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Abstract

Cannabidiol, approved for treatment of pediatric refractory epilepsy, has anti-seizure effects in 

various animal seizure models. Chemical warfare nerve agents, including soman, are 

organophosphorus chemicals that can induce seizure and death if untreated or if treatment is 

delayed. Our objective was to evaluate whether cannabidiol would ameliorate soman-induced 

toxicity using a mouse model that similar to humans lacks plasma carboxylesterase. In the present 

study, adult female plasma carboxylesterase knockout (Es1−/−) mice were pre-treated with 

cannabidiol (20–150 mg/kg) or vehicle 1 hour prior to exposure to a seizure-inducing dose of 

soman and evaluated for survival and seizure activity. The muscarinic antagonist atropine sulfate 

and the oxime HI-6 were administered at 1 min after exposure, and the benzodiazepine midazolam 

was administered at 30 min after seizure onset. Cannabidiol (150 mg/kg) pre-treatment led to a 

robust increase in survival rate and attenuated body weight loss in soman-exposed mice treated 

with medical countermeasures, compared to mice pre-treated with vehicle. In addition, mice 

pretreated with cannabidiol (150 mg/kg) had a modest reduction in seizure severity after 
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midazolam treatment compared to vehicle-pretreated. These findings of improved outcome with 

cannabidiol administration in a severe seizure model of soman exposure provide additional pre-

clinical support for the benefits of cannabidiol against exposure to seizure-inducing chemical 

agents and suggest cannabidiol may augment the anti-seizure effects of midazolam.
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1. Introduction

Cannabinoids have emerged for their therapeutic potential against a broad range of 

neurodegenerative and psychiatric disorders, including the treatment of refractory epilepsy 

for which currently available treatments are ineffective in approximately 35% of patients.1 In 

particular cannabidiol (CBD), a non-psychoactive component of Cannabis, is increasingly 

being studied as a treatment for pharmacoresistant epilepsy. Epidiolex (GW 

Pharmaceuticals), a 99% pure CBD extract, approved by the FDA for the treatment of 

refractory pediatric epilepsy syndromes (Asaka et al., 2006), reduces seizure severity in 

patients with treatment-resistant epilepsy (Szaflarski et al., 2018). Pre-treatment with CBD 

also has anti-seizure effects in some but not all acute seizure animal models including 

audiogenic focal seizures and those induced by maximal electroshock, pentylenetetrazole, 

amygdala electrical kindling, and cocaine, among others (Billakota et al., 2019; Klein et al., 

2017; Lazarini-Lopes et al., 2020). In electroconvulsive seizure models, including the 6 Hz 

44 mA mouse and maximal electroshock mouse and rat models, CBD pre-treatment 

prevented seizures in a dose-dependent manner, suggesting that CBD may be effective 

against generalized tonic-clonic seizures (Klein et al., 2017). Cocaine-induced seizures in 

mice, another model that mimics generalized tonic-clonic seizures in humans, has also been 

shown to benefit from CBD pre-treatment by reducing seizure duration and increasing the 

latency to seizure onset (Gobira et al., 2015). In contrast, a model of pharmacoresistant 

evoked seizures, the lamotrigine-resistant amygdala kindled rat, showed no protective 

benefit of CBD pre-treatment on severity of behavioral seizures and electrographic after 

discharge duration (Klein et al., 2017).

Studies evaluating the efficacy of CBD against acute organophosphorus (OP) chemical-

induced toxicity are lacking. Chemical warfare nerve agents (CWNAs), including soman, are 

toxic OP compounds that inhibit acetylcholinesterase (Newmark, 2019). Medical 

countermeasures for CWNAs include administration of the muscarinic antagonist atropine 

sulfate, an oxime to reactivate acetylcholinesterase, and a benzodiazepine anti-convulsant. 

However, when benzodiazepine treatment of CWNA-induced seizure is delayed or dose is 

insufficient, status epilepticus develops and seizures become refractory to benzodiazepine 

treatment (Niquet et al., 2020; Shih et al., 1999). Rapid seizure control is important to 

prevent or ameliorate the deleterious consequences of acute OP exposure.

We investigated whether CBD pre-treatment might ameliorate the toxic effects of soman in 

midazolam-treated female plasma carboxylesterase knockout (Es1−/−) mice. Es1−/− mice 
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similar to humans lack plasma carboxylesterase (Duysen et al., 2011) and have a lower 

median lethal dose of soman compared to wild-type (C57BL/6) mice (Duysen et al., 2011; 

Kundrick et al., 2020) and thus may better model human OP toxicity. Midazolam dose-

dependently increases survival to soman, yet when treatment is delayed or insufficient dose, 

survival is poor (Kundrick et al., 2020; Marrero-Rosado, de Araujo Furtado, et al., 2018; 

Marrero-Rosado et al., 2020). Thus, in addition to effects on seizure severity, we evaluated 

whether pretreatment with CBD would reduce mortality in soman-exposed Es1−/− mice 

treated with standard medical countermeasures of atropine, an oxime, and a benzodiazepine.

2. Materials and methods

2.1. Animals

Female Es1−/− mice (8–9 weeks of age; 17–20 g) were obtained from the United States 

Army Medical Research Institute of Chemical Defense (USAMRICD) breeding colony. 

Mice were singly housed on a 12-hour:12-hour light-dark cycle with lights on at 0600, with 

food and water available ad libitum and were weighed daily (M-F). The experimental 

protocol was approved by the Institute Animal Care and Use Committee at USAMRICD, 

and all procedures were conducted in accordance with the principles stated in the Guide for 

the Care and Use of Laboratory Animals, the Public Health Service Policy on Humane Care 

and Use of Laboratory Animals, and the Animal Welfare Act of 1966 (P.L. 89- 544), as 

amended.

2.2. Surgical implantation of telemetry transmitters for EEG recordings

A subset of mice were implanted with ETA-F10 transmitters from Data Science 

International (DSI™). Briefly, transmitters were placed subcutaneously (SC) with a wire 

tunneled and wrapped around a stainless steel screw electrode (1.5 mm lateral, 1.5 anterior 

and 3.0 posterior to bregma) to record cortical EEG (for detailed methods see (Kundrick et 

al., 2020)). Mice pre-treated with meloxicam (1 mg/kg, SC) had surgery under 1–5% 

isoflurane and received post-surgical buprenex SR (0.5 mg/kg, SC). After two weeks of 

surgical recovery, EEG activity was continuously recorded using Dataquest Art Acquisition 

(digitized at 250 Hz).

2.3. Soman exposure and medical countermeasures

Soman (pinacolyl methylphosphonofluoridate) was obtained from the U.S. Army Combat 

Capabilities Development Command Chemical Biological Center and diluted with saline 

(Hospira). The pharmacokinetic profile of CBD was taken into consideration when 

determining the time and route of CBD administration in the present study. In mice, 

intraperitoneal (IP) administration of CBD leads to higher concentrations of the compound 

in the brain than via the oral route, and the maximum concentration is reached at 60 min 

following administration (Deiana et al., 2012). Thus, to evaluate the effect of CBD on 

CWNA-induced seizure severity at a point when the compound is at peak concentration, 

CBD was administered as a pretreatment in the same manner as studies in other seizure 

models (Do Val-da Silva et al., 2017; Gobira et al., 2015; Jones et al., 2012; Jones et al., 

2010; Klein et al., 2017; Patra et al., 2019). The selection of the dose to be used in our 

experiments was made based on the reported median effective doses (ED50) in other seizure 
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models. Klein, et al. (2017) estimated the range of anti-seizure ED50s of CBD in various 

seizure models to be 83.5–164 mg/kg. Mice were IP administered CBD (20 mg/kg (n=9); 80 

mg/kg (n=9); 150 mg/kg (n=13); Cayman) or vehicle (VEH; 5% ethanol [Sigma-Aldrich], 

5% Kolliphor EL [Sigma-Aldrich], and 90% saline, IP; n=10) at 60 min prior to soman (80 

μg/kg; SC) exposure. An admix (IP) of atropine sulfate (4 mg/kg; Sigma-Aldrich) and HI-6 

dichloride (50 mg/kg; Kalexsyn) was administered at 1 min after exposure, and midazolam 

(5 mg/kg, IP) at 30 min after seizure onset. Control mice (n=6) did not receive soman but 

instead received saline followed by midazolam 50 min after saline administration.

2.4. Behavioral seizure and EEG analysis

Using Noldus Pocket Observer (Noldus Information Technology), toxic signs were 

monitored for 4 h after exposure. A modified Racine scale (Racine, 1972) was used to 

categorize the severity of behavioral seizures in 6 stages: 0, no abnormality; 1, oral 

movements; 2, head nodding and/or tremors; 3, forelimb clonus or tonus, body tremors; 4, 

rearing with forelimb clonus; and 5, rearing and falling with convulsions. EEG seizure onset 

was monitored in real-time and defined as the appearance of rhythmic high amplitude spikes 

(>2 × baseline) that lasted at least 10 seconds. Seizure events were identified by a 

MATLAB-based algorithm and visually confirmed or rejected as previously described 

(Kundrick et al., 2020). Full EEG power spectrum data were further reduced by extracting 

the median power (20-min bins) in 60-min intervals to obtain EEG power spectral density 

values at SE (20 min before treatment), and at 1 h, 3 h and 6 h after midazolam treatment. 

The mean power of delta EEG frequency (0.1–4.0 Hz) was also calculated and integrated in 

10-min bins for up to 12 hours according to previous methods (de Araujo Furtado et al., 

2009).

2.5. Data analysis

A Kaplan Meier analysis was performed to determine if CBD pre-treatment affected median 

survival time. Logistic regression analysis was performed to evaluate the effect of treatment 

on survival at study endpoint, followed by a Chi square and a Fisher’s exact test for group 

comparisons. A generalized linear model analysis with a repeated measure paradigm was 

used to evaluate treatment effects on percent of change in body weight, power spectral 

density, and delta power over time, followed by one-way analysis of variance (ANOVA) 

with Tukey’s test at each time point for significant time by treatment interaction. A Kruskal-

Wallis test with Bonferroni correction for multiple comparisons was used at each time point 

to determine the effects of CBD pre-treatment on behavioral seizure severity. Differences 

were considered statistically significant when P < 0.05 using IBM SPSS Statistic v.21 for 

analysis.

3. Results

3.1. Effects of CBD pre-treatment on survival and body weight following soman exposure

Following CBD pre-treatment and soman exposure plus medical countermeasures, 56%, 

33%, and 92% of female mice that received 20 (CBD20-Soman), 80 (CBD80-Soman), or 

150 (CBD150-Soman) mg/kg of CBD, respectively, survived the study duration of 3 days, 

whereas only 29% given a VEH pre-treatment (VEH-Soman) survived (Figure 1A). All 
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control (SAL) mice that did not receive soman survived. A significant main effect of pre-

treatment was detected on median survival time and survival rate at study endpoint. The 

VEH-Soman group showed a median survival time of 2.5 days (IQR = 2) which was 

significantly different from SAL group and the CBD150-Soman group, with a median 

survival time of 3 days (IQR = 0). The median survival time of CBD150-Soman group did 

not differ from that of the SAL group. A chi square analysis of the ratio of survival at the 

endpoint revealed that the percentage of surviving animals in the VEH-Soman and CBD80-

Soman were significantly reduced compared to that of the SAL group. The 56% survival in 

the CBD20-Soman group did not differ from that of the SAL group, however it was not 

significantly higher than the percent of survival of the VEH-Soman group. Only the 

CBD150-Soman group had a percentage of survival that was not different from that of SAL 

group and also significantly higher than that of VEH-Soman group. Thus, the survival 

analyses indicated that the dose of 150 mg/kg of CBD was the only treatment to 

significantly improve both median survival time and overall percent of survival.

Body weight loss occurred in all mice after soman exposure but to a lesser extent in 

CBD150-Soman mice (Figure 1B). Soman-exposed mice pre-treated with 150 mg/kg of 

CBD lost an average (± SD) of 10.8% ± 5.1% body weight, while VEH-Soman mice lost 

17.3% ± 4.4%, CBD20-Soman lost 22.5% ± 4.9%, and CBD80-Soman lost 20.4% ± 2.3% 

within 24 h of exposure. At the 24 h time point after exposure, all soman-exposed animal 

groups showed significant body weight loss compared to the SAL control group. However, 

the CBD150 had less weight loss compared to the VEH-treated mice. At 48 h after exposure 

only mice pre-treated with VEH, CBD20 or CBD80 showed a significant decrease in weight, 

while the average weight loss in the CBD150-Soman group did not differ from that of the 

SAL group, thus, demonstrating that the group receiving the highest dose of CBD was able 

to recover faster in regards to body weight. By 72 hr after exposure, all soman-exposed 

groups had an average percentage of body weight change that was not different from that of 

the SAL group.

3.2. Effect of CBD pre-treatment on seizure severity following soman exposure

Because of the greater benefits in survival and body weight, and indicator of overall health, a 

subset of animals were instrumented with telemetry devices to investigate the effects of the 

most efficacious CBD dose on seizure severity. Pre-treatment with 150 mg/kg of CBD 

reduced seizure severity in midazolam-treated mice following soman exposure. In mice with 

transmitters, soman induced status epilepticus in 3 of 4 VEH-Soman and 4 of 6 CBD150-

Soman mice. Seizure onset was within an average (± SD) of 6.0 ± 1.0 min in VEH-Soman 

mice and 8.0 ± 0.8 min in CBD-Soman mice. Behavioral seizure occurred within an average 

of 3 min in both soman-exposed groups, reaching a maximal score of 3 in VEH-Soman 

group and 4 in CBD150-Soman group (Figure 2). Although pre-treatment with CBD did not 

prevent the development of soman-induced behavioral seizure activity, midazolam treatment 

given 30 min after seizure onset reduced the seizure severity score in CBD-pretreated mice 

to values that were not significantly different from the SAL group. In contrast, soman-

exposed mice that were pre-treated with VEH continued to show significantly elevated 

seizure scores compared to SAL group.
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EEG power spectral density increased in soman-exposed mice at the time of status 

epilepticus, albeit with CBD150-Soman mice showing a reduced intensity compared to 

VEH-Soman mice (Figure 3A). At 1 and 3 h after midazolam treatment, the power spectral 

density of CBD150-Soman mice was not different from that in the SAL group and was 

reduced compared to that in VEH-Soman mice suggesting that 150 mg/kg of CBD reduced 

EEG seizure severity. Soman exposure resulted in an increase in EEG delta power in both 

soman-exposed groups. However, once midazolam was administered, delta power in 

CBD150-Soman mice did not differ from SAL mice, while VEH-Soman mice continued to 

have significantly increased delta (Figure 3B). Thus, although CBD did not prevent seizure 

in soman-exposed mice, CBD attenuated seizure severity in midazolam-treated mice.

4. Discussion

Our current findings further support the potential of CBD in treating seizures. Pre-treatment 

with the higher dose of CBD (150 mg/kg) prior to soman exposure greatly increased survival 

and moderately attenuated seizure severity in midazolam-treated Es1−/− mice. In contrast, 

midazolam-treated mice that did not receive CBD pre-treatment, as well as those receiving 

lower doses of CBD, had poor survival to soman exposure, which is in agreement with our 

previous findings of poor survival in soman-exposed mice with delayed midazolam 

treatment (Kundrick et al., 2020). The increase in survival in CBD-pre-treated mice is 

consistent with studies in rat models of mesial temporal lobe epilepsy (Do Val-da Silva et 

al., 2017) and penicillin-induced partial seizures (Jones et al., 2012), in which CBD pre-

treatment increased survival.

The reduction in the EEG power spectral density at the time of status epilepticus in 

CBD150-Soman mice is thought to indicate reduced seizure severity, as demonstrated in 

another rodent seizure model (Vučević et al., 2008). Although pre-treatment with CBD 

prevented seizure onset in several animal models (Lazarini-Lopes et al., 2020), in the 

lamotrigine-resistant amygdala kindled rat model, CBD was ineffective at reducing 

behavioral seizure scores and after-discharge duration (Klein et al., 2017). Consistent with a 

reduction in EEG power density, delta band EEG activity, thought to be a biomarker of 

neuropathological damage following soman-induced seizure in rats (McDonough et al., 

1998; Philippens et al., 1992), was also reduced in CBD150-Soman mice. Similarly to rats, 

Es1−/− mice also show a robust increase in delta activity following exposure to a seizure-

inducing dose of soman (Marrero-Rosado, de Araujo Furtado, et al., 2018; Marrero-Rosado 

et al., 2020). In the current study, although CBD pre-treatment did not prevent seizure, 

reduced seizure severity in soman-exposed mice suggests that CBD ameliorates the effects 

of soman exposure in mice treated with midazolam. While maximum concentration of CBD 

in brain is reached at 60 min following IP administration (Deiana et al., 2012), midazolam 

has rapid distribution and onset of action (reviewed in Newmark, 2019) but is less effective 

when treatment is delayed (Marrero-Rosado et al., 2020); thus, pretreatment with CBD 

which has relatively slow pharmacokinetic distribution may have potentiated the anti-seizure 

effects of midazolam treatment 30 min after status epilepticus.

One potential mechanism by which CBD may augment the effects of midazolam is through 

its effects on GABAA receptors. Treatment with CBD prevents lethality and tonic seizure 
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induced by a variety of GABAA receptor-inhibiting convulsant drugs, but not by a glycine 

receptor antagonist (Consroe et al., 1982). In vitro CBD enhanced the current evoked by 

GABA, an effect that did not involve the benzodiazepine site (Bakas et al., 2017). Moreover, 

CBD acts as an allosteric potentiator of extrasynaptic GABAA receptors. CBD and 

midazolam, two positive allosteric modulators at different subunits of the GABAA receptor, 

may in combination increase the sensitivity to GABA, thereby working synergistically to 

reduce the severity of seizure.

In addition to the effects on GABA function, CBD may also ameliorate the effects of soman 

exposure through reduced glutamate release. Increased GABA function and reduced 

glutamatergic activity are important targets to reduce the effects of cholinergic-induced 

seizure (Niquet et al., 2020). In a cocaine-induced seizure model, CBD reduces glutamate 

release in a cannabinoid receptor-independent manner and involving the mammalian target 

of rapamycin (mTOR) pathway (Gobira et al., 2015). Phosphatydylinositol 3-kinase (PI3K), 

another member of the mTOR pathway may be necessary for the anticonvulsive effects of 

CBD as PI3Kγ knockout mice do not show the benefits of increased latency and reduced 

severity of pilocarpine-induced seizures (Lima et al., 2020). Other mechanisms of CBD 

include increases in endocannabinoid signaling, as well as effects on calcium mobilization 

through agonistic effects on vanilloid type 1 (TRPV1) receptors and antagonism of G 

protein-coupled receptor 55 (GPCR55), which reduces intracellular calcium (Lazarini-Lopes 

et al., 2020). CBD can also inhibit voltage-dependent sodium currents, thereby modulating 

neuronal excitability (Billakota et al., 2019; Lazarini-Lopes et al., 2020). Additionally, CBD 

may control seizures by modulating neuronal and non-neuronal targets via pathways that 

include anti-neuroinflammatory signaling (Reddy, 2017). Thus, multiple mechanisms of 

CBD may contribute to its anti-seizure effects.

A pre-treatment protocol was evaluated in the present study since in mice, an IP 

administration of 120 mg/kg of CBD results in a maximal concentration of the drug in brain 

tissue after 60 min (Deiana et al., 2012). Reaching a maximum concentration of CBD in the 

brain may be necessary for the proper evaluation of CBD effects on the severity of soman-

induced status epilepticus. However, others have also conducted studies to investigate the 

disease modifying effects of CBD in a model of temporal lobe epilepsy. In a model of 

pilocarpine-induced status epilepticus a repeated CBD treatment during the first five days 

following the toxic insult resulted in a decrease in epileptic behaviors (Hosseinzadeh, 

Nikseresht et al. 2016). Moreover, anticonvulsant and neuroprotective effects of post-

exposure treatment with a potent CBD analogue, HUF-101, following amygdala kindling 

and pilocarpine-induced seizure suggests potential as a therapeutic (Garcia-Cairasco et al., 

2019). Since, similar to the pilocarpine model, we have previously shown that a period of 

epileptogenesis ensues following soman-induced status epilepticus such that in the days after 

the insult the animals exhibit spontaneous recurrent seizures (de Araujo Furtado et al., 2010; 

Kundrick et al., 2020; Marrero-Rosado, de Araujo Furtado, et al., 2018; Marrero-Rosado et 

al., 2020), more research is warranted to determine the potential of CBD or potent analogues 

of CBD as a post-exposure treatment to CWNA exposure

In addition to demonstrating the anticonvulsive properties of CBD in various models of 

seizures, CBD administration (up to 200 mg/kg), a dose higher than that currently used, did 
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not impair performance in various motor coordination tests in rats (Jones et al., 2012). 

Moreover, CBD seems to not exert psychotropic or other undesirable effects in humans and 

is, therefore, well tolerated (Cunha et al., 1980). The strong empirical evidence from various 

pre-clinical seizure models, including the present soman-exposed Es1−/− mouse model, 

supporting the benefits of CBD combined with little to no side effects in humans. Clinical 

studies have demonstrated the antiepileptic benefits of adding CBD to a regimen of 

conventional antiseizure medications in patients diagnosed with Lennox-Gastaut and Dravet 

syndromes. In both studies, a therapeutic dose of 20 mg/kg per day of an oral solution of 

CBD for a period of 14 weeks reduced the frequency of seizures (Devinsky et al., 2017; 

Devinsky et al., 2018). Estimating a safe starting dose for humans in clinical studies based 

on the dose of the compound that does not result in adverse effects in pre-clinical animals is 

commonly done by allometric scaling, a dose-by-factor approach that assumes the metabolic 

rate of an animal based on body surface area (Nair et al., 2016). Using this method, we 

estimate that the dose of cannabidiol used in our studies is the human equivalent dose of 

12.2 mg/kg, which is similar to the effective doses in clinical studies. However, the route of 

drug administration (oral in clinical studies, IP in present studies) as well as treatment 

regimen (once daily in clinical studies, once before exposure in present studies) confound 

making this comparison. Moreover, it has been argued that it is erroneous to use allometric 

scaling for the extrapolation of pharmacologically effective doses in pre-clinical animal 

models to human doses that elicit a therapeutic effect (Blanchard et al., 2015).

In sum, our observations are the first to provide evidence that CBD is beneficial in reducing 

lethality as well as behavioral and EEG seizure severity stemming from acute nerve agent 

exposure. Future studies are needed to determine if the current findings extend to male mice 

or if there are sex differences in response to CBD, as well as to delineate the mechanisms by 

which CBD improves the outcome to soman exposure. In addition, more potent analogues of 

CBD should be evaluated for efficacy against soman-induced seizure. Finally, studies on 

post-exposure efficacy and repeated dosing studies in soman-exposed mice are needed to 

identify potential therapeutic benefits against CWNA exposure.
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Highlights:

• Cannabidiol pre-treatment reduces lethality to soman exposure in female 

Es1−/− mice

• Cannabidiol reduces soman-induced seizure severity in midazolam-treated 

female mice

• Cannabidiol reduces soman-induced weight loss in midazolam-treated female 

mice

• Cannabidiol may augment the effects of midazolam in mitigating soman-

induced toxicity
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Figure 1. CBD pre-treatment increases survival and attenuates body weight loss following 
soman-induced seizure and midazolam (3 mg/kg) in female Es1−/− mice.
Mice pre-treated with 20 mg/kg (CBD20-Soman), 80 mg/kg (CBD80-Soman), 150 mg/kg 

(CBD150-Soman) of CBD or with vehicle (VEH-Soman) at 60 min prior to SC soman (80 

μg/kg) exposure were treated with midazolam 30 min after seizure onset. CBD150-Soman 

group had a median survival time that was not statistically different from saline control 

(SAL). In contrast, VEH-Soman and CBD80-Soman mice had lower median survival time 

compared to the SAL control group. The CBD150-Soman group had a significantly larger 

survival percentage compared to the VEH-Soman group at study endpoint, whereas the 

CBD20-Soman and CBD80-Soman groups had a survival percentage that was significantly 

lower than of SAL and did not differ from VEH-Soman; survival percentage of CBD150-

Soman group was not significantly different from the SAL group. * P < 0.05, compared to 

SAL; # P < 0.05, compared to VEH-Soman. (B) Average percent of change in body weight 

from pre-exposure baseline is shown. On the first day following exposure, all soman-

exposed groups had decreased body weight compared to the SAL group although the 

CBD150-Soman group had less body weight loss compared to VEH-Soman. By day 2 after 

exposure, while the VEH-Soman, CBD20-Soman, and CBD80-Soman groups still had 

decreased body weight compared to the SAL group, the body weight change in the 

CBD150-Soman group was not significantly different from the SAL group. * P < 0.05, 

compared to SAL group; # P < 0.05 compared to VEH-Soman group.
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Figure 2. Pretreatment with CBD attenuated behavioral seizure scores in soman-exposed female 
Es1−/− mice following midazolam (MDZ; 3 mg/kg) treatment.
Mice were pre-treated with 20 mg/kg CBD (CBD20-Soman; n=9), 80 mg/kg CBD (CBD80-

Soman; n=9), 150 mg/kg CBD (CBD150-Soman; n=13), or vehicle (VEH-Soman; n=8) 60 

min prior to SC exposure to 80 μg/kg of soman followed by MDZ treatment (arrow) at 30 

min after seizure onset. Starting at 3 min after exposure, all vehicle- and CBD-treated groups 

developed toxic signs that were significantly different from saline (SAL) control group. 

Although all soman-exposed groups developed seizure, seizure in those that received 

CBD150 pre-treatment was attenuated by MDZ treatment within 20 min of treatment (time 

60 min), at which time it was not significantly different from SAL control (^ P < 0.05). In 

contrast, those pre-treated with VEH or lower doses of CBD and treated with midazolam 

continued behavioral seizure for hours after soman exposure. *P < 0.05, VEH-Soman 
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compared to SAL group; + P < 0.05, CBD20-Soman compared to SAL group; # P < 0.05, 

CBD80-Soman compared to SAL group
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Figure 3. Pre-treatment with CBD attenuated seizure severity following soman exposure and 
midazolam (MDZ) treatment shown via effects on EEG power spectral density and delta power.
Female Es1−/− mice were pre-treated with CBD (150 mg/kg; CBD150-Soman; n=6) or 

vehicle (VEH-Soman; n=4) followed by SC exposure to 80 μg/kg of soman and MDZ 

treatment (arrow) at 30 min after seizure onset. (A) Soman exposure increased EEG power 

spectral density during SE compared to the SAL group. At 1 and 3 h after treatment, the 

power density of the CBD150-Soman group had reduced EEG power spectral density 

compared to the VEH-Soman. (B) Tracing of average percentage of relative change in power 

of delta (0.1–4 Hz) EEG frequency is shown over a period of 720 min (12 h). In CBD150-
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Soman rats, the power of delta did not differ from SAL group following MDZ treatment, 

while VEH-Soman rats had significantly increased delta power for approximately 440 min 

following seizure onset. (C) Representative EEG images are shown for baseline (24 h before 

soman exposure), status epilepticus, and 1, 3, and 6 h after MDZ treatment. *P < 0.05, VEH-

Soman compared to SAL group; ^ P < 0.05, GD compared to SAL; # P < 0.05, CBD150-

Soman compared to VEH-Soman group.
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