and a sarin-exposed male (D) animal treated 5 min after seizure
onset with levetiracetam (1000 mg/kg). These animals seized continuously throughout the day after they were treated with each drug and were all classified as

treatment failures.

Table 1

Fosphenytoin and levetiracetam treatment success and mortality rates. The
table shows the number of treatment successes and mortality rates among both
fosphenytoin (FOS) and levetiracetam (LEV) treated rats. The numbers re-
present both male and female rats and were collapsed across age groups and
NAs.

Drug Dose Treatment Successes Mortality Post- Treatment
FOS 32 PE 0/3 0/3

FOS 43 PE 0/2 0/2

FOS 57 PE 0/2 0/2

FOS 76 PE 1/4 0/4

FOS 101 PE 0/1 0/1

FOS 135 PE 0/12 4/12

LEV 320 mg/kg 0/3 0/3

LEV 560 mg/kg 0/7 2/7

LEV 1000 mg/kg 0/8 2/8

from 3 to 24 in propofol-treated animals, 4-24 in fosphenytoin-treated
animals, and 5-23 in levetiracetam-treated animals. Note that animals
treated with either fosphenytoin or levetiracetam were treatment fail-
ures (with the exception of one, which still exhibited neuropathology),
and therefore, no treatment successes are shown in the figure for either
drug (Fig. 6b).

4. Discussion

Testing new compounds in both adult and pediatric populations is
important for the protection of civilians of all ages in the event of a
mass chemical attack. In this experiment, three approved antic-
onvulsants were evaluated for their ability to control NA-induced sei-
zures. Fosphenytoin and levetiracetam were unable to mitigate seizures
in this model, while propofol was able to effectively terminate seizures
following NA exposure in all age groups.

Neither fosphenytoin nor levetiracetam was able to terminate
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seizure activity when given 5 min after seizure onset in either sarin- or
VX-exposed animals in any age group, suggesting that neither drug is
effective for treating NA-induced seizures. The single treatment success
in the fosphenytoin-treated group had a seizure that terminated 49 min.
following treatment and only stayed off for 2h and 14 min. Even
though the rat was considered to be a treatment success, it was in SE at
the four-hour observation time. Furthermore, this subject’s total neu-
ropathology score was 4 out of 24, indicating that it had modest brain
damage. Neither fosphenytoin nor levetiracetam terminated seizures in
either adult or pediatric animals in this model, yet both drugs are uti-
lized as second-line SE treatments in clinical settings (Kapur et al.,
2019; Lyttle et al., 2019). As second-line treatments, they are given
when substantial doses of benzodiazepines have already been ad-
ministered. This could make a difference in their efficacy in a hospital
setting; however, in this model, both drugs proved to be ineffective
when given IP and utilized with only ATSO4 and AMN. Standard im-
mediate treatment of NA casualties is typically done using IM auto-
injector drug administration, while treatment in a hospital setting
would most likely use intravenously (IV) drug administration. The IP
route of anticonvulsant administration was chosen in this model to
provide as rapid drug absorption as possible and because IM adminis-
tration of such large volumes of some of the test drugs (e.g., 100 mg/kg
propofol; 1000 mg/kg levetiracetam) would be totally impractical
especially in the immature animals given their smaller muscle mass.
While both fosphenytoin and levetiracetam may have been more suc-
cessful if administered IV at clinical doses and with associated sup-
portive care, the highest doses used in this study appear to have met or
exceeded those used in clinical practice even though they were given IP.
The recommended loading dose for fosphenytoin in humans is
15—20 mg/kg (Walker et al., 1995; Heafield, 2000; Kapur et al., 2019),
and the highest dose administered in this study was 203 mg/kg PE. This
equates to approximately 32mg/kg PE in human equivalent dosing
(HED) using guidelines for extrapolating animal doses to humans (Food
and Drug Administration, 2005). Clinical studies conducted with IV
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Fig. 3. EEG recordings of a PND21 (A; female, sarin exposed, 13.5 mg/kg propofol), a PND28 (B; female, sarin exposed, 42.0 mg/kg propofol) and a PND70 (C; male,
VX exposed, 56 mg/kg propofol) animal that had their seizures successfully treated with propofol. The top three traces (A;, By, C;) display ~4h of EEGs of the
exposure day; animals were treated 5 min after seizure onset (arrows). The bottom three traces (A,, B,, C,) display the EEG records of the same three animals 24 h
after exposure and treatment. Note the rapid and continuous control of NA seizure activity in all three age groups and contrast that to the EEGs displayed in Fig. 2.

Table 2

Doses of propofol administered to PND70 animals. The number of animals that
were considered treatment successes and failures at each dose are displayed in
the table.

No. of
Treatment
Failures

No. of
Treatment
Successes

Total No. of
Animals

Sex Agent Dose

Male Sarin 75 mg/kg
100 mg/kg
56 mg/kg
75mg/kg
100 mg/kg
133 mg/kg
180 mg/kg
240 mg/kg
320 mg/kg
42 mg/kg
56 mg/kg
75 mg/kg
56 mg/kg
75 mg/kg
100 mg/kg
133 mg/kg

Female Sarin

Male VX

Female VX

OWON N WN RN NN N
- NONNORKRNORDNKRIDNO
ONO RO NOODOROOOON

levetiracetam in humans indicated that a 40-60 mg/kg loading dose
was safe and effective in terminating seizures in children and adults,
respectively (Wheless et al., 2009; Kapur et al., 2019; Lyttle et al.,
2019), and the highest dose administered in this study was 1000 mg/kg.
The HED of this is approximately 161 mg/kg using the above animal-to-
human extrapolation. Thus, the highest doses of both fosphenytoin and
levetiracetam administered in this study were well above the re-
commended loading doses in humans, and still seizures persisted and

63

caused neuropathological damage. To date, no studies have evaluated
levetiracetam or fosphenytoin in conjunction with supportive care or
administered IV as possible anticonvulsants for NA-induced SE termi-
nation and neuroprotection. This would be interesting to assess, as re-
sults may change with route of administration and other advantages of
care in a hospital setting.

Previous studies have shown that fosphenytoin and levetiracetam
can be neuroprotective, at least in cases involving pilocarpine admin-
istration. In a study utilizing IV levetiracetam to treat pilocarpine-in-
duced seizures, levetiracetam significantly reduced neuropathology,
but did not prevent it completely (Zheng et al., 2010). Similarly, in a
study utilizing phenytoin-treated pilocarpine-exposed animals, pheny-
toin attenuated but did not prevent neuropathology (Cunha et al.,
2009). The two drugs helped to moderate the brain damage that oc-
curred during pilocarpine-induced seizures, indicating that they may
have some neuroprotective ability. In the present study, all fo-
sphenytoin- and levetiracetam-treated animals presented with neuro-
pathology following all-day, continuous seizing. Likewise, propofol-
treated animals that were treatment failures also had neuropathology,
while those animals that had the seizures controlled were free of any
neuropathology. These findings reiterates the point that failing to stop
NA-induced seizures, or any prolonged SE for that matter, results in
neuropathology and loss of normal functioning and that rapid seizure
termination is the essential goal of any anticonvulsant treatment
(McDonough and Shih, 1997; Pessah et al., 2016).

It is shown here that propofol was an effective treatment for pe-
diatric and adult rats. The substantial differences in ED50 doses across
the ages as shown in the present study is surely a factor to consider for
treatment development, because different options would be needed in a
mass chemical exposure situation. Traditionally, propofol has been
considered a third-line treatment for SE and is administered IV. Because
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Fig. 4. Seizure termination latencies displayed as survival curves for (A) sarin-
and (B) VX-exposed animals treated with propofol. There were no significant
age differences observed in seizure termination latency in both sarin- and VX-
exposed rats. Sarin exposed animals: PND21 (N = 22: male = 10, fe-
male = 12); PND28 (N = 16: male = 5; female = 11); PND70 (N = 13:
male = 4; female = 9). VX exposed animals: PND21 (N = 16; male = 6; fe-
male = 10); PND28 (N = 13; male = 6; female = 7); PND70 (N = 14,
male = 7; female = 7).

Table 3

Percent of seizures terminated and Mean (Std Error) seizure termination times
for animals treated with propofol. The table shows the percent of animals
whose seizures terminated (treatment successes) and mean seizure termination
latency in each group. In all groups, mean seizure termination latency was no
longer than 26 min.

Agent Age % Seizure Terminated Mean (Std Error) [mins]
Sarin PND21 68.2% (15 /22) 13.67 (2.44)

PND28 43.8% (7/16) 25.37 (3.98)

PND70 76.9% (10/13) 22.74 (7.11)
VX PND21 50.0% (8/16) 9.46 (1.08)

PND28 38.4% (5/13) 5.14 (0.64)

PND70 57.1% (8/14) 24.93 (6.28)

propofol is rapidly metabolized, continuous infusion over at least sev-
eral hours would likely be required to achieve lasting seizure control.
Additionally, doses of propofol that effectively control seizures in a
clinical setting often depress respiration to the point of necessitating
ventilator support. Thus, it will likely not be the best candidate for use
in pre-hospital care for NA-induced seizures, but could be advanced as a
standalone or first-line treatment for in-hospital care of NA-induced
seizures.

There were also no significant differences between sex, age, and
agent in seizure termination latency. When propofol terminated seizure
activity, it functioned relatively quickly, with some group average
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Fig. 5. Total neuropathology scores in propofol-treated rats. The figure shows
total neuropathology scores of individual PND21, PND28, and PND70 rats
treated with propofol after nerve agent exposure and categorized as treatment
successes (seizure terminated; circles) or treatment failures (seizure not ter-
minated; squares). The group mean and + /- standard deviation are displayed
by the lines. Animals in all age groups categorized as treatment success had
total neuropathology scores of 0, with the exception of one male PND21 animal
challenged with sarin and treated with 10 mg/kg propofol that had a total
neuropathology score of 1. Of the animals considered treatment failures, PND21
rats had significantly lower mean total neuropathology scores than either the
PND28 or PND70 rats. All animals that were considered treatment failures had
higher neuropathology scores than did treatment successes in all three age
groups. All animals categorized as treatment successes were euthanized and
perfused 24h after propofol treatment; all animals categorized as treatment
failures were euthanized and perfused 4 h after propofol treatment.

latencies as low as 5min post-treatment (Table 3). Although the po-
tency of propofol is substantially less than the benzodiazepines dia-
zepam or midazolam, the speed of seizure control by propofol across
agents and age groups is comparable to what was seen with when these
drugs were tested in this model (Matson et al., 2019). Propofol also
exhibited the ability to prevent neuropathology when the seizures were
controlled within an hour of treatment, again a finding virtually iden-
tical to the results with diazepam and midazolam (Matson et al., 2019).
Together, propofol’s high efficacy, fast seizure termination latency, and
ability to prevent neuropathology make the drug a promising treatment
possibility for NA-induced seizures.
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Fig. 6. a Upper left: a VX-exposed PND21 female rat treated successfully with18.0 mg/kg propofol; survival 24 h; undamaged neurons in the amygdala. Upper right: a
VX-exposed PND21 male rat; treated unsuccessfully with 13.5 mg/kg propofol; survival 4 h; extensive degeneration and necrosis of neurons in the amygdala with
neuropil vacuolation. Middle left: a VX-exposed PND28 male rat treated successfully with 24.0 mg/kg propofol; survival 24 h; undamaged neurons in the amygdala.
Middle right: a sarin-exposed PND28 female rat treated unsuccessfully with 24.0 mg/kg propofol; survival 4 h; extensive degeneration and necrosis of neurons in the
amygdala with neuropil vacuolation. Lower left: a VX-exposed exposed PND70 male rat treated successfully with 75.0 mg/kg propofol; survival 24 h; undamaged
neurons in the amygdala. Lower right: a sarin-exposed PND70 female rat treated unsuccessfully with 100 mg/kg propofol; survival 4 h; extensive degeneration and
necrosis of neurons in the amygdala with neuropil vacuolation. Fig. 6b All fosphenytoin- and levetiracetam-treated rats were treatment failures and those that
survived were euthanized 4 h after treatment. No fosphenytoin-treated PND28 rats or levetiracetam-treated PND21 rats survived. All images were stained with H&E
and taken at 10 X . Upper left: sarin-exposed PND21 male rat; treated unsuccessfully with 76 PE of fosphenytoin; extensive degeneration and necrosis of neurons in
the amygdala with neuropil vacuolation. Middle right: VX-exposed PND28 female rat; treated unsuccessfully with 1000 mg/kg levetiracetam; extensive degeneration
and necrosis of neurons in the amygdala with neuropil vacuolation. Lower left: VX-exposed PND70 female rat; treated unsuccessfully with 135 PE fosphenytoin;
extensive degeneration and necrosis of neurons in the amygdala with neuropil vacuolation. Lower right: VX-exposed PND70 male rat; treated unsuccessfully with
1000 mg/kg levetiracetam; extensive degeneration and necrosis of neurons in the amygdala with neuropil vacuolation.
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