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ABSTRACT  

Organophosphate (OP) cholinesterase inhibitors and GABA receptor antagonists 

represent mechanistically diverse classes of chemicals that can cause seizures and death 

following acute intoxication at relatively low doses. OPs inhibit acetylcholinesterase (AChE), 

which results in the over accumulation of acetylcholine (ACh) in the nervous system. Rapid 

inhibition of > 60-80% of brain AChE triggers seizures that rapidly progress to life-threatening 

status epilepticus (SE). GABA receptor antagonists, exemplified by 

tetramethylenedisulfotetramine (TETS), induce seizures and death by reducing the inhibitory 

tone in the nervous system, which results in neuronal hyperexcitability. The standard first-line 

therapy for the treatment of TETS- or OP-induced SE, high-dose benzodiazepines, are effective 

at terminating seizure behavior and reducing mortality if administered within minutes after 

exposure. However, even with timely treatment, benzodiazepines often fail to adequately protect 

against subsequent brain damage and neurologic deficits. Preclinical rodent models are essential 

to elucidating the cellular and molecular mechanisms driving acute seizurogenic events and the 

spatiotemporal progression of brain damage following SE. The major objective of this 

dissertation was to characterize acute and chronic neurotoxic outcomes in novel mouse models 

of TETS- and OP-induced SE to gain a better understanding of the pathogenic mechanisms 

contributing to SE and the consequential neuropathology.  

In Chapter 2, in vivo imaging is used to compare the spatiotemporal progression of 

neuropathology after TETS-SE in two different mouse strains commonly used to study chemical-

induced SE. The findings in this study demonstrate that the extent of brain damage observed in 

the mouse brain after TETS-induced SE varies according to strain and the duration of SE. 

Chapter 3 focuses on the development and characterization of a mouse model of acute 



 

iv 
 

intoxication with diisopropylfluorophosphate (DFP). Specifically, this chapter describes the 

spatiotemporal progression of AChE inhibition, neuropathology, and behavioral deficits up to 28 

days post-exposure. The findings in this chapter demonstrate that this mouse model replicates 

many of the outcomes observed in rats and humans acutely intoxicated with OPs, suggesting the 

feasibility of using this model for mechanistic studies and therapeutic screening. The mouse 

model of acute DFP intoxication was leveraged in Chapter 4 to investigate the role of nicotinic 

cholinergic receptors (nAChR) in the initiation and propagation of OP-induced SE. The findings 

described in Chapter 4 identify a role for α4-containing nAChR in the initiation and/or 

progression of seizures following acute OP intoxication, and support further investigation of 

nicotinic antagonists as prophylactics for OP-induced SE. 

The studies presented in this dissertation support the use of mouse models to investigate 

the mechanisms contributing to the initiation and consequences of SE caused by chemical threat 

agents. The findings of this work have important mechanistic and therapeutic implications 

regarding the pathophysiology and treatment of chemical-induced SE. The observation that 

genetic background and duration of SE influence the neuropathologic consequences of TETS-SE 

suggests that humans who do not respond to antiseizure medication after acute TETS 

intoxication are at increased risk for brain injury, and this susceptibility may vary genetically. 

The observation that nicotinic receptors play a necessary role in the initiation of OP-induced SE 

highlights a novel therapeutic target, and supports the strategy of using a nicotinic antagonist as a 

preventative antidote against OP-induced seizures. 
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Abbreviations 

ACh = acetylcholine 

AChE = acetylcholinesterase 

AlloP = allopregnanolone 

CNS = central nervous system 

DPE = days post-exposure 

GABAAR = GABAA receptor 

GFAP = glial fibrillary acidic protein 

IBA1 = ionized calcium binding adaptor molecule 1 

nAChR = nicotinic cholinergic receptor 

OP = organophosphate 

PAM = positive allosteric modulator 

SE = status epilepticus 

TETS = tetramethylenedisulfotetramine  
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Introduction 

Acute intoxication with proconvulsant chemicals is a clear and present danger in many 

parts of the world, as demonstrated by the continued occurrence of accidental or intentional 

poisoning with organophosphate (OP) cholinesterase inhibitors and pesticides or GABAA 

receptor antagonists (Figure 1). Acute exposure to high doses of these chemical classes can 

trigger seizures that quickly progress to life-threatening status epilepticus (SE; Figueiredo, 

Apland et al. 2018, Lauková, Velíšková et al. 2020). This high level of toxicity coupled with the 

ready availability of these chemicals is the motivation for the United States Department of 

Homeland Security to classify them as credible chemical threat agents (Watson, Opresko et al. 

2015, Shakarjian, Laukova et al. 2016, Richardson, Fitsanakis et al. 2019). Human survivors and 

preclinical rodent models of acute intoxication with proconvulsant chemicals demonstrate long-

term neurological consequences, such as electroencephalographic abnormalities, including 

spontaneous recurrent seizures, and cognitive deficits (Okumura, Hisaoka et al. 2005, Chen 

2012, Jett, Sibrizzi et al. 2020, Lauková, Velíšková et al. 2020). The current first-line therapy for 

seizures induced by these chemicals is early treatment with benzodiazepines to terminate SE and 

thereby increase survival and decrease the brain injury that underlies chronic neurologic 

consequences (Eddleston, Buckley et al. 2008). However, there are numerous limitations such as 

refractoriness and serious adverse effects on respiration and blood pressure associated with 

benzodiazepines in this clinical setting, particularly when administered at the high doses required 

for treating chemical induced-SE or when administered at delayed times post-exposure (Forster, 

Gardaz et al. 1980, Kitajima, Kanbayashi et al. 2004, Masson 2011, Bruun, Cao et al. 2015). 

Additionally, humans and rodents that do respond favorably to benzodiazepines can still 

demonstrate long-term cognitive or behavioral consequences despite the termination of SE 
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(McDonough, Zoeffel et al. 1999, Shih 2000). Therefore, there is a clear need to identify better 

therapies to improve outcomes for survivors of SE induced by chemical threat agents.  

 

GABAAR antagonists as proconvulsants 

The GABAAR antagonist tetramethylenedisulfotetramine (2,6-dithia-1,3,5,7-

tetraazadamantane,2,2,6,6-tetraoxide; TETS) is considered a credible chemical threat agent 

(Velisek 2005, Shakarjian, Velíšková et al. 2012, Zolkowska, Banks et al. 2012). TETS gained 

popularity as a highly effective rodenticide for reforestation efforts in the United States in the 

1950s (Croddy 2004), but was eventually banned in 1984 due to an extremely low LD50 of 100 

µg/kg or 7-10 mg total in humans and its persistence in the environment (Guan, Liu et al. 1993, 

reviewed in Whitlow, Belson et al. 2005). By the early 2000’s, TETS production was banned 

worldwide, but due to high consumer demand for effective and cheap rodenticides, TETS is still 

widely available on the black market in Asia (reviewed in Patocka, Franca et al. 2018). A large 

number of mass poisonings have occurred in China and elsewhere, and it is likely that tens of 

thousands of people have been poisoned with TETS, many deliberately (Wu and Sun 2004, Li, 

Gan et al. 2012). TETS exposure is typically via ingestion and does not always result in 

convulsions (reviewed in Zhang, Su et al. 2011). Less severe symptoms include nausea, 

dizziness, or headache, including pulmonary edema, congestion, dark fluid in the heart, calcium 

depositions in the kidney, and fatty liver (Zhou, Liu et al. 1998). Brainstem hemorrhage as well 

as edema and congestion of brain tissue have also been found in patients poisoned with TETS 

(reviewed in Whitlow, Belson et al. 2005). 
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TETS is a potent noncompetitive reversible antagonist of the GABAAR, which leads to 

hyperexcitability by disrupting chloride regulation in neurons (Figure 2). TETS preferentially 

inhibits GABAAR comprised of α2/β3 or α6/β3 subunits, with the highest activity at the 

α2β3γ2 subunit conformation (Pressly, Nguyen et al. 2018). The reduction of inhibitory tone as a 

result of GABAAR inhibition causes increased excitation in the central nervous system (CNS), 

which can lead to convulsions, seizures, SE, and/or death (Lu, Wang et al. 2008, Cao, Hammock 

et al. 2012, Shakarjian, Velíšková et al. 2012). TETS persists in the body for days after exposure 

(Ning, He et al. 1997, reviewed in Patocka, Franca et al. 2018, Pressly, Vasylieva et al. 2020). 

While the toxicokinetic explanation for this long biological half-life remains to be elucidated, 

survivors of TETS poisoning can experience electrographic abnormalities that can persist for 

more than a year post-exposure (Liu and Zhang 2004, Lu, Wang et al. 2008), emphasizing the 

need for more research on treatment strategies for TETS exposure.  

Several antiseizure drugs are used clinically to treat TETS-induced seizures. As TETS 

specifically targets the GABAAR, positive allosteric modulators (PAMs) for this receptor class, 

which include benzodiazepines and barbiturates, are the most widely used medications used to 

terminate seizures in TETS-intoxicated individuals. Diazepam, a PAM that targets synaptic 

α1/γ2 prominent GABAAR (Sigel and Ernst 2018), is highly effective at terminating seizures in 

TETS-intoxicated humans (Bai, Zhang et al. 2005) and preclinical rodent models (reviewed in 

Pessah, Rogawski et al. 2016). Sodium phenobarbital (Voss, Haskell et al. 1961, Guo and Zhang 

2007), allopregnanolone (AlloP) (Bruun, Cao et al. 2015, Zolkowska, Wu et al. 2018), and 

propofol (Guo and Zhang 2007) also terminate seizures and increase survival in both humans and 

rodents intoxicated with TETS. AlloP is of significant interest due to its activity at both synaptic 

GABAAR (phasic inhibition) and extrasynaptic GABAAR (tonic inhibition) as compared to 
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benzodiazepines, which only target the synaptic GABAAR that are internalized during prolonged 

seizure activity (Olsen 1981, Mohler, Fritschy et al. 2002). AlloP also increases the open channel 

duration of GABAAR (Akk, Bracamontes et al. 2004, Akk, Covey et al. 2010) as opposed to 

benzodiazepines, which increase channel opening frequency (Bianchi, Botzolakis et al. 2009, 

Bianchi 2010). Thus, AlloP has some advantages over benzodiazepines that may prove beneficial 

for terminating seizures and providing neuroprotection by preventing reoccurring seizures.  

A major challenge in identifying more effective medical countermeasures for acute TETS 

intoxication has been the lack of preclinical models that recapitulate the acute and chronic 

neurotoxic effects observed in humans acutely poisoned with TETS. While the current standard 

of care for TETS poisoning (high-dose benzodiazepines) is sufficient to protect against death 

after exposure, human survivors can still experience long-term cognitive deficits and 

electroencephalographic abnormalities (Croddy 2004, Whitlow, Belson et al. 2005, Deng, Li et 

al. 2012). Whether these neurological consequences are due to the toxicodynamic effects of 

TETS, or a direct result of TETS-induced seizure activity remains unclear. Previous rodent 

models developed to study the consequences of acute TETS intoxication have been limited by a 

lack of prolonged seizures or SE (Shakarjian, Veliskova et al. 2012, Zolkowska, Banks et al. 

2012, Rice, Rauscher et al. 2017). To address this limitation, we recently developed a mouse 

model of TETS-induced SE that produces continuous seizures beginning within minutes after 

TETS injection and lasting between 60-90 min post-TETS (Pessah, Rogawski et al. 2016, 

Zolkowska, Wu et al. 2018). While the new TETS SE model better recapitulates the acute 

seizure activity observed in TETS-intoxicated humans, there has been little investigation of its 

long-term neurologic effects.  
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Organophosphates 

Organophosphates (OPs) are a class of synthetic, neurotoxic compounds that include 

warfare agents (e.g., sarin, soman) and pesticides (e.g., diisopropylfluorophosphate [DFP], 

parathion) that can cause convulsions, status epilepticus (SE), and death following acute 

intoxication. OPs exert these effects by prolonged inhibition of acetylcholinesterase (AChE; 

Figure 4), a protease that regulates cholinergic signaling in the body by hydrolyzing synaptic 

acetylcholine (ACh; Pope and Brimijoin 2018). Inhibition of AChE by OPs can cause an 

excessive buildup of ACh at nicotinic and muscarinic ACh receptors (AChRs) in the peripheral 

and central nervous systems, resulting in a toxidrome known as a cholinergic crisis with 

symptoms of increased salivation, lacrimation, urination, and diarrhea (SLUD; Adeyinka and 

Kondamudi 2018). Individuals who survive acute OP exposure often experience significant 

morbidity, including persistent neuropathology, cognitive impairments, and 

electroencephalographic abnormalities (Pereira, Aracava et al. 2014, Figueiredo, Apland et al. 

2018, Jett, Sibrizzi et al. 2020).  

The toxic properties of OPs were discovered in the 1930’s, when German chemist 

Gerhard Schrader and his graduate student accidentally exposed themselves to OPs in the 

laboratory (Petroianu 2010). This exposure caused respiratory difficulty, altered consciousness, 

and impaired vision; effects later defined as symptoms of the cholinergic crisis. The published 

description of these acute symptoms of exposure led a German chemical company to pursue the 

development of OP chemicals as insecticides. For this reason, the German military took interest 

in the effects of OP chemicals as weapons and hired a scientist in the 1940’s to develop the first 

OP nerve agents for use against humans (Ganesan, Raza et al. 2010). These newer nerve agents 

were different from insecticides in their toxic and physical properties, which are directly related 
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to their chemical structure (Figure 3). OP compounds are generally defined by a structure of 

O=P(OR)3, with variation in R-groups giving rise to differences in physical properties and 

neurotoxic profiles (Can 2014, Mukherjee and Gupta 2020). Nerve agents tend to have high 

volatility and they exist as a vapor at room temperature, which leads to low persistence in the 

environment after deployment (Figueiredo, Apland et al. 2018). Pesticides typically remain in 

liquid form at room temperature with low volatility, and often need to be metabolized in the 

body to become toxic. Despite these differences in physical properties, both OP nerve agents and 

pesticides inhibit AChE, causing disease or death in insects and mammals. 

During World War II, the OP nerve agents sarin, soman, and tabun were produced and 

stockpiled by the Nazis, but were fortunately not deployed on the battlefield (Munro 1994). In 

the 1980’s, tabun and sarin were used in attacks during the Iran-Iraq war by the Iraqi army 

against Iranians, killing thousands (Haines and Fox 2014). In 1995, sarin was used by domestic 

terrorists in attacks on Tokyo subway lines, killing or injuring thousands of innocent people 

(Okumura, Hisaoka et al. 2005). More recent examples of human OP exposure include the use of 

sarin gas against civilians in Syria in 2017 (UN 2020, HRW 2021), the assassination of a North 

Korean official in 2017 with a VX nerve agent (OPCW 2018), and assassination attempts using 

novichok nerve agent in the United Kingdom in 2018 (Chai, Hayes et al. 2018, Haley 2018) and 

in Russia in 2020 (Masterson 2020, OPCW 2020). While these unfortunate incidents illustrate 

the acute toxicity of nerve agents, deliberate and accidental exposures to OP pesticides harm 

significantly more individuals. Indeed, OP pesticides are some of the most commonly used 

chemicals in suicide attempts in developing nations due to their low cost and prevalence (Kar 

2006). Homicidal, suicidal, and accidental poisonings with OP pesticides have been documented 

for many years and remain the cause of hundreds of thousands of global deaths annually (Mew, 
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Padmanathan et al. 2017, Eddleston 2019). In addition to suicide, long-term exposure to OP 

pesticides in agricultural settings has been implicated in adverse health effects seen in workers 

who were exposed for days to months (Muñoz-Quezada, Lucero et al. 2016). These compounds 

cause toxicity through the same mechanism as nerve agents, raising great concern about their 

prevalence and lack of regulation. For these reasons, the Department of Homeland Security lists 

OPs as credible chemical threat agents (Watson, Opresko et al. 2015).  

One key difference between OP nerve agents and pesticides is whether they “age”. This 

term describes the chemical process in which binding of the OP to AChE becomes irreversible, 

thereby inhibiting AChE function permanently (Sirin, Zhou et al. 2012). This process typically 

begins with phosphorylation of the active serine site of AChE by the OP, followed by a 

dealkylation of the OP, causing AChE to become refractory to oxime therapy (Quinn, 

Topczewski et al. 2017). Most OP nerve agents complete the aging process in minutes to hours 

after exposure, while most OP pesticides “age” over many hours, or sometimes not at all (Dunn 

and Sidell 1989). The cause of death from acute OP intoxication is often suffocation from a 

combination of effects in the peripheral and central nervous system that control respiration 

(Robb and Baker 2017). 

Understanding when to administer a medical countermeasure can be extremely 

challenging. The current medical countermeasures for the treatment of acute OP intoxication 

include the rapid intramuscular administration of a muscarinic cholinergic antagonist (e.g., 

atropine) and oxime (e.g., pralidoxime) to reactivate AChE, and a GABAA receptor PAM (e.g., 

the benzodiazepines diazepam or midazolam) to terminate seizures (Eddleston, Buckley et al. 

2008). However, these therapies are only effective if administered within minutes and do not 

provide protection against the long-term neurological consequences observed in survivors 
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(McDonough, Zoeffel et al. 1999, Shih 2000, Masson 2011). Additionally, benzodiazepines are 

only transiently effective at blocking OP-induced seizure activity due to the downregulation of 

their target, synaptic GABAA receptors during SE (Kuruba, Wu et al. 2018). For these reasons, 

there is an urgent need for more effective medical countermeasures against acute OP 

intoxication, as failure to stop seizures quickly can result in significant brain damage. However, 

the development of new therapeutic strategies has been stymied by the lack of understanding of 

the pathogenic mechanisms underlying the acute seizure response, and the long-term neurologic 

sequelae.  

Preclinical rodent models have been developed to assess the acute and chronic toxicity of 

acute OP intoxication and can be used to test novel therapies for antiseizure and/or 

neuroprotective efficacy (Pereira, Aracava et al. 2014, Pessah, Rogawski et al. 2016). These 

models provide a reliable platform for screening therapeutics for acute exposure to OP chemicals 

because they mimic consequences seen in humans acutely intoxicated with OPs (Pereira, 

Aracava et al. 2014, Pessah, Rogawski et al. 2016). Rodent models reliably reproduce several 

characteristics of human epilepsy, accurately reflecting the timeline of epileptogenesis and 

patterns of seizure of progression (Kandratavicius, Balista et al. 2014). Importantly, rodent 

models also generate the variability in epilepsy severity seen in human patients, more faithfully 

reflecting clinical cases (Becker 2018, Fallah and Eubanks 2020). Moreover, a number of anti-

seizure drugs have been developed in rodent models before progressing to use in humans 

(Löscher 2011). This predictive quality points to the relevance of animal models of acute OP 

intoxication and suggests that these approaches are suitable for the development of improved 

countermeasures. Recently, our lab developed a rat model of DFP-induced SE that recapitulates 

key features of acute OP intoxication in humans (Pessah, Rogawski et al. 2016, Guignet, Dhakal 



11 
 

et al. 2020). After DFP is administered subcutaneously, seizures begin within 10 minutes and 

persist for at least 4 hours. Robust neuropathology is apparent in the brain tissue of DFP-

intoxicated rats within hours of exposure and can persist for up to 60 days post-exposure (DPE). 

Specifically, a spatiotemporal pattern of severe neurodegeneration occurs and long-term 

neuroinflammatory responses like reactive astrogliosis and microglial activation are also 

observed (Guignet, Dhakal et al. 2020). These neuropathologic responses precede and are 

comorbid with long-term behavioral deficits and electroencephalographic abnormalities like 

spontaneous recurrent seizures (SRS), commonly referred to as acquired epilepsy. Despite 

significant research effort to discover an antidote for OP intoxication, current therapies in 

preclinical models are limited in their ability to prevent acute or chronic neurological effects, in 

part because the mechanisms underlying these effects are not fully understood.  

 

Mechanistic role of cholinergic receptors in OP intoxication 

The cholinergic crisis caused by OP intoxication is initiated by the effects of excessive 

ACh signaling via muscarinic cholinergic receptors (mAChRs) and nicotinic cholinergic 

receptors (nAChRs; Adeyinka and Kondamudi 2018), and OPs have also been shown to cause 

direct pathological effects in both types of receptors (Bakry, El‐Rashidy et al. 1988). 

Hyperstimulation of mAChRs is thought to be the primary cause for symptoms like salivation, 

lacrimation, urination, diarrhea, gastrointestinal discomfort, emesis, or miosis (SLUDGEM; 

Adeyinka and Kondamudi 2018), which is why current strategies to dampen cholinergic tone for 

OP intoxication focus exclusively on muscarinic receptor antagonism (Sheridan, Smith et al. 

2005). The mechanistic role of mAChRs has also been validated by preclinical models of OP 

intoxication using pharmacologic antagonism of mAChRs to prevent some of the long-term 
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consequences of acute OP exposure with caramiphen or scopolamine after atropine rescue 

(Figueiredo, Aroniadou-Anderjaska et al. 2011, Jackson, Ardinger et al. 2019). While this 

strategy can improve survival and long-term outcomes, nAChRs remain active in the brain 

during OP-SE (Smythies and Golomb 2004) and consequently are a potential mechanism for 

seizure and SE initiation.  

While existing anticholinergic therapies for OP intoxication target muscarinic receptors, 

questions have been raised in the literature about the absence of therapies targeting nAChRs 

(Smythies and Golomb 2004, Sheridan, Smith et al. 2005). When activated, these ionotropic 

receptors can allow the influx of cations like sodium or calcium into a cell, thereby contributing 

to depolarization, hyperexcitability, and the cascade of OP-induced neuropathology 

(Pidoplichko, Prager et al. 2013, Pankratov and Lalo 2014, Prager, Pidoplichko et al. 2014). This 

description is consistent with preclinical literature using nAChR antagonists after OP exposure to 

assess their role in OP-induced consequences. The nAChR antagonist MB327 (33.8 mg/kg) has 

been shown to significantly improve survival in guinea pigs following high-dose (525 µg/kg) 

soman intoxication when given at 1 min post-soman (Price, Whitmore et al. 2018), suggesting 

these receptors have a mechanistic role in soman-induced lethality. In support of this, the use of 

the nAChR antagonist 4R-cembranoid (6 mg/kg) 24 h post-DFP intoxication (9 mg/kg) 

significantly reduced neurodegeneration and reactive astrogliosis in the hippocampus at 2 DPE 

(Ferchmin, Andino et al. 2014). However, these studies only evaluated neuropathology in the 

days following OP intoxication, and did not investigate the role of nAChRs in the initiation or 

maintenance of acute SE. Therefore, it is of great interest to determine the potential role of 

nAChRs in the pathophysiology of OP-induced SE to gain a better understanding of their 

contribution to acute intoxication.  
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The nAChR is a pentameric, ionotropic receptor that allows the influx of cations 

including sodium or calcium into the postsynaptic cell when activated (Davis and de Fiebre 

2006). In the CNS, the ɑ4β2 and ɑ7 are the predominant nAChR subtypes that are expressed 

(Davis and de Fiebre 2006). The ɑ4β2 nAChR is a heteropentamer consisting of a combination 

of ɑ4 and β2 subunits, and the agonist binding site for ACh is located at the extracellular ɑ4 and 

β2 interface. This subtype is known to be involved with epilepsy, as some patients have 

displayed missense mutations in the transcript for the ɑ4 subunit (Steinlein, Mulley et al. 1995), 

and transgenic mice with hypersensitive ɑ4 receptors display higher sensitivity to agonist-

induced seizures (Fonck, Nashmi et al. 2003). The ɑ7 nAChR is a homopentamer consisting 

exclusively of ɑ7 subunits (Davis and de Fiebre 2006), and the ACh binding site is found 

between each interface of the extracellular subunits, allowing five active domains for binding 

ACh (Davis and de Fiebre 2006). When activated, these receptors can influence synaptic 

remodeling and neurotransmitter release (Orr-Urtreger, Goldner et al. 1997). The ɑ4 and ɑ7 

nAChR subunits have been implicated in cognitive dysfunction, brain matter loss, and 

neuroinflammation that are seen in neurodegenerative diseases such as Alzheimer’s Disease and 

Parkinson’s (Lloyd and Williams 2000). Collectively, these observations suggest that the ɑ4 

and/or ɑ7 nicotinic receptor subtypes may be required for the induction and maintenance of 

DFP-induced hyperexcitability, and that these receptors could be viable targets for prophylactic 

therapy before exposure to OPs.  

 

Dissertation Overview 

This dissertation addresses critical data gaps in the understanding of SE induced by 

chemical threat agents. Specifically, I focused on evaluating the neurologic consequences of SE 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3162463/figure/F1/
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using two mechanistically diverse mouse models of SE induced by chemical threat agents. 

TETS-SE mice were used for in vivo imaging in the days after acute TETS intoxication and 

DFP-SE mice were used for investigation of pathogenic mechanisms contributing to OP 

intoxication. First, neuropathologic responses have not yet been characterized in the TETS SE 

mouse model. In Chapter 2, neuropathology in a mouse model of acute TETS-induced SE is 

characterized using longitudinal MR and PET imaging to describe the spatiotemporal profile of 

brain damage over the first 14 days post-intoxication. Second, while there are several rat models 

of DFP-induced SE exhibiting long-term neurological deficits, there is a lack of long-term data 

in existing mouse models of DFP-SE. The development of a C57BL/6J mouse model in this 

context would establish long-term consequences in this strain of mice and provide a platform to 

leverage C57BL/6J knockout mice for mechanistic studies of OP intoxication. Therefore, in 

Chapter 3, long-term neuropathology and behavioral deficits are established in a mouse model of 

DFP-induced SE using histological, biochemical, and behavioral approaches. Third, the role of 

nicotinic cholinergic receptors in OP intoxication is not well understood and gaining more 

knowledge about the role of these receptors in the cholinergic crisis and initiation of SE can 

assist in prophylactic strategies for exposure to OPs. By leveraging a mouse model of DFP-SE, 

pharmacologic and genetic approaches could be used to illuminate which nicotinic receptor 

subtypes are most vulnerable to the initiation of SE. In Chapter 4, nicotinic receptors are 

investigated for their role in DFP-induced SE using nicotinic antagonists or knockout mice 

lacking nicotinic receptors in the newly generated DFP mouse model of SE. In summary, this 

thesis expands the utility of mouse models for studying brain damage following SE induced by 

chemical threat agents and identifies a mechanistic role for nicotinic receptors in the 

pathophysiology of OP-SE. These findings enhance the current understanding of pathological 
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mechanisms of OPs and can help to identify novel therapies to improve medical countermeasures 

against intoxication.  
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Figure 1. 
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Figure 1. Illustration of the 3-dimensional chemical structures of organophosphate (OP) nerve 

agents (sarin and soman), OP pesticides (diisopropylfluorophosphate (DFP) and paraoxon), and 

GABAA receptor antagonists [tetramethylenedisulfotetramine (TETS) and RDX].  
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Figure 2.  
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Figure 2. Diagram illustrating GABAA receptor subunits with binding domains for TETS (red 

diamond) and benzodiazepines (blue diamond), and the potential downstream effects related to 

seizures.  
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Figure 3. 

 

  



21 
 

Figure 3. Illustrated comparison of the recent use, chemical characteristics, and government 

regulation of organophosphate nerve agents and pesticides. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  



22 
 

Figure 4. 
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Figure 4. Illustration of neurotransmission at a cholinergic synapse in healthy conditions (left) 

compared to the cholinergic crisis after intoxication with cholinesterase inhibitors (right). 

Acetylcholinesterase is an enzyme that regulates cholinergic neurotransmission through the 

breakdown of acetylcholine at the cholinergic synapse. Therefore, the inhibition of 

acetylcholinesterase by organophosphates can lead to the excessive accumulation of 

acetylcholine, which can cause the cholinergic crisis. Created with BioRender.com. 
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Abstract: 

Acute intoxication with tetramethylenedisulfotetramine (TETS) can trigger status epilepticus 

(SE) in humans. Survivors often exhibit long-term neurological effects, including electrographic 

abnormalities and cognitive deficits, but the pathogenic mechanisms linking acute toxic effects 

of TETS to chronic outcomes are not known. Here, we use advanced in vivo imaging techniques 

to longitudinally monitor the neuropathological consequences of TETS-induced SE in two 

different mouse strains. Adult male NIH Swiss and C57BL/6J mice were injected with riluzole 

(10 mg/kg, i.p.), followed 10 min later by an acute dose of TETS (0.2-0.3 mg/kg, i.p.) or an 

equal volume of vehicle (10% DMSO in 0.9% sterile saline). Seizure behavior began within 

minutes of TETS exposure and rapidly progressed to SE that was interrupted after 40 min by 

administration of midazolam (1.8 mg/kg, i.m.). The brains of vehicle and TETS-exposed mice 

were imaged using in vivo magnetic resonance (MR) and translocator protein (TSPO) positron 

emission tomography (PET) at 1, 3, 7, and 14 days post-exposure to monitor brain injury and 

neuroinflammation, respectively. When the brain scans of TETS mice were compared to those of 

vehicle controls, subtle and transient neuropathology was observed in both mouse strains, but 

more extensive and persistent TETS-induced neuropathology was observed in C57BL/6J mice. 

In addition, one NIH Swiss TETS mouse that did not respond to the rescue therapy, but remained 

in SE for more than 2 h, displayed robust neuropathology as determined by in vivo imaging and 

confirmed by FluoroJade C staining and IBA-1 immunohistochemistry as readouts of 

neurodegeneration and neuroinflammation, respectively. The findings in this study demonstrate 

that the extent of injury observed in the mouse brain after TETS-induced SE varies according to 

strain and the duration of SE. These observations suggest that humans who do not respond to 
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antiseizure medication after acute TETS intoxication are at increased risk for brain injury, 

justifying efforts to identify more effective medical countermeasures against TETS. 

 

Keywords: MRI, neurodegeneration, neuroinflammation, PET, tetramine 
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Introduction 

 Tetramethylenedisulfotetramine (TETS) is a globally banned rodenticide listed by the 

United States Department of Homeland Security as a potential chemical threat agent (Shakarjian 

et al., 2016). Despite being a highly effective rodenticide, worldwide production of TETS was 

banned in 1984 because of its extremely low LD50 of 100 µg/kg, which is approximately 7-10 

mg in a 70 kg human, and because of its persistence in the environment (Guan et al., 1993; 

reviewed in Whitlow et al., 2005). Nevertheless, because of high consumer demand for effective 

rodenticides, and because of the low-cost and ease of synthesizing TETS, this rodenticide 

remains widely available on the black market in Asian countries (reviewed in Patocka et al., 

2018). Accidental and intentional poisonings are not uncommon in Asia, and typically occur 

through ingestion since TETS is tasteless and odorless (reviewed in Zhang et al., 2011). Ensuing 

symptoms are dose-dependent and include nausea, dizziness, headache, pulmonary edema, organ 

congestion, calcium depositions in the kidney, fatty liver, and seizures that can progress to status 

epilepticus (SE) (Zhou et al., 1998). Acute intoxication with high doses can be fatal within a few 

hours (Barrueto et al., 2003). Brainstem hemorrhage as well as edema and congestion of brain 

tissue have been observed in patients who survived acute poisoning with TETS (reviewed in 

Whitlow et al., 2005).   

 The mechanism by which TETS triggers seizures involves GABAA receptor (GABAAR) 

antagonism (Pressly et al., 2021; Pressly et al., 2018; Shakarjian et al., 2016).The current 

standard of care for terminating TETS-induced seizure activity is treatment with GABAAR 

positive allosteric modulators, typically, high dose benzodiazepines (Whitlow et al., 2005). 

While this treatment is sufficient to prevent death, it does not protect against the long-term 

electrographic abnormalities, including recurrent seizures, and cognitive deficits observed in 



 

36 

 

survivors (Croddy, 2004; Deng et al., 2012; Whitlow et al., 2005). It remains unclear whether 

these neurological deficits are the result of excitotoxicity downstream of prolonged seizure 

activity or the consequence of seizure-independent toxicodynamic actions of TETS. This 

uncertainty reflects the paucity of clinical or preclinical data regarding the pathogenic 

mechanisms that underlie the long-term consequences of TETS-induced SE. To address this data 

gap, rodent models of TETS-induced seizures have been developed to study the consequences of 

acute TETS exposure (Rice et al., 2017; Shakarjian et al., 2012; Zolkowska et al., 2012). 

However, in these early models of TETS-induced seizures, animals did not develop SE. For 

example, in the NIH Swiss mouse, during the first 18-20 min post-TETS exposure, mice 

experienced 2 bursts of clonic seizure activity of several minutes in duration followed by a tonic-

clonic seizure of several minutes duration that often resulted in death (Pessah et al., 2016; 

Zolkowska et al., 2012). Administration of high dose benzodiazepine or combined low dose 

benzodiazepine and neurosteroid prior to the onset of the tonic-clonic seizures rescued animals 

from death (Bruun et al., 2015; Vito et al., 2014). In these TETS models, neurodegeneration was 

not detected by FluoroJade C staining at 1, 2, 3, and 7 days post-exposure, but there was a 

transient neuroinflammatory response, evident as increased IBA-1 and GFAP immunoreactivity 

in the cortex and hippocampus during the first 1-3 days post-exposure (Bruun et al., 2015; 

Zolkowska et al., 2012). These animals did not exhibit changes in cognition, anxiety, or 

depression (Flannery et al., 2015). The failure of these models to recapitulate the chronic effects 

observed in humans who survive acute TETS intoxication was attributed to the fact that mice did 

not develop SE using these dosing paradigms.  

 We recently developed a mouse model of TETS-induced SE in which animals are 

injected with riluzole 10 min prior to TETS to prevent tonic-clonic seizures (Pessah et al., 2016; 
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Zolkowska et al., 2018). In this model, TETS-intoxicated animals experienced continuous 

seizures that began within minutes of TETS injection and continued until the animal died, 

usually within 60-90 min post-exposure. Treatment with a benzodiazepine or neurosteroid at 40-

60 min post-exposure rescued most animals exposed to TETS using this modified dosing 

paradigm. Here, we leveraged this novel mouse model to determine whether TETS-induced SE 

is associated with robust and persistent neurodegeneration and neuroinflammation as has been 

documented in preclinical models of organophosphate-induced SE (reviewed by Andrew and 

Lein, 2021; Naughton and Terry, 2018; Tsai and Lein, 2021). Additionally, while preclinical 

models of TETS-induced seizures have primarily used NIH Swiss or C57BL/6 mice, no direct 

comparison has been made to address strain differences in chronic responses to acute TETS 

intoxication. The overall goal of this study was to use in vivo imaging techniques to quantify the 

spatiotemporal patterns of neuropathology after TETS-induced SE and to determine whether 

these patterns varied between two mouse strains commonly used to study seizure disorders. 

Specifically, we used magnetic resonance imaging (MRI) and positron emission tomography 

(PET), which we have previously validated as methods to monitor spatiotemporal profiles of 

brain damage in preclinical models of chemical-induced SE (Hobson et al., 2019; Hobson et al., 

2017). We utilized three-dimensional, T2-weighted (T2W) anatomic MR images of the brain 

collected longitudinally to track the spatiotemporal changes in brain or ventricle volume, and 

diffusion-weighted imaging (DWI) to document changes in regional tissue water diffusion that 

distinguish healthy versus pathologic tissue (Hobson et al., 2017). For PET we employed a 

radiolabeled ligand of the translocator protein (TSPO), which has been shown to be a biomarker 

of neuroinflammation in clinical and preclinical studies (Guilarte, 2019).  
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Materials and Methods 

Animals 

All studies involving animals were designed to minimize pain and suffering and were 

conducted in accordance with protocols approved by the University of California, Davis, 

Institutional Animal Care and Use Committee. All animals were housed in facilities accredited 

by AAALAC International. Adult male C57BL/6J mice (8-10 weeks old; 22-33g) and NIH Swiss 

mice (8-10 weeks old; 22-33g) were maintained on a 12:12 light:dark cycle in a temperature and 

humidity-controlled vivarium (22 ± 2 ºC; 40-50% humidity). Mice were singly housed in 

standard plastic cages, provided standard mouse chow (LabDiet, #5058) and tap water ad 

libitum, and allowed to acclimate for at least 7 days prior to experimentation. 

 

Drugs and Dosing Paradigm 

Riluzole was purchased from Oakwood Products (West Columbia, SC, USA) and 

recrystallized to increase purity (>98%). TETS was synthesized and its purity (>99%) 

determined as previously described (Zhao et al., 2014). Pharmaceutical grade midazolam (MDZ; 

5 mg/mL MDZ in 0.8% sodium chloride, 0.01% edetate disodium, 1% benzyl alcohol) was 

purchased from Hospira (Lake Forest, IL, USA). Mice were injected with riluzole (10 mg/kg, 

i.p.; Figure 1) 10 min prior to injection with TETS (0.2-0.3 mg/kg, i.p.), a dosing paradigm 

previously shown to induce SE in mice (Pessah et al., 2016; Zolkowska et al., 2018). Pilot 

studies were conducted to identify a dose of TETS that caused SE with similar onset and severity 

in NIH Swiss (0.2 mg/kg, i.p.) and C57BL/6J (0.3 mg/kg, i.p.) in order to compare potential 

strain differences in vulnerability to neuropathology caused by SE. Animals were administered 

MDZ (1.8 mg/kg, i.m.) 40 min post-TETS to terminate seizure behavior. Vehicle animals were 
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similarly treated with riluzole and MDZ but injected with vehicle (10% DMSO in 0.9% sterile 

saline) in place of TETS. Animals looking weak or ill following dosing were placed on heating 

pads and injected with 1 mL dextrose (10%, s.c.) as needed.  

 

In Vivo Imaging and Analysis 

Magnetic resonance imaging (MRI) 

MRI scans were performed at the Center for Molecular and Genomic Imaging (CMGI) at 

the University of California, Davis, using a Bruker Biospec 70/30 (7T) preclinical MR scanner 

(Bruker BioSpin MRI; Ettlingen, Germany). Whole brain anatomical T2W and diffusion-

weighted MRI data were collected from mice at 1, 3, 7, and 14 days after TETS exposure, 

similar to what has been previously described (Hobson et al., 2017). MRI was performed using a 

116 mm internal diameter B-GA12S gradient (450 mT/m, 4500 T/m/s), a 72 mm internal 

diameter linear transmit coil, and a four-channel mouse brain surface coil for signal reception. 

Mice were continuously anesthetized with isoflurane (1-3%), which was adjusted to maintain a 

respiration rate of 70-90 breaths per min and were secured to a stereotactic restraint to prevent 

motion with warm air used to maintain body temperature (37 ºC) during image acquisition. T2W 

rapid acquisition with repeated echoes (RARE) images were acquired for ~12 min using the 

following parameters: repetition time (TR) = 6100 ms; effective echo time (TE) = 60 ms; RARE 

factor = 8; averages = 8; field of view (FOV) = 15x15 mm2 (120x120 data matrix); 44 slices with 

0.25 mm thickness. Diffusion Tensor Imaging (DTI) scans were acquired immediately after T2W 

acquisition for up to 1 h using the following parameters: TR = 5500 ms; TE = 30 ms; FOV = 

17.5x15 mm2 (140x120 data matrix); 13 slices with 0.5mm thickness; averages = 4. Paravision 
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5.1 software (Bruker BioSpin MRI) was used for image acquisition, reconstruction, and the 

generation of parametric apparent diffusion coefficient (ADC) maps.  

 

Positron emission topography (PET) 

PET imaging was performed using a radiolabeled ligand ([18F]PBR111) that targets 

TSPO 18 kDa, a validated marker of neuroinflammation (Ottoy et al., 2018; Van Camp et al., 

2010). Automated synthesis of [18F]PBR111 was performed as previously described (Bourdier et 

al., 2012). PET scans were performed at the CMGI at the University of California, Davis, using a 

Siemens Inveon DPET small animal scanner (Siemens Corporation; Munich, Germany) or a 

microPET Focus 120 (Siemens Corporation), as previously described (Hobson et al., 2019). For 

repeated measures in the same animal at different times post-exposure, animals were scanned on 

the same PET scanner. Mice were continuously anesthetized with isoflurane (1-3%), which was 

adjusted to maintain a respiration rate of 70-90 breaths per min during acquisition. Mice were 

secured in a stereotactic restraint to minimize motion during PET scans, and whole brain scans 

were acquired at 1, 3, 7, and 14 days post-exposure. Immediately following the beginning of data 

acquisition, a bolus of [18F]PBR111 (avg activity = 39.6 ± 2.2 MBq; in 200 µL saline) was 

injected via tail-vein, and PET scan acquisition duration was ~60 min.  

 

Image Analysis 

Image processing and analysis were performed using PMOD v.3.9 (PMOD Technologies; 

Zurich, Switzerland). A mouse brain digital atlas (Mirrione et al., 2007) was used to isolate 

individual brain regions in three dimensions for each subject and was manually adjusted for 

regional accuracy and registered to the T2W and diffusion MR scans. ADC values were 



 

41 

 

extracted, initially calculated in a voxel-by-voxel basis and averaged for each brain region of 

interest. The standard deviation of the ADC (‘ADC SD’) between voxels in each brain region 

was also calculated and provided a useful metric for quantifying neurodegeneration (Hobson et 

al., 2017). PET scans were registered to the T2W reference image to extract the standardized 

uptake value (SUV) of the radiolabeled tracer for each brain region. The SUV averaged over 

each brain region (‘Average SUV’) served as a measure of neuroinflammation.  

 

Histology  

At 7 days post-TETS exposure, a subset of mice imaged in this study was anesthetized 

with 4-5% isoflurane in medical-grade oxygen, perfused with ~25 mL of 4% (w/v) 

paraformaldehyde (PFA; Sigma; St. Louis, MO, USA) in phosphate-buffered saline (PBS; 3.6 

mM Na2HPO4, 1.4 mM NaH2PO4, 150 mM NaCl; pH 7.2) using a Peri-Star Pro peristaltic pump 

(5 mL/min). Brains were removed, and the freshly perfused whole brains were immediately 

placed into 20 mL glass scintillation vials containing 10 mL of 4% (w/v) PFA in PBS (pH 7.2). 

After 24 h, whole brains were transferred into 30% (w/v) sucrose (Fisher; Houston, TX, USA) in 

PBS (3.6 mM Na2HPO4, 1.4 mM NaH2PO4, 150 mM NaCl; pH 7.2) for an additional 48 h or 

until the tissue sank completely to the bottom of the vial. Fixed whole brains were serially 

sectioned into 2 mm thick coronal slices using a mouse brain matrix (Zivic Instruments, #5325; 

Pittsburgh, PA, USA) and embedded by flash freezing in optimal cutting temperature medium 

(OCT; Fisher HealthCare; Waltham, MA, USA). Blocked brain sections were stored at -80º C 

until cryosectioned using a Microm HM550 cryostat (Thermo Fisher Scientific, Waltham, MA, 

USA) into 10 µm thick slices on Superfrost plus microscope slides (Fisher HealthCare). Slides 

were stored at -80º C prior to staining or immunohistochemistry.  
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FluoroJade C (FJC) staining 

Neurodegeneration was assessed using FJC (AG325, MilliporeSigma; Burlington, MA, 

USA) staining. Brain slices were thawed on ice, then incubated in 0.06% (w/v) KMnO4 (Sigma) 

in distilled H2O (dH2O) for 10 min, rinsed 3x in dH2O, and incubated in 0.00015%, w/v FJC and 

0.5 µg/mL DAPI (Invitrogen; Carlsbad, CA, USA) in 0.1% acetic acid (Acros Organics; Geel, 

Belgium) in dH20 for 10 min in the dark. Slides were then dipped in xylene (X5SK-4, Assay 

grade; Thermo Fisher Scientific) for 1 min, mounted in Permount (Thermo Fisher Scientific), 

coverslipped, and imaged at 20X magnification on a high content ImageXpress imaging system 

(Molecular Devices; Sunnyvale, CA, USA). Neurodegeneration of the cortex and hippocampus 

was evaluated by counting neurons positively labeled with FJC (per mm2) at 7 days post-

exposure, as described previously (Zolkowska et al., 2012).  

 

Immunohistochemical analyses of neuroinflammation 

Neuroinflammation was assessed by quantifying ionized calcium binding adaptor 

molecule 1 (IBA-1) immunoreactivity, a biomarker of microglia (Ito et al., 1998), as previously 

described (Guignet et al., 2020). Briefly, brain slices were incubated in blocking buffer (PBS 

containing 10% normal goat serum (v/v; Vector Laboratories, Burlingame, CA, USA), 1% 

bovine serum albumin (w/v; Sigma), and 0.03% Triton (v/v; ThermoFisher Scientific) for 1 h at 

room temperature to prevent nonspecific binding of the primary antibody. Brain slices were then 

incubated in primary rabbit anti-IBA-1 antibody (1:1000 in blocking buffer; RRID:AB_839504, 

Wako Laboratory Chemicals; Richmond, VA, USA) overnight at 4 ºC. At the end of incubation, 

brain slices were washed 3x for 5 min with PBS and then incubated in secondary antibody 

solution (Goat anti-rabbit IgG AlexaFluor 568 diluted 1:500 in PBS containing 0.03% Triton 



 

43 

 

(v/v); RRID:AB_10563566, Life Technologies; Carlsbad, CA, USA) for 1 h at room temperature 

in the dark. Slides were then mounted in ProlongGold anti-fade reagent with DAPI (Thermo 

Fisher Scientific), coverslipped, and imaged on a high content ImageXpress imaging system at 

20X magnification. Neuroinflammation in the cortex and hippocampus of all animals was 

evaluated by measuring the percent area of brain tissue positively labeled with IBA-1 at 7 days 

post-exposure, as described previously (Zolkowska et al., 2012).    

 

Statistical Analyses 

Primary outcomes from the in vivo imaging studies included regional measures of the 

ADC SD and average SUV. Regions of interest (ROIs) included the amygdala, hippocampus, 

piriform cortex, somatosensory cortex, striatum, and thalamus. The ADC, ADC SD, and average 

SUV were available for all ROIs in all animals. Measures from the right and left hemisphere 

were averaged for the amygdala, hippocampus, piriform cortex, and striatum. Data were 

available for two strains of mice (C57BL/6J, NIH Swiss), for two treatment groups (TETS, 

vehicle), and at various days post-exposure (1, 3, 7, 14). Days post-exposure was treated as a 

categorical variable to allow for comparisons between experimental groups by day. Due to the 

repeated measures across brain regions and days post-exposure, mixed effects regression models 

were used to assess differences between TETS and vehicle. Both the average SUV and the ADC 

SD were transformed using the natural log prior to analysis to meet assumptions of the model 

including normality and constant variance. All models considered days post-exposure, brain 

region, treatment group and their interactions, and included an animal-specific random effect. 

Akaike Information Criterion was used for model selection. Contrasts specifically comparing 

experimental groups overall, by treatment or by day, were constructed and used to test for 
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differences between TETS and vehicle. Benjamini-Hochberg False Discovery Rate (FDR) was 

used to control for multiple comparisons across all contrasts within a model (Benjamini and 

Hochberg, 1995). Primary analyses were conducted separately for each mouse strain, although 

secondary analyses directly assessed differences between strains, by including strain and related 

interactions in the models. All analyses were performed in SAS (version 9.4, SAS Institute, Inc.; 

Cary, NC, USA), and graphics were created in R (version 3.6.3, R Core Team, Vienna, Austria). 

 

Results 

Diffusion-Weighted MRI  

 Exposure effects were not dependent on brain region, so regions were collapsed for both 

strains of mice (Figure 2). The ADC SD was significantly higher in C57BL/6J TETS animals 

than vehicle (VEH) animals on days 3 (p<0.001), 7 (p<0.001), and 14 (p<0.05) post-exposure, 

but there was no difference on day 1 (p=0.8). For the NIH Swiss mice, there were no significant 

differences in the ADC SD between TETS and VEH animals on any day that survived the FDR 

correction. Individual data points used to generate this figure can be found in the supplemental 

material (Tables S1 and S2). 

 

 

TSPO PET Imaging  

 There were no significant differences in the average SUV between C57BL/6J TETS and 

VEH mice in any brain region on day 1 post exposure (Figure 3). However, on days 3 and 7 

post-exposure, the average SUV was significantly higher in TETS than VEH animals across all 

brain regions (p<.02) except the thalamus. On day 14 post-exposure, average SUV remained 
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significantly higher in TETS than VEH animals in the piriform cortex only (Geometric mean 

ratio (GMR) =1.1, 95% CI: (1.05, 1.25), p=.003). In NIH Swiss mice, brain regions were 

collapsed because exposure effects were not region dependent. Average SUV was significantly 

higher in TETS animals than VEH animals on day 3 only (GMR: 1.1, 95% CI: (1.04, 1.23), 

p=.003). Individual data points used to generate this figure can be found in the supplemental 

material (Table S3). 

 

Strain Comparison 

 Exposure effects were not significantly different between mouse strains for any outcome. 

In C57BL/6J mice, the exposure effect was 13% lower than that in NIH Swiss mice on day 1 

(90% CI: 0.63, 1.21), 4.6% higher on day 3 (90% CI: 0.94, 1.16), 11% higher on day 7 (90% CI: 

0.97, 1.27) and 3.8% lower on day 14 (90% CI: 0.81, 1.14). Similarly, the effect measured by 

ADC SD was 2.6% higher in C57BL/6J mice than NIH Swiss mice (90% CI: 0.89, 1.19). 

 

Seizure Duration Predicts Neuropathology  

 During the course of this study, we observed one NIH Swiss mouse acutely intoxicated 

with TETS that continued to seize after MDZ treatment, and thus experienced SE >120 min. This 

mouse survived for 7 days post-exposure. Histological analysis of the brain from this animal 

revealed abundant FJC labeling in the outer cortex and in the CA1 and CA3 regions of the 

hippocampus, demonstrating severe neurodegeneration. In contrast, no FJC-labeled cells were 

observed in the cortex or hippocampus of any of the other NIH Swiss mice 7 days after exposure 

to VEH or TETS with SE terminated at 40 min by midazolam (Figure 4A). Quantitative analysis 

confirmed this observation with VEH, TETS SE 40 min, and TETS SE >120 animals showing 5, 
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67, and 1237 FJC-positive cells per square millimeter in the cortex and 0, 9, and 735 FJC-

positive cells in the hippocampus, respectively (Figure 4B). The TETS animal who experienced 

SE >120 min also had significantly increased IBA-1 immunoreactivity in the outer cortex and in 

the CA1 and CA3 regions of the hippocampus compared to VEH and TETS animals with SE for 

40 min, suggesting an elevated neuroinflammatory response in the animal with SE >120 min 

(Figure 4A). This finding was confirmed by quantitative analysis of the percent area of regional 

IBA-1 staining: VEH, TETS SE 40 min, and TETS SE >120 animals showed areas of 3.7, 6.7, 

and 34.4% IBA-1 immunoreactivity in the cortex and 3.5, 3.3, and 33.8% IBA-1 

immunoreactivity in the hippocampus, respectively (Figure 4B).  

 T2W MRI revealed regions of hyperintensity in the cortex and hippocampus of the TETS 

animal with SE >120 min compared to VEH and TETS animals with SE of 40 min, suggesting 

tissue degeneration with increased duration of SE. A parametric map of ADC showed visibly 

lower levels of intensity in the outer cortex and hippocampus of the TETS SE >120 min animal 

as well (Figure 4A). ADC SD values in the VEH, TETS SE 40 min, and TETS SE >120 min 

animals were 0.08, 0.08, and 0.12 in the cortex and 0.07, 0.06, and 0.11 in the hippocampus, 

respectively (Figure 4B). The TSPO PET images show noticeably higher levels of radiotracer 

uptake in the cortex and hippocampus regions of the TETS animal with SE >120 min compared 

to the VEH and TETS animal with SE of 40 min (Figure 4A). Average SUV values of the VEH, 

TETS SE 40 min, and TETS SE >120 min animals were 0.57, 0.68, and 0.77 in the cortex and 

0.37, 0.41, and 0.64 in the hippocampus, respectively (Figure 4B). 

 

Discussion 

 The goal of this study was to use in vivo imaging to longitudinally monitor 

neuropathology in a novel mouse model of TETS-induced SE (Pessah et al., 2016; Zolkowska et 
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al., 2018), and to compare quantitative outcomes between two mouse strains, NIH Swiss and 

C57BL/6J, that are commonly used to investigate seizure disorders. Our major findings were: (1) 

Mice that experienced ~40 min of TETS-induced SE exhibited delayed and transient 

neuropathology. (2) While statistically significant differences in imaging metrics between strains 

were not observed, TETS-induced brain injury as indicated by significantly increased ADC SD 

from diffusion-weighed MRI was observed only in C57BL/6J mice. TETS-induced 

neuroinflammation measured as increased average SUV in TSPO PET was observed at 3 and 7 

days post-exposure in the C57BL/6J mice but only at 3 days post-exposure in the NIH Swiss 

mouse. (3) In a rare TETS-intoxicated NIH Swiss mouse that survived SE for at least 120 min in 

duration, both in vivo imaging and histologic assessments documented significant 

neurodegeneration and a more robust neuroinflammatory response at 7 days post-exposure 

compared to NIH Swiss mice with TETS-induced SE of ~40 min. 

 Previous studies have demonstrated that acute intoxication with TETS can trigger dose-

dependent seizures and death in NIH Swiss (Zolkowska et al., 2012) and C57BL/6 (Shakarjian et 

al., 2015; Shakarjian et al., 2012) mice, but these exposures did not cause SE. Histologic and 

behavioral analyses of brains from NIH Swiss mice that experienced TETS-induced clonic 

seizures, but were rescued from death by benzodiazepine treatment at 20 min post-TETS 

exposure prior to the onset of tonic-clonic seizures, identified markedly increased expression of 

GFAP and IBA-1 at 1 to 3 days post-exposure in cortex and hippocampus, but no 

neurodegeneration or behavioral deficits (Bruun et al., 2015; Flannery et al., 2015; Vito et al., 

2014). The mild neurological profile associated with these TETS exposures was attributed to the 

fact that these animals did not develop SE. Recently, we found that pretreatment with riluzole to 

prevent tonic hindlimb extension caused mice acutely intoxicated with TETS to transition from 
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clonic-tonic seizures to prolonged SE that developed within minutes after exposures and 

persisted until animals died, typically 60-90 min post-exposure (Pessah et al., 2016; Zolkowska 

et al., 2018). In this model of TETS-induced SE, mice were rescued from death by 

administration of midazolam at 40 min post-TETS injection (Pessah et al., 2016; Zolkowska et 

al., 2018).  

 Preclinical studies have demonstrated that 20-40 min of SE triggered by 

organophosphates (OPs) and other chemical convulsants, such as pilocarpine and kainic acid 

causes significant neuroinflammation and neurodegeneration in multiple brain regions that 

persists for days to months [reviewed by (de Araujo Furtado et al., 2012; Guignet and Lein, 

2019)]. Thus, we hypothesized that animals that survived TETS-induced SE for ~40 min would 

show extensive and persistent brain injury detectable by MRI and TSPO PET as previously 

reported for a rat model of OP-induced SE (Hobson et al., 2019; Hobson et al., 2017). Compared 

to our earlier histologic evaluation of neurodegeneration in TETS-intoxicated NIH Swiss mice 

that did not develop SE, in which no neurodegeneration was observed by FluoroJade B staining 

in any brain region from 4 h to 7 days post-exposure (Zolkowska et al., 2012), the NIH Swiss 

mouse model of TETS SE appeared to have greater brain damage as evidenced by a significantly 

increased ADC SD from diffusion-weighted MRI at 3 days post-exposure. While a direct 

comparison between these two models is not possible because of the different methods used to 

assess brain damage, our previous studies in a rat model of OP-induced SE has demonstrated a 

strong positive correlation between the ADC SD and FJC labeling (Hobson et al., 2017). In 

contrast, both the earlier TETS seizure and the novel TETS SE NIH Swiss models exhibited 

increased neuroinflammation at 3 days post-exposure, although again, different methods (GFAP 

and IBA-1 immunohistochemistry vs. TSPO PET) were used. However, the magnitude and 
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persistence of brain injury detected by diffusion-weighted MRI and TSPO PET in the TETS SE 

mouse model was notably less severe compared to that reported in OP SE rat models (Hobson et 

al., 2019; Hobson et al., 2017). The reason(s) for these differences in neuropathology between 

TETS and OP models are not known but may include differences in species, the nature of 

electrographic changes during SE (Calsbeek et al., 2018), seizure-independent toxicodynamics 

(e.g., acetylcholinesterase inhibition by OPs vs. GABAA receptor inhibition by TETS), or more 

effective termination by midazolam of SE triggered by TETS (Zolkowska, unpublished data) vs. 

OPs (Supasai et al., 2020; Wu et al., 2018). Collectively, however, these observations suggest 

that chemical-induced SE is not necessarily associated with extensive brain damage. 

 However, consistent with what has been shown in preclinical models of OP-induced SE 

(Baille et al., 2005; McDonough et al., 1995; Siso et al., 2017), we observed that the duration of 

TETS-induced SE was directly correlated with the extent of neuropathology. While 

administration of midazolam at 40 min post-TETS injection terminated seizure in almost all mice 

in our study, one NIH Swiss mouse continued to seize for >80 min after treatment with 

midazolam. Analyses of brain damage at 7 days post-exposure by in vivo imaging and histology 

(FJC staining to detect neurodegeneration and IBA-1 immunohistochemistry to detect 

neuroinflammation) revealed greater neuropathology in the NIH Swiss mouse that experienced 

SE for >120 min than was observed in an NIH Swiss mouse that responded to midazolam and 

thus experienced SE for ~40 min. A major limitation of this observation is that we only had one 

animal in the group with SE >120 min, therefore, no statistically significant conclusions can be 

drawn. However, the magnitude of the differences in the severity of neuropathology between the 

animals with 40 min vs. 120 min of SE suggests that the correlation between seizure duration 

and neuropathology following TETS-induced SE is likely real. 
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 In mice, seizure response and behavioral outcomes following seizures have been shown 

to be influenced by genetic background (Copping et al., 2019), therefore, another key question 

addressed in this study was whether the neuropathologic consequences of TETS-induced SE 

differed between NIH Swiss and C57BL/6J mice, the two strains previously used to investigate 

TETS-induced seizures (Shakarjian et al., 2015; Shakarjian et al., 2012; Zolkowska et al., 2012). 

Despite the lack of statistically significant differences in direct comparison of in vivo imaging 

metrics between strains, the presence and time course of brain damage measured by MR and 

PET imaging varied by strain. Exposure effects between VEH and TETS NIH Swiss mice were 

significantly different only for PET imaging and only on day 3 post-exposure, whereas TETS-

intoxicated C57BL/6J were found to be significantly different from VEH as determined by MR 

and PET imaging at days 3 and 7 post-exposure, suggesting genetic background may influence 

the neuropathologic consequences of TEST-induced SE. However, the dose of TETS was 

increased in C57BL/6J mice (0.3 mg/kg TETS) relative to NIH Swiss mice (0.2 mg/kg TETS), 

therefore, it is possible that the more persistent damage observed in the C57BL/6J mouse is due 

to dose-dependent, seizure-independent toxicodynamic effects of TETS. Nonetheless, these 

different doses were used in order to produce SE with similar time-to-onset, duration, and 

severity between the two strains, suggesting the possibility of variable neuropathologic responses 

in a diverse human population after comparable seizure activity triggered by acute TETS 

intoxication.  

In conclusion, TETS-induced SE of ~40 min in duration caused a delayed and subtle, 

transient neuropathology, the spatiotemporal profile and magnitude of which varied between 

strains. In contrast, TETS-induced SE of ~120 min was associated with much more severe 

neuropathology. This suggests that the therapeutic window for effectively mitigating the 
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neurological consequences of acute TETS intoxication may be longer than it is for other 

chemical convulsants, such as OPs. Collectively, these data suggest that the extent and 

persistence of neuropathologic changes following TETS-induced SE is likely influenced by 

genetic factors and by the duration of SE. Therefore, TETS-intoxicated patients who either do 

not respond to standard of care medical countermeasures or receive such medications at 

significantly delayed times post-exposure, are at increased risk for more extensive and severe 

neuropathology.  
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Figure 1. Dosing paradigm and imaging schedule. Adult mice were pretreated with riluzole 10 

min prior to the administration of vehicle or tetramethylenedisulfotetramine (TETS). NIH Swiss 

mice were injected with TETS (0.2 mg/kg) or VEH, and C57BL/6J were injected with TETS (0.3 

mg/kg) or VEH. 40 min later, a rescue dose of midazolam (MDZ) was administered to stop 

seizure behavior. Brains of TETS-intoxicated and vehicle control mice were imaged using MRI 

and PET at 1, 3, 7, and 14 days post exposure. Sample sizes for each strain and exposure group 

are shown in the table to indicate repeated imaging time points within subjects for mice in this 

study. 
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Figure 2. Acute TETS intoxication-induced neuropathology, as detected by diffusion-

weighted imaging (DWI). Representative anatomical (T2W, left column) and parametric maps 

(DWI, right column) of vehicle (VEH) and TETS-intoxicated C57BL/6J and NIH Swiss mice. 

Geometric mean ratio (dot) of the standard deviation (SD) of the apparent diffusion coefficient 

(ADC SD) average for TETS vs. VEH mice with 95% confidence intervals (bars). Confidence 

intervals that do not include 1 (gray line) indicate a significant difference between TETS and VEH 

(identified in turquoise). All VEH groups had n=3 for each time point. Sample sizes for TETS time 

points: Day 1: n=8-9; Day 3: n=8-9; Day 7: n=7-8; Day 14: n=3. Individual data points used to 

generate this figure can be found in the supplemental material (Tables S1 and S2). 
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Figure 3. Acute TETS intoxication-induced neuroinflammation, as detected by TSPO PET 

imaging. Representative anatomical (T2W, left column) and parametric maps (TSPO PET, right 

column) of vehicle (VEH) and TETS-intoxicated C57BL/6J and NIH Swiss mice. Geometric mean 

ratio (dot) of the TSPO standard uptake value (SUV) for TETS vs. VEH mice with 95% confidence 

intervals (bars). Confidence intervals that do not include 1 (gray line) indicate a significant 

difference between TETS and VEH (identified in turquoise). All VEH groups had n=3 for each 

time point. Sample sizes for TETS time points: Day 1: n=8-9; Day 3: n=8-9; Day 7: n=7-8; Day 

14: n=3. Individual data points used to generate this figure can be found in the supplemental 

material (Table S3). 
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Figure 4. Seizure duration correlates with severity of neuropathology at 7 days post-exposure 

in NIH Swiss mice acutely intoxicated with TETS. (A) Representative anatomical T2W MRI 

(first column), diffusion-weighted MRI (second column), TSPO PET (third column), and histology 

(last columns) images from VEH mouse (top row), TETS-intoxicated mouse that experienced SE 

for 40 min (middle row), and TETS-intoxicated mouse that exhibited SE >120 min (bottom row). 

The middle row shows a TETS animal that responded normally to rescue by midazolam at 40 min 

after seizure initiation (40 min seizure), whereas the bottom row is of a TETS animal that continued 

to seize after midazolam treatment yet survived (>120 min seizure). Arrows point to regions of 

hypointensity (T2W & DWI) and high radiotracer uptake (TSPO PET), indicating 

neurodegeneration and neuroinflammation, respectively. IBA-1 (red) identifies microglia; FJC 

(green), degenerating neurons; DAPI (blue), nuclei. (B) Quantitative data table reporting regional 

ADC SD, average PET SUV, % area IBA1-positive, and FJC-positive cells/mm2 from the vehicle 

(n=1), TETS SE (40 min; n=1), and prolonged TETS SE (>120 min; n=1) mice.  
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Abstract: 

Organophosphate (OP) nerve agents and pesticides are a class of neurotoxic compounds that can 

cause status epilepticus (SE), and death following acute high-dose exposures. While the standard 

of care for acute OP intoxication (atropine, oxime, and high dose benzodiazepine) can prevent 

mortality, survivors of OP poisoning often experience long-term brain damage and cognitive 

deficits. Preclinical studies of acute OP intoxication have primarily used rat models to identify 

candidate medical countermeasures. However, the mouse offers the advantage of readily 

available knockout strains for mechanistic studies of acute and chronic consequences of OP-

induced SE. Therefore, the main objective of this study was to determine whether a mouse model 

of acute diisopropylfluorophosphate (DFP) intoxication would produce acute and chronic 

neurotoxicity similar to that observed in rat models and humans following acute OP intoxication.  

Adult male C57Bl/6J mice injected with DFP (9.5 mg/kg, s.c.) followed 1 min later with atropine 

sulfate (0.1 mg/kg, i.m.) and 2-pralidoxime (25 mg/kg, i.m.) developed behavioral and 

electrographic signs of SE within minutes that continued for at least 4 h. Acetylcholinesterase 

inhibition persisted for at least 3 d in the blood and 14 d in the brain of DFP mice relative to 

vehicle (VEH) controls. Immunohistochemical analyses revealed significant neurodegeneration 

and neuroinflammation in multiple brain regions at 1, 7, and 28 d post-exposure in the brains of 

DFP mice relative to VEH controls. Deficits in locomotor and home-cage behavior were 

observed in DFP mice at 28 d post-exposure. These findings demonstrate that this mouse model 

replicates many of the outcomes observed in rats and humans acutely intoxicated with OPs, 

suggesting the feasibility of using this model for mechanistic studies and therapeutic screening. 
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Abbreviations 

AChE = acetylcholinesterase 

DFP = diisopropylfluorophosphate 

DPE = days post-exposure 

FJC = FluoroJade-C 

GFAP = glial fibrillary acidic protein 

IBA1 = ionized calcium binding adaptor molecule 1 

OP = Organophosphate 

SE = status epilepticus 

SLUD = salivation, lacrimation, urination, defecation 

SRS = spontaneous recurrent seizures 

VEH = vehicle 
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Introduction 

 Organophosphates (OPs) were first synthesized in the 1930s as insecticides and later 

discovered to kill insects via inhibition of acetylcholinesterase (AChE). AChE is conserved 

across species, so this discovery led to the subsequent development of OPs as G-series nerve 

agents (e.g. sarin, soman, tabun), V-series nerve agents (e.g. VX), and Novichok agents 

(Adeyinka, Muco et al. 2020). While OPs were developed as chemical weapons during World 

War II (Munro 1994), they were not deployed then, but were used in later conflicts such as the 

Iran-Iraq War and Syrian Civil War (UN 2020, HRW 2021). They have also been used in high 

profile assassinations and assassination attempts: VX agent was used to murder Kim Jong-nam 

in 2017 (OPCW 2018) and Novichok agent was deployed in the attempted assassinations of 

Sergei and Yulia Skripal in the U.K. in 2018 (Chai, Hayes et al. 2018, Haley 2018) and Alexei 

Navalny in Russia in 2020 (OPCW 2020). Consequences of acute OP intoxication in these cases 

included the loss of consciousness, seizures, and/or death (Figueiredo, Apland et al. 2018, Jett 

and Spriggs 2020) due to the excessive accumulation of acetylcholine in cholinergic synapses 

throughout the peripheral and central nervous systems (Eddleston, Buckley et al. 2008, Hulse, 

Davies et al. 2014). Moreover, each year, OP insecticides are responsible for an estimated 

250,000 cases of suicide in developing nations (Eddleston, Buckley et al. 2008). Thus, there is a 

strong interest in developing effective medical countermeasures for OP poisoning.   

 The current standard of care for acute OP intoxication includes the use of a muscarinic 

antagonist (e.g., atropine) to prevent the binding of acetylcholine (ACh) to muscarinic receptors, 

an oxime (e.g., 2-pralidoxime) to reactivate AChE, and a benzodiazepine (typically diazepam or 

midazolam) to increase GABAergic signaling in the nervous system (Eddleston, Buckley et al. 
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2008). When injected within minutes of OP exposure, benzodiazepines can reduce seizure 

behavior and prevent death, but when their administration is delayed, they do not effectively 

protect against neuropathology or behavioral deficits (McDonough, Zoeffel et al. 1999, Shih 

2000, Masson 2011). Preclinical studies have identified potentially more effective strategies for 

terminating acute OP-induced status epilepticus (SE) (Lumley, Miller et al. 2019, Aroniadou-

Anderjaska, Figueiredo et al. 2020, Guignet, Dhakal et al. 2020, Marrero-Rosado, de Araujo 

Furtado et al. 2020), but there has been comparatively little progress made in identifying novel 

neuroprotective therapies. The latter reflects the challenge of identifying pathogenic mechanisms 

of chronic neurotoxicity following acute OP intoxication, which involves multiple cell types and 

neural circuits, as well as logistical challenges of preclinical models in which long-term survival 

rates can be low.  

 Preclinical rat models of SE induced by OPs, including diisopropylfluorophosphate 

(DFP), have demonstrated persistent neuropathology and/or behavioral deficits (Deshpande, 

Carter et al. 2010, Flannery, Bruun et al. 2016, Pouliot, Bealer et al. 2016, Hobson, Rowland et 

al. 2019, Guignet, Dhakal et al. 2020) that recapitulate long-term effects observed in human 

survivors of acute OP poisoning (Jett, Sibrizzi et al. 2020). However, a mouse model of OP-

induced SE would be desirable because of the availability of transgenic strains that could be 

leveraged to investigate pathogenic mechanisms underlying the chronic neurotoxicity of acute 

OP intoxication. OP-induced SE has been studied in mice (see Table 1), but these studies (Dhote, 

Peinnequin et al. 2007, Collombet, Pierard et al. 2008, Coubard, Beracochea et al. 2008, Dhote, 

Carpentier et al. 2012, Golderman, Shavit-Stein et al. 2019, Enderlin, Igert et al. 2020, 

McCarren, Eisen et al. 2020, Maupu, Enderlin et al. 2021) have not rigorously measured the 
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spatiotemporal progression of neuropathology at delayed times post-exposure or evaluated long-

term behavioral effects. The main objective of this study was to develop a mouse model of OP-

induced SE that will facilitate characterization of chronic neurotoxic effects with the long-term 

goal of using this model to investigate pathogenic mechanisms and evaluate novel therapeutics. 

Here, we evaluate adult male C57BL/6J mice as a model of acute DFP intoxication and 

determine whether it exhibits chronic neuropathology and long-term behavioral deficits 

comparable to those observed in rat models of OP-induced SE. 

 

Materials and Methods 

Animals 

 All studies involving animals conformed to the ARRIVE guidelines. Studies were 

designed to minimize pain and suffering and were conducted in accordance with protocols 

approved by the University of California, Davis Institutional Animal Care and Use Committee. 

Animals were housed in facilities accredited by the Association for Assessment and 

Accreditation of Laboratory Animal Care International. Adult male C57BL/6 mice (8-10 weeks 

old; 22-33g; Jackson Laboratory, Sacramento, CA, USA) were maintained on a 12:12 hour 

light:dark cycle in a temperature and humidity-controlled vivarium (22 ± 2º C; 40-50% 

humidity). Mice were housed in standard plastic cages, provided chow (LabDiet, #5058) and tap 

water ad libitum, and allowed to acclimate for at least 7 d prior to experimentation. All animals 

used in this study were randomly assigned to experimental groups using a random number 

generator. Animals were group-housed (4 mice per cage) until dosed with DFP, after which 

animals were singly housed with additional environmental enrichment until euthanized. 
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Drugs and Dosing Paradigm 

 DFP was purchased from Sigma-Aldrich (St. Louis, MO, USA) and confirmed to be 

~90±7% pure using previously published NMR methods (Gao, Naughton et al. 2016), and stored 

at -80ºC. DFP was prepared in sterile, ice-cold phosphate-buffered saline (PBS; 3.6 mM 

Na2HPO4, 1.4 mM NaH2PO4, 150 mM NaCl, pH 7.2) immediately before injection. Mice were 

injected with a single 100 μL dose of DFP (9.5-12.7 mg/kg, s.c.; Sigma-Aldrich) followed 1 min 

later by a single injection of atropine sulfate (AS; 0.1 mg/kg, i.m.; Sigma-Aldrich) and 2-

pralidoxime (2-PAM; 25 mg/kg, i.m.; Sigma-Aldrich) to prevent peripheral toxicity (Figure 3.1). 

This dosing paradigm was determined in preliminary experiments testing a range of DFP or AS 

doses to produce continuous seizures in DFP-exposed mice (Supplemental material, Figure S1). 

Certificates of analysis provided by the manufacturers confirmed the purity of AS (>97%, lot 

#BCBM6966V) and 2-PAM (>99%, lot #MKCG3184). Animals in the VEH group were injected 

with an equivalent volume (100 μL) of sterile PBS, s.c. followed 1 min later by AS (0.1 mg/kg, 

i.m.) and 2-PAM (25 mg/kg, i.m.). Animals were continuously monitored for seizure behavior 

for 4 h after injection with DFP or VEH using a modified behavioral seizure scoring scale 

(Figure 3.2A). At the end of the 4 h exposure period, animals were injected subcutaneously with 

1 mL of 5% dextrose in sterile saline (Baxter Healthcare Co., Deerfield, IL, USA) to replace 

fluids lost as a result of cholinergic crisis, returned to their home cages, and given soft, moist 

chow daily until they resumed normal consumption of solid food and water (typically within 7 

days). Body weights were measured daily after dosing with DFP, and any animal appearing weak 

or ill in the days following dosing with DFP were injected with 1 mL of 5% dextrose in sterile 

saline per day as needed. 
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EEG recording 

A subset of mice used in this study were implanted with wireless EEG telemetry devices 

from Data Sciences International (HD-X02; DSI, St. Paul, MN, USA). Surgical implantation of 

electrodes for EEG recordings was performed in accordance with the UC Davis Rodent 

Survivable Surgery course. Adult mice were anesthetized using continuous isoflurane inhalation 

(4-5% for induction, 1-3% for maintenance). The head was shaved with a hair clipper and then 

cleaned alternately with betadine and alcohol repeated 3 times. Next, the animal was positioned 

in a stereotaxic frame with mouse-sized ear bars and an appropriately sized inhalation mask. A 

water-heated pad was put between the animal's body and the base of the stereotaxic frame to 

prevent hypothermia. Sterile ophthalmic ointment (Altalube; McKesson Brand, #Q187-08) was 

applied to the eyes to prevent dryness. Once the appropriate depth of anesthesia was confirmed 

using the foot pinch reflex, an approximately 0.7 inch long incision was made on the scalp along 

the midline from eye level to the neck level. The skin was retracted to the sides with hemostats. 

The periosteum was carefully scraped away from the skull to expose the bone. During the 

surgery, sterile saline was regularly applied to keep the surgical area hydrated. A head mount 

with up to 4 cortical screws, with 3 anchor crews in the skull, was implanted according to the 

Data Sciences International (DSI) manual. A mini drill was used to create small holes in the skull 

where electrodes were placed according to stereotaxic coordinates. For optimal EEG alignment, 

the front edge of the implant was placed 3.0 – 3.5 mm anterior of bregma. The tip of the 

implanted electrodes was located near the cortex relative to bregma using the stereotaxic 

coordinate system. The head mount was fixed on the skull using standard dental acrylic cement 

(Lang Dental Manufacturing Co Inc., Wheeling, IL, USA). The skin incision was closed with 

sutures, and dental cement was used to complete the skull cap. After surgery, the animals were 
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allowed to recover for at least 7 d before experimentation, and only healthy animals continued in 

the study. EEG measurements were recorded untethered and only required the placement of a 

receiver (RPC-1; Data Sciences International, New Brighton, MN, USA) under the home cage of 

the animal. No other changes to the home cage environment or the well-being of the animal were 

required. 

 

AChE Activity  

 At 1, 3, 7, and 14 days after DFP or VEH exposure, subsets of mice were deeply 

anesthetized with 4-5% isoflurane in medical-grade oxygen and transcardially perfused with 25 

ml ice-cold PBS (3.6 mM Na2HPO4, 1.4 mM NaH2PO4, 150 mM NaCl, pH 7.2) using a Peri-Star 

Pro peristaltic pump (5 mL/min). Their brains were removed and dissected to isolate the 

hippocampus, somatosensory cortex, and cerebellum from both hemispheres. Brain regions were 

flash-frozen in individual cryotubes using liquid nitrogen and stored at -80ºC until use. AChE 

activity was measured in the hippocampus, cortex, cerebellum, and blood using the Ellman 

method (Ellman, Courtney et al. 1961). Tissue from each brain region was homogenized in cold 

sodium phosphate buffer (4ºC, 0.1M, pH = 8.0, 1% Triton X-100; 1 mL buffer:0.1g tissue), spun 

down in a centrifuge at 13.400xg for 1 min, and the supernatant collected. Blood plasma samples 

were diluted 1:25 in cold sodium phosphate buffer (4ºC, 0.1M, pH = 8.0, 0.03% Triton X-100) 

for the AChE assay. Supernatant and blood samples were plated in triplicate in a 96-well plate, 

and AChE activity was measured in each well using acetylthiocholine iodide (ASChI, Sigma) as 

the AChE substrate, and 5,5′-dithio-bis (2-nitrobenzoic acid) (DTNB, Sigma) as the colorimetric 

reagent. The hydrolysis of ASChI was quantified using a Synergy H1 Hybrid Plate Reader with 
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Gen5 2.0 software (BioTek Instruments, Winooski VT, USA) by measuring changes in 

absorbance at 405 nm over 15 min in each well. To specifically determine AChE activity versus 

total cholinesterase activity, all samples were run both in the absence and presence of the 

butyrylcholinesterase (BChE) inhibitor, tetraisopropyl pyrophosphoramide (100 µM). AChE 

activity was normalized against total protein concentration with the BCA assay according to the 

manufacturer’s directions (Pierce, Rockford, IL, USA). 

 

Histological Assessment 

 At 1, 7, and 28 days after exposure to DFP or VEH, mice assigned to histology cohorts 

were deeply anesthetized with 4-5% isoflurane in medical-grade oxygen and transcardially 

perfused with 25 ml ice-cold PBS (3.6 mM Na2HPO4, 1.4 mM NaH2PO4, 150 mM NaCl, pH 7.2) 

using a Peri-Star Pro peristaltic pump (5 ml/min). Their brains were removed and sliced 

coronally into 2 mm thick sections using a mouse coronal brain matrix (Zivic Instruments, 

#5325; Pittsburgh, PA, USA). Sections were placed into a 24-well plate so that each well 

contained 1-2 brain sections submerged in 1 mL 4% (w/v) paraformaldehyde (PFA; Sigma; St. 

Louis, MO, USA), covered and stored at 4ºC for 18-24 h. A disposable transfer pipette was used 

to replace the PFA in each well with a 30% sucrose solution. Plates were covered and stored 

again at 4ºC until brain tissue was fully saturated and sank to the bottom of the well. Brain 

sections were embedded in optimal cutting temperature medium (OCT; Fisher HealthCare; 

Waltham, MA, USA) and flash frozen. Blocked brain sections were stored at -80º C until 

cryosectioned with a Microm HM550 cryostat (Thermo Fisher Scientific; Waltham, MA, USA).  
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Ten micron thick coronal slices were mounted on Superfrost Plus microscope slides (Fisher 

HealthCare) that were stored at -80º C until used for immunohistochemistry.  

 Neurodegeneration was assessed at 1, 7, and 28 d after exposure to VEH or DFP using 

FluoroJade C (FJC; AG325, MilliporeSigma; Burlington, MA, USA) staining. Brain sections 

were incubated in 0.06% (w/v) KMnO4 (Sigma) in distilled H2O (dH2O) for 10 min and then 

rinsed 3 times for 5 min in dH2O. Slides were then incubated in FJC working solution containing 

FJC (0.00015%, v/v; Cat. #AG325, lot #2301303, Millipore, Billerica, MA, USA) and DAPI (0.5 

µg/mL; Invitrogen; Carlsbad, CA, USA) in 0.1% acetic acid (v/v; Acros Organics; Geel, 

Belgium) in dH2O for 10 min in the dark. Slides were rinsed 3 times for 5 min in dH2O, then 

dipped in xylene (X5SK-4, Assay grade; Thermo Fisher Scientific) for 1 min and allowed to 

completely dry at 50ºC. Sections were cover slipped in Permount (Thermo Fisher Scientific) and 

imaged at 10-20X magnification on a high content ImageXpress XLS imaging system 

(Molecular Devices; Sunnyvale, CA, USA). The hippocampus, piriform cortex, and thalamus of 

VEH and DFP mice were assessed for the number of neurons positively labeled with FJC (per 

mm2) using ImageJ (NIH, USA) thresholding and cell counting by a scorer blinded to animal 

identification number and experimental group.  

 Neuroinflammation was assessed at 1, 7, and 28 after exposure to VEH or DFP by 

immunohistochemistry. Sections were co-immunolabeled for GFAP and S100β to detect 

astrocytes or IBA1 and CD68 to detect microglia and phagocytic activity, as previously 

described (Guignet, Dhakal et al. 2020). Brain sections were removed from -80ºC storage, 

brought to room temperature, and submerged in PBS (3.6 mM Na2HPO4, 1.4 mM NaH2PO4, 150 

mM NaCl, pH 7.2) for 5 min. Antigen retrieval was performed by submerging slides in 10 mM 
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sodium citrate buffer (pH = 6.0) and heating to 90ºC for 30 min in a vegetable steamer. After 

antigen retrieval, slides were washed 3 times for 5 min in PBS and then incubated in blocking 

buffer [PBS containing 10% normal goat serum (v/v; Vector Laboratories), 1% bovine serum 

albumin (w/v; Sigma), and 0.3% Triton X-100 (Thermo Fisher Scientific)] for 1 h at room 

temperature to prevent non-specific binding. Sections were next incubated in primary antibody 

diluted in blocking buffer at 4ºC for 18-24 h. Primary antibodies included rabbit anti-IBA1 

(1:1000; 019–19741, Wako Laboratory Chemicals, Richmond, VA, USA; RRID:AB_839504), 

rat anti-CD68 (1:200, MCA1957, BIORAD, Hercules, CA, USA; RRID:AB_322219), mouse 

anti-GFAP (1:1000; 3670, Cell Signaling Technology, Danvers, MA, USA; RRID:AB_561049), 

and rabbit anti-S100β (1:300; ab52642, Abcam, Burlington, CA, USA; RRID:AB_882426). For 

negative controls, a subset of sections was incubated with blocking buffer instead of primary 

antibody and processed the same as the other sections. After primary incubation, sections were 

washed 3 times for 5 min with PBS and incubated with secondary antibody diluted in PBS with 

0.3% Triton X-100 for 1 h at room temperature. Secondary antibodies included goat anti-rabbit 

IgG Alexa Fluor 568 (1:1000; A11036, Life Technologies; RRID:AB_10563566), goat anti-rat 

IgG Alexa Fluor 488 (1:500; A11006, Thermo Fisher Scientific; RRID:AB_2534074), goat anti-

mouse IgG1 Alexa Fluor 568 (1:1000; A21124, Thermo Fisher Scientific; RRID:AB_2535766), 

and goat anti-rabbit Alexa Fluor 488 (1:600; A11034, Thermo Fisher Scientific; 

RRID:AB_2576217). Sections were then washed 3 times for 5 min with PBS and cover slipped 

using ProLong Gold Antifade Mountant with DAPI (Invitrogen, #P36931). Fluorescent images 

were acquired using a high content ImageXpress XLS imaging system (Molecular Devices, 

Sunnyvale, CA, USA) at 10-20X magnification. Positive immunostaining was determined as 

fluorescent intensity that was at least twice the background fluorescence levels in the negative 
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control samples, and all acquired images were used in the quantitative analysis. Two serial 

sections were analyzed for each animal in each brain region, and the total area of positive 

staining was averaged for each region between sections. The cortex, hippocampus, thalamus, and 

piriform cortex of VEH and DFP mice were analyzed using ImageJ to threshold and measure the 

percent area of positively labeled astrocytes and microglia by a scorer blinded to animal 

identification number and experimental group.    

 

Behavioral Assessment 

Open Field  

 At 27 days post-DFP intoxication, VEH and DFP mice were removed from their home 

cages and placed in a clean, empty, open field arena (48 cm x 48 cm x 48 cm) in a room with low 

lighting (~40 lx) and allowed to freely explore the arena in solitude for 30 min after the 

experimenter left the room. Ethovision video tracking software (EthoVision 10.1, Noldus 

Information Technology, Leesburg, VA, USA) was used to track the center point of the animal 

within the arena (3x3 zones) and measure the total distance traveled, average velocity, and time 

in center zone during the 30 min trial. After each test, the arena was cleaned with 70% ethanol 

and the vapor was allowed to evaporate before the next mouse was tested.  

Home cage Reactivity  

 VEH and DFP mice were tested for anxiety-like behavior and hyperreactivity at 28 d 

post-intoxication using a modified home cage reactivity test, as previously described (Raffaele, 

Hughey et al. 1987, Guignet, Dhakal et al. 2020). A blinded experimenter used gloved hands 
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used a transfer pipette (13-711-7M, Thermo Fisher Scientific, Waltham, MA, USA) to apply the 

following five stimuli, in this order: [1] a puff of air to the back; [2] light pressure to the tail 

base; [3] light pressure to the back; [4] light pressure to the head; [5] picking up the animal by 

the tail. A score between 0 and 3 was assigned to each animal to quantify the reaction to each 

stimulus based on the following criteria: [0] little to no reaction; [1] forward or backward 

movement; [2] forward or backward movement with alertness, Straub tail; [3] movement with 

speed, facing experimenter, or tail shake. The behavioral scores for each stimulus were added 

together for each animal to produce an overall reactivity score.  

Nesting Behavior  

 At 28 days post-DFP intoxication, the home cages of VEH and DFP mice were inspected 

to assess nesting behavior as determined by the animal’s incorporation of a nesting pad (Nestlets, 

LabSupply, Fort Worth, Texas, USA) into the home cage paper nest. A blinded experimenter 

scored the nest in the home cage of each mouse according to the following criteria: [0] nesting 

pad was still intact; [1] nesting pad partially shredded; [2] nesting pad fully shredded, but not 

incorporated into the nest; and [3] if the nesting pad was fully shredded and incorporated into the 

nest.  

 

Statistical Analyses 

 Biochemical assay data were analyzed using one-way ANOVA with Dunnett's multiple 

comparisons test as performed using Prism 8.0.1 (GraphPad Software, La Jolla, CA, USA). 

Behavioral data were analyzed using the Mann-Whitney test as performed by Prism 8.0.1. Key 
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outcomes considered in the histologic analyses included FJC labeling (number of cells/mm2), % 

area of GFAP and S100β immunoreactivity, % area of GFAP and S100β colocalization, % area 

IBA1 and CD68 immunoreactivity, and % area of IBA1 and CD68 colocalization. Mixed effects 

models, including animal-specific random effects, were fit to assess differences between 

exposure groups. Primary factors of interest included exposure (DFP, VEH), region (thalamus, 

piriform cortex/amygdala, hippocampus, somatosensory cortex (except for FJC)), and time post-

exposure (1, 7, 28 days). Interactions between the factors (treatment, region, and time point) 

were considered and the best model was chosen using Akaike Information Criterion. Outcomes, 

except for S100β and IBA1, were transformed using the natural logarithm after shifting all 

values by a small amount (0.1 for GFAP, GFAP/S100β colocalization, CD68 and IBA1/CD68 

colocalization, and 1 for FJC) to enable the calculation for the animals with no positive staining 

to better meet the assumptions of the model. Contrasts for group differences, either overall or by 

time point or region, were constructed and tested using a Wald test. The Benjamini-Hochberg 

false discovery rate (FDR) was used within an outcome measure to account for multiple 

comparisons. Results are presented as geometric mean ratios (GMR) between exposure groups 

for the log-transformed outcomes and as differences between exposures for S100β and IBA1. 

Point estimates of the ratios or differences and 95% confidence intervals are presented in the 

figures. When the confidence interval for the GMR includes 1, there is no statistical evidence of 

a difference between groups; similarly, when the confidence interval for the differences includes 

0, there is no statistical evidence of a difference between groups. All analyses were performed 

using SAS (version 9.4, SAS Institute, Inc., Cary, NC, USA), and graphics were created in R 

(version 3.6.3, R Core Team, Vienna, Austria) and alpha was set at 0.05; all reported results 

remained significant after the FDR procedure. 
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Results 

Acute DFP intoxication causes status epilepticus in adult male mice  

 To confirm that acute exposure to DFP causes seizures that progress to SE in mice, 

seizure behavior was quantified using a seizure severity scale to score animals during the first 4 h 

after injection with VEH or DFP (Figure 3.2A). Scores were recorded for each animal in 5 min 

increments for the first 2 h after dosing, and every 20 min for the last 2 h of scoring. Symptoms 

of cholinergic nervous system activation, such as Straub tail and body shakes, were apparent in 

DFP-exposed mice within minutes of injection with DFP. Behaviors rapidly progressed to SE 

marked by continuous clonic or tonic seizures (seizure score ≥ 3; Figure 3.2B). DFP-exposed 

mice (n=12) had a mean seizure score of 3.2 ± SEM over the first 4 h of seizure scoring. VEH 

mice (n=12) did not display any cholinergic signs or seizure behaviors and were assigned a 

seizure score of 0 for each recorded time point. To confirm that animals exhibiting seizure 

behavior were experiencing electrographic seizures, a subset of mice were implanted with 

wireless EEG recording electrodes to monitor electrical activity in the brain and muscle, 

respectively. Relative to baseline recordings obtained from each animal immediately prior to 

DFP exposure, DFP injection causes robust electrographic seizures within minutes, confirming 

that behavioral seizure scores corresponded to electrographic seizures in the brains of DFP mice 

(Figure 3.2C). To monitor animal health and wellness after DFP exposure, the body weights of 

mice were recorded daily. Body weights of DFP mice decreased significantly compared to VEH 

control mice during the first 3 d post-exposure (DPE) but began to return to baseline by 4 DPE 

(Figure 3.2D). 
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Acute DFP intoxication causes persistent AChE inhibition in the mouse brain   

 AChE activity was measured in the blood and multiple brain regions up to 14 DPE to 

determine the extent and duration of AChE inhibition. AChE activity was significantly inhibited 

in the blood for at least 3 days and in the brain for at least 14 days in DFP-intoxicated mice 

relative to VEH controls (Figure 3.3). In the somatosensory cortex, AChE activity was inhibited 

by 91% on 1 DPE, 71% on 3 DPE, 77% on 7 DPE, and 57% on 14 DPE relative to VEH 

controls. In the hippocampus, AChE was inhibited by 83% on 1 DPE, 66% on 3 DPE, 54% on 7 

DPE, and 41% on 14 DPE relative to VEH controls. In the cerebellum, AChE was inhibited by 

73% on 1 DPE, 59% on 3 DPE, 49% on 7 DPE, and 29% on 14 DPE, relative to VEH controls. 

In the blood, AChE was inhibited by 92% on 1 DPE, 63% on 3 DPE, 24% on 7 DPE, and 19% 

on 14 DPE, relative to VEH controls.  

 

Acute DFP intoxication causes persistent neurodegeneration   

 Fluorescent images acquired using semi-automated high-content imaging revealed 

significantly more FJC+ neurons in the hippocampus, piriform cortex, and thalamus of DFP mice 

relative to VEH controls at 1, 7, and 28 DPE (Figure 3.4A). No FJC labeling was observed in 

any brain region of VEH mice at any time point, and no FJC staining was observed in the 

somatosensory cortex of DFP-intoxicated mice. There was no significant interaction between 

exposure groups and either time point or brain region. Across brain regions and time points, 

there was consistently more neurodegeneration observed in the DFP mice than in the VEH mice 

(Figure 3.4B; GMR=125.2, 95% CI=102.9-152.2, p < 0.001). Raw data used to generate this 

figure are provided in the supplemental material (Figure S2). 
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Acute DFP intoxication causes persistent neuroinflammation   

 GFAP and S100β immunoreactivity were used as biomarkers to assess reactive 

astrogliosis (Eng and Ghirnikar 1994) and brain injury (Gonçalves, Concli Leite et al. 2008) in 

the somatosensory cortex, hippocampus, thalamus, and piriform cortex of DFP mice (Figure 

3.5A). GFAP is a biomarker of astrocytosis (Eng and Ghirnikar 1994) and increased GFAP 

expression is associated with astrocytic responses to environmental challenge (Li, Liu et al. 

2020). S100β is a biomarker of mature astrocytes (Raponi, Agenes et al. 2007) and has recently 

garnered interest as a potential biomarker for traumatic brain injury (Oris, Pereira et al. 2018). 

Because astrocytes undergo morphogenic changes in response to neurodegeneration or 

neuroinflammation (Liu, Li et al. 2012), the area of positive immunoreactivity for these 

biomarkers was quantified as a readout of reactive astrogliosis. For GFAP immunolabeling, there 

were significant interactions between group, time point and region (p < 0.001) suggesting that 

the difference between DFP and VEH varied temporally and spatially (Figure 3.5B). At 1 DPE, 

DFP mice had a 60%-120% increase in percent GFAP positive area relative to the VEH animals 

across all brain regions examined (cortex: GMR=2.0, 95% CI=1.5-2.5, p < 0.001; hippocampus: 

GMR=1.7, 95% CI=1.4-2.2, p < 0.001; piriform cortex: GMR=2.2, 95% CI=1.6-2.9, p < 0.001; 

thalamus: GMR=1.6, 95% CI=1.1-2.1, p = 0.007). Of the days studied, percent area of GFAP 

immunoreactivity in DFP animals peaked at 7 DPE, with the greatest elevation observed in the 

cortex (GMR=9.6, 95% CI=7.2-12.7, p < 0.001) and piriform cortex (GMR=6.6, 95% CI=5.4-

8.2, p < 0.001) relative to the VEH mice. In these two regions, the extent of GFAP 

immunoreactivity decreased by 28 DPE (cortex: GMR=1.5, 95% CI=1.0-2.4, p = 0.04; piriform 

cortex: GMR=2.1, 95% CI=1.4-3.1, p < 0.001). In the hippocampus and thalamus, the increase in 

percent area of GFAP immunoreactivity in DFP-exposed animals relative to VEH animals 
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observed at 7 days (hippocampus: GMR=3.1, 95% CI=2.5-3.9, p < 0.001; thalamus: GMR=3.6, 

95% CI=2.0-6.7, p < 0.001) persisted at 28 DPE (hippocampus: GMR=2.6, 95% CI=2.0-3.3, p < 

0.001; thalamus: GMR=2.8, 95% CI=2.0-3.8, p < 0.001). Raw data used to generate this figure 

are provided in the supplemental material (Figure S3). 

 For S100β immunolabeling, there was no significant interaction between exposure group 

and either time point or brain region (Figure 3.5C). Across brain regions and time points, there 

was consistently more S100β immunoreactivity observed in the DFP mice than in the VEH mice 

(mean difference=5.1, 95% CI=3.6-6.6, p < 0.001). Raw data used to generate this figure are 

provided in the supplemental material (Figure S3). 

 IBA1 and CD68 immunoreactivity were quantified as biomarkers of microglia and 

phagocytosis, respectively (Ito, Imai et al. 1998, Hendrickx, van Eden et al. 2017), in the 

somatosensory cortex, hippocampus, thalamus, and piriform cortex of VEH and DFP mice 

(Figure 3.6A). The percent area of IBA1 immunoreactivity varied by brain region and time point 

(Figure 3.6B; p < 0.001). In the cortex, the percent area IBA1 immunoreactivity was elevated in 

DFP animals compared to VEH animals at 1 DPE (mean difference=7.6, 95% CI=4.4-10.7, p < 

0.001), but not at 7 or 28 DPE. The percent area of IBA1 immunoreactivity was elevated in DFP-

exposed mice relative to VEH controls across all three time points for the other three regions 

examined: Hippocampus: Day1 (diff=7.0, 95% CI=3.4-10.6, p < 0.001), Day 7 (diff=12.8, 95 

%CI=7.6-18.0, p < 0.001), Day 28 (diff=7.6, 95% CI=4.4-10.7, p < 0.001); Piriform cortex: Day 

1 (diff=9.0, 95% CI=5.6-12.3, p < 0.001), Day 7 (diff=11.9, 95% CI=6.4-17.4, p < 0.001), Day 

28 (diff=6.3, 95% CI=0.4-12.2, p = 0.04); Thalamus: Day 1 (diff=4.0, 95 %CI=1.0-6.9, p = 

0.01), Day 7 (diff=5.1, 95 %CI=1.1-9.0, p = 0.01), Day 28 (diff=5.4, 95% CI=1.1-9.7, p = 0.01). 
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Raw data used to generate this figure are provided in the supplemental material (Figure S4). The 

difference among groups in percent CD68 immunopositive area varied by brain region and time 

point (Figure 3.6C; p < 0.01). The percent area of CD68 immunoreactivity was over 5-fold 

higher in DFP-exposed mice relative to VEH animals across all four brain regions and three time 

points that were examined (p < 0.001). Raw data used to generate this figure are provided in the 

supplemental material (Figure S4). 

For the colocalization of GFAP and S100β, there were significant interactions between 

group, time point and brain region (p < 0.001) suggesting that the difference in GFAP/S100β 

colocalization between DFP and VEH varied spatiotemporally (Figure 3.7A). Patterns were 

similar to those seen for percent area of GFAP immunoreactivity with elevated levels for DFP 

animals compared to VEH animals across all regions 1 DPE (cortex: GMR=2.4, 95% CI=1.5-

3.9, p < 0.001; hippocampus: GMR=2.4, 95% CI=1.5-3.7, p < 0.001; piriform cortex: GMR=2.0, 

95% CI=1.3-3.0, p = 0.002; thalamus: GMR=2.9, 95% CI=1.9-4.5, p < 0.001). By 7 DPE, 

colocalization was highest in the cortex of DFP-exposed animals relative to VEH animals 

(GMR=15.2, 95% CI=11.1-20.8, p < 0.001), followed by the piriform cortex (GMR=6.2, 95% 

CI=4.6-8.5, p < 0.001), thalamus (GMR=4.9, 95% CI=2.4-10.2, p < 0.001) and hippocampus 

(GMR=3.7, 95% CI=2.6-5.4, p < 0.001). The extent of colocalization was reduced by 28 DPE in 

the cortex (GMR=2.0, 95% CI=1.4-3.0, p < 0.001) and piriform cortex (GMR=2.3, 95% CI=1.6-

3.3, p < 0.001), although levels remained elevated in the hippocampus (GMR=4.0, 95 %CI=3.0-

5.2, p < 0.001) and thalamus (GMR=4.1, 95 %CI=2.4-7.0, p < 0.001). The difference among 

groups in percent IBA1/CD68 colocalization varied by brain region and time point (Figure 3.7B; 

p < 0.01). Colocalization was over 3.5 times higher in DFP exposed mice than in VEH animals 

across the time points and brain regions. 
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Acute DFP intoxication causes long-term behavioral deficits  

 Behavioral tests were performed 28 d after exposure to VEH or DFP. At 28 DPE, deficits 

in locomotor activity, reactivity, and nesting behavior were observed in DFP-exposed mice 

(Figure 3.8). In the open field test, DFP mice traveled a significantly greater distance in 30 min 

than VEH mice (Figure 3.8A; average 18.12 m ± 2.07 compared to an average of 10.69 m ± 

2.05, respectively; p < 0.0001). Additionally, DFP mice traveled at a significantly greater 

average velocity (Figure 3.8A; 11.78 cm/s ± 2.26 versus 6.46 cm/s ± 1.31; p < 0.0001). DFP 

mice were also observed to spend significantly less percentage of time in the center zone of the 

open field arena (2.1% ± 1.2) relative to VEH controls (Figure 3.8A; 9.5% ± 5.4; p < 0.0001). In 

the reactivity test, DFP mice were observed to be significantly more reactive to tactile stimuli 

than VEH mice (Figure 3.8B; average reactivity score of 10.1 ± 2.92 compared to 5.63 ± 0.92, 

respectively; p = 0.0035). DFP mice were also observed to have deficits in nesting behavior 

relative to VEH controls. On a scale of 0-3, DFP mice averaged a score of 0.7 ± 0.95, whereas 

VEH mice scored an average of 3 with no nesting deficits noted (Figure 3.8B; p < 0.0001).   

 

Discussion  

 Our findings indicate that the mouse model of acute DFP intoxication recapitulates many 

of the acute and chronic neurotoxic effects observed in rat models of acute DFP intoxication. 

Specifically, the DFP mice exhibited: (1) acute behavioral and electrographic responses 

consistent with SE; (2) neurodegeneration and neuroinflammation evident at 1 DPE that 

persisted at 28 DPE; and (3) deficits in locomotor and home-cage behavior at 28 DPE. Thus, we 

believe the adult male C57BL/6J mouse, which is the genetic background of many commercially 
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available transgenic mouse lines, can be used to investigate pathogenic mechanisms linking 

acute SE to long-term neurologic consequences and to test novel therapeutics for efficacy in 

mitigating chronic neurotoxic effects.  

 Previous studies using adult male rats to study acute DFP intoxication have demonstrated 

that rats exhibited signs of cholinergic crisis, including robust seizure behavior triggered within 

minutes of a single injection with DFP (Deshpande, Carter et al. 2010, Pouliot, Bealer et al. 

2016, Guignet, Dhakal et al. 2020). Similarly, we observed that adult male mice acutely 

intoxicated with DFP showed symptoms of OP poisoning within minutes after exposure, 

including salivation, lacrimation, urination, and defecation (SLUD) and behavioral seizures that 

progressed rapidly to SE lasting for at least 4 h. It should be noted that the scale used to score 

seizure behavior in this study was modified from the scale used in the rat model (Deshpande, 

Carter et al. 2010) to include specific behaviors observed in the mouse: Straub tail and tonic limb 

extensions. Wireless EEG recordings confirmed electrographic seizures within minutes 

following DFP injection and these are similar to EEG recordings of DFP-intoxicated rats 

(Deshpande, Carter et al. 2010, Pouliot, Bealer et al. 2016). The loss of body weight in DFP mice 

during the first days after SE is also consistent with published observations of preclinical rat 

models of OP intoxication (Pessah, Rogawski et al. 2016, Rojas, McCarren et al. 2021). 

Additionally, the AChE inhibition observed in the brains of DFP mice was consistent with 

observations in rat models of acute DFP intoxication with respect to both the percent inhibition 

of AChE, and the persistence of decreased AChE activity to 14 DPE (Ferchmin, Andino et al. 

2014, González, Rindy et al. 2020). 



 
 

87 
 
 

Prior studies in our lab of a rat model of DFP intoxication demonstrated that SE triggers 

progressive neuronal cell death in multiple brain regions starting at 12 h post-DFP that persists 

for at least 60 DPE (Sisó, Hobson et al. 2017). These findings confirmed previous reports 

showing progressive neurodegeneration in the days following DFP-induced SE (Li, Lein et al. 

2011, Flannery, Bruun et al. 2016). The findings of the current study are consistent with these 

prior observations of rats in that DFP mice displayed persistent neurodegeneration in multiple 

brain regions starting as early as 1 DPE that persisted at 28 DPE. One notable difference in the 

spatiotemporal pattern of neurodegeneration observed in mice versus rats acutely intoxicated 

with DFP is that unlike rats, no FJC staining was observed in the somatosensory cortex of DFP-

intoxicated mice. The reason for this difference is not known but suggests that persistent 

neurodegeneration is not directly linked to AChE inhibition since AChE remained significantly 

inhibited at 14 DPE in this brain region . Also unclear are the mechanism(s) underlying the 

neurodegeneration observed at delayed time points in mice. A positive correlation between 

seizure severity and neurodegeneration has been observed in the rat model of acute DFP 

intoxication (Sisó, Hobson et al. 2017), suggesting that excitotoxicity influences the extent of 

neurodegeneration. Spontaneous recurrent seizures (SRS) have also been reported in the rat DFP 

model within two weeks after exposure (Guignet, Dhakal et al. 2020), suggesting that repeated 

occurrence of seizures contributes to persistent neurodegeneration. Studies are currently ongoing 

to determine whether mice experience SRS in the days to weeks after acute DFP intoxication.  

 It is well documented that DFP-induced SE triggers a robust and persistent 

neuroinflammatory response in the rat brain (Liu, Li et al. 2012, Flannery, Bruun et al. 2016, 

Sisó, Hobson et al. 2017, Guignet, Dhakal et al. 2020) and mouse brain (Maupu, Enderlin et al. 

2021). The findings of the current study are consistent with these reports.  We observed 
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astrogliosis and microgliosis as early as 1 DPE that persisted at 28 DPE in multiple brain regions 

of DFP mice. Previous studies in the rat also demonstrated that the neuroinflammatory response 

induced by acute DFP intoxication varies spatiotemporally and is coincident with extensive 

neurodegeneration within the same brain regions (Li, Lein et al. 2011, Liu, Li et al. 2012, Rojas, 

Ganesh et al. 2015). Thus, due to the occurrence of severe neurodegeneration in the 

hippocampus, piriform cortex, and thalamus of DFP mice, it is not surprising that GFAP/S100β 

and IBA1/CD68 immunoreactivity remained significantly elevated in the same brain regions at 

28 DPE. A significant increase in CD68 also corresponded to brain regions with elevated 

neurodegeneration, consistent with the suggestion that degenerating neurons trigger microglial 

phagocytosis. A notable difference in the spatial relationship between neurodegeneration and 

neuroinflammation was observed in the somatosensory cortex of DFP mice, where significant 

increases in GFAP/S100β and IBA1/CD68 were observed despite the absence of 

neurodegeneration. The reason for this discrepancy is not known, but it suggests that 

neurodegeneration is not the only mechanism driving a neuroinflammatory response in the brains 

of mice after DFP-induced SE. One possible explanation is that activated microglia in brain 

regions other than the somatosensory cortex triggered reactive astrogliosis and microglial 

activation in the somatosensory cortex through the secretion of soluble chemokines like Il-1α, 

TNFα, and C1q (Liddelow, Guttenplan et al. 2017). Testing this possibility is the goal of future 

studies.  Significantly increased S100β immunoreactivity in the brains of DFP mice are 

intriguing because this protein is a reliable biomarker of brain injury in survivors of OP 

poisoning (Yardan, Baydin et al. 2013) and patients with epilepsy (Liang, Mu et al. 2019). 

Increased astrocytic expression of S100β has been associated with compromised blood brain 

barrier (BBB) integrity (Krishnan, Wu et al. 2020), suggesting that acute DFP intoxication 
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adversely impacts the BBB. Indeed, BBB breakdown has been reported in the cortex of rats 4 

days after soman-induced SE (Rojas, McCarren et al. 2021), suggesting another mechanism of 

neuropathology in DFP mice. Future studies should investigate the potential disruption of the 

BBB during DFP intoxication in mice as a potential therapeutic target for OP poisoning. 

It has been well established that DFP-induced SE in adult male rats causes delayed 

learning and memory deficits that can persist for as long as 2 months post-intoxication (Brewer, 

Troendle et al. 2013, Flannery, Bruun et al. 2016, Guignet, Dhakal et al. 2020). The tests used in 

these studies included the Morris water maze to assess spatial learning and reference memory 

and Pavlovian fear conditioning to assess contextual and cued learning and memory. These 

reports are consistent with human survivors of OP poisoning that report impaired learning and 

memory as one of the more common neurological consequences of acute OP intoxication 

(Okumura, Hisaoka et al. 2005, Chen 2012, Jett, Sibrizzi et al. 2020). Learning and memory tests 

(novel object recognition and Pavlovian fear conditioning) were performed with DFP mice at 28 

DPE in this study, but the data were determined to be confounded by the observed locomotor 

hyperactivity in DFP mice at 28 DPE. Future studies should focus on identifying learning and 

memory tasks that are not confounded by hyperactivity to assess these behavioral domains in the 

DFP mice.  

Preclinical studies of OP-induced SE in rats have also established long-term behavioral 

deficits in anxiety (Coubard, Beracochea et al. 2008) and hyperreactivity (Guignet, Dhakal et al. 

2020), symptoms consistent with excessive arousal and post-traumatic stress disorder (Weston 

2014, Figueiredo, Apland et al. 2018). These reports are consistent with clinical literature 

describing the occurrence of anxiety and excessive arousal in human survivors of OP poisoning 
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(Levin, Rodnitzky et al. 1976, Yokoyama, Araki et al. 1998, Salvi, Lara et al. 2003, Harrison and 

Ross 2016). Consistent with these reports, the DFP mice exhibited signs of anxiety as indicated 

by increased avoidance of the center zone in the open field arena relative to VEH controls (Prut 

and Belzung 2003). Elevated scores in reactivity to tactile stimuli at 7, 30, and 60 days have been 

previously reported in a rat model of acute DFP intoxication using an identical scoring paradigm 

as the current study (Guignet, Dhakal et al. 2020). The findings from the reactivity test in DFP 

mice are consistent with the rat model. Collectively, these findings that DFP-induced SE caused 

signs of hyperarousal and anxiety in mice at 28 DPE are consistent with the human and rat 

literature. 

The open field test revealed that DFP mice were hyperactive as evidenced by 

significantly increased total distance traveled and rate of travel relative to VEH controls at 28 

DPE. This locomotor deficit is inconsistent with what has been previously shown in the DFP rat 

model, in which no deficits in locomotor activity were observed in the open field at 1 month 

post-DFP (Guignet, Dhakal et al. 2020). The reason for the difference between models in OP-

induced locomotor effects is unclear. Previous observations of hyperactivity in mice after OP 

exposure have been attributed to OP-induced inhibition of neuropathy target esterase (NTE; 

Winrow, Hemming et al. 2003). Whether this explains the hyperactivity in DFP mice is not 

known since NTE was not assessed in the current study; however, previous studies have 

demonstrated that DFP can significantly inhibit NTE activity (Lotti, Caroldi et al. 1987, Correll 

and Ehrich 1991). Additional studies are needed to quantify NTE activity in the brains of DFP 

mice to determine if this is a mechanism contributing to the locomotor hyperactivity in the DFP 

mouse model.   
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While decreased ability for nesting behavior has not been previously reported in DFP 

mice specifically, nesting deficits have been observed in several mouse models of SE induced by 

either pilocarpine or kainic acid that also produce hippocampal damage (Jiang, Quan et al. 2013, 

Jiang, Yang et al. 2015, Jiang, Yu et al. 2019). Because brain damage or lesions in the 

hippocampus of mice is known to be associated with impaired nesting (Deacon 2006), it is not 

surprising that DFP mice do not successfully nest at 28 DPE when the hippocampus is still 

exhibiting significant neurodegeneration. More long-term studies of DFP mice are needed to 

fully characterize the timeline of OP-induced nesting deficits in this model species relative to the 

persistence of hippocampal damage.  

 In conclusion, the findings of the current study support the hypothesis that the adult male 

C57BL/6J mouse DFP model recapitulates many of the acute and chronic neurotoxic effects 

observed in rats and humans following acute OP intoxication. Since this is the genetic 

background of many currently available transgenic mouse strains, this model may be ideally 

suited to investigate the molecular mechanisms of DFP-induced SE, neuropathology, and 

behavioral deficits. 
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Figure 3.1. Schematic of experimental design. Adult male C57BL/6 mice were injected 

subcutaneously with vehicle (VEH, saline) or DFP followed one minute later by intramuscular 

injection of atropine sulfate (AS) and 2-pralidoxime (2-PAM). Seizure behavior was manually 

scored for 4 h after DFP injection, and surviving mice were randomly assigned to cohorts for 

histological, biochemical, or behavioral assessment at 1, 3, 7, 14, and 28 days post-exposure. 

AChE=acetylcholinesterase assay; DFP=diisopropylfluorophosphate; 

IHC=immunohistochemistry. Created with BioRender.com. 
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Figure 3.2. Acute DFP intoxication caused robust seizure behavior, electrographic 

abnormalities, and weight loss in adult mice. (A) The behavioral scoring scale used to evaluate 

seizure behavior after DFP injection. SLUD=salivation, lacrimation, urination, defecation. (B) 

Resulting seizure scores for the first 4 h after DFP or VEH injection. Data points represent the 

mean seizure score (± SEM) for each treatment group at each time point (n = 12 mice/group). (C) 

Representative EEG traces of 2 individual DFP mice over 100 min of baseline and seizure 

recording. (D) Body weights of mice over the 28 d after injection with DFP or VEH. Data points 

represent the mean body weight (± SEM) for each group at each time point (n = 12 mice/group).  
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Figure 3.3. Acute DFP intoxication causes persistent inhibition of AChE activity in the 

brain and blood. Bars reflect the mean specific activity of AChE (± SEM) for VEH and DFP 

mice at each time point (n = 3-9 per time point). *Significantly different from VEH at p < 0.05 as 

determined by one-way ANOVA with Dunnett’s multiple comparison test. DPE=days post-

exposure. 
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Figure 3.4. Acute DFP intoxication causes persistent neurodegeneration in multiple brain 

regions. (A) Representative photomicrographs of the hippocampus from VEH and DFP mice 

stained with FluoroJade C (FJC, green) and counterstained with DAPI (blue) to label all cell 

nuclei. Scale bar = 1mm. (B) Representative high magnification image of FJC+ neurons from the 

hippocampus of DFP mice at 7 DPE. Scale bar = 50 µm. Geometric mean ratio (dot) and 95% 

confidence interval (bars) of the number of FJC+ cells in the hippocampus, piriform cortex, and 

thalamus of DFP mice relative to VEH controls at 1, 7, and 28 DPE with 95% confidence 

intervals (bars). The y-axis is a log scale. Confidence intervals that do not include 1 indicate a 

significant difference between DFP and VEH groups. No statistically significant differences 

between region or days post-exposure (DPE) were found, so all brain regions and time points 

were collapsed. Individual data points used to generate this figure can be found in the 

supplemental material (Figure S2). 
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Figure 3.5. DFP-induced SE caused persistent reactive astrogliosis in multiple brain 

regions. (A) Representative photomicrographs of the hippocampus 7 days after exposure to VEH 

or DFP. Coronal brain sections were immunolabeled GFAP (red) and S100β (green) to detect 

astrocytes, and counterstained with DAPI (blue) to detect nuclei. Scale bar = 1 mm. (B) 

Representative high magnification images of GFAP labeling in the hippocampus of VEH and 

DFP mice at 7 DPE. Scale bar = 500 µm. Geometric mean ratio (dot) of the percent area of 

GFAP immunoreactivity in the brain of DFP mice relative to VEH controls with 95% confidence 

intervals (bars) (n = 6-8 per group). The y-axis is a log scale. Confidence intervals that do not 

include 1 (identified as the gray line) indicate a significant difference between DFP and VEH 

groups. (C) Representative high magnification images of S100β labeling in the hippocampus of 

VEH and DFP mice at 7 DPE. Scale bar = 500 µm. Estimated difference (dot) of the percent area 

of positive S100β immunolabeling in the brain of DFP mice relative to VEH controls with 95% 

confidence intervals (bars) (n = 6-8 per group). Confidence intervals that do not include 0 

(identified as the gray line) indicate a significant difference between DFP and VEH groups. No 

statistically significant differences were identified between brain regions (cortex, hippocampus, 

thalamus, and piriform cortex) or days post-exposure (1, 7, and 28 days), so data from all brain 

regions and time points were collapsed. Individual data points used to generate this figure can be 

found in the supplemental material (Figure S3) 
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Figure 3.6. DFP-induced SE caused persistent microgliosis. (A) Representative 

photomicrographs of the hippocampus 7 days after injection with VEH or DFP. Coronal brain 

sections were immunolabeled with IBA1 to detect microglia, and CD68 to detect phagocytic 

cells and counterstained with DAPI to detect nuclei. Bar = 1 mm. (B) Representative high 

magnification image of IBA1 immunoreactivity in the hippocampus of VEH and DFP mice at 7 

DPE. Scale bar = 500 µm. Estimated difference (dot) of the percent area of IBA1 

immunolabeling in DFP mice relative to VEH controls with 95% confidence intervals (bars) (n = 

6-8 per group). Confidence intervals that do not include 0 (identified as the gray line) indicate a 

significant difference between DFP and VEH groups (colored blue). (C) Representative high 

magnification image of CD68 immunolabeling in the hippocampus of VEH and DFP mice at 7 

DPE. Scale bar = 500 µm. Geometric mean ratio (dot) of the percent area of positive CD68 

immunolabeling in DFP mice relative to VEH controls with 95% confidence intervals (bars) (n = 

6-8 per group). The y-axis is a log scale. Confidence intervals that are above and do not include 1 

indicate a significant difference between DFP and VEH groups. Individual data points used to 

generate this figure are provided in the supplemental material (Figure S4). 
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Figure 3.7. Quantitative analyses of the colocalization of biomarkers for astrocytes (GFAP and 

S100β) and microglia (IBA1 and CD68). (A) Geometric mean ratio (dot) of the percent area of 

positive GFAP and positive S100β immunolabeling in the brain regions of DFP mice relative to 

VEH controls with 95% confidence intervals (bars) (n = 6-8 per group).  (B) Geometric mean 

ratio (dot) of the percent area of co-labeling for IBA1 and positive CD68 immunoreactivity in 

DFP mice relative to VEH controls with 95% confidence intervals (bars) (n = 6-8 per group). In 

both panels, the y-axis is a log scale. Confidence intervals that do not include 1 (identified as the 

gray line) indicate a significant difference between DFP and VEH groups. Individual data points 

used to generate this figure can be found in the supplemental material (Figures S2 and S3). 
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Figure 3.8. Behavioral assessments of locomotion, reactivity, and nesting at 28 d post-exposure. 

(A) Representative heat maps generated from 30 min in the open field assessment for a VEH and 

DFP mouse. Open field distance traveled (m), velocity (cm/s), and percent time spent in arena 

center during 30 min isolation in an open field arena. Violin plots represent the median and 

quartiles for distance traveled, average velocity, and percent time in center zone for VEH and 

DFP mice with each dot representing an individual animal (n = 8-10 per group). *Significantly 

different at p < 0.0001 as determined by an unpaired two-tailed t-test. (B) Representative images 

of the nesting pads illustrating each nesting score. Reactivity and nesting scores for VEH and 

DFP mice, with violin plots representing the median and quartiles and each dot representing an 

individual animal (n = 8-10 per group). *Significantly different at p < 0.005 as determined by an 

unpaired two-tailed t-test. 
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Figure S1. Seizure scores from preliminary dose-finding experiments for mice in this study. A 

range of diisopropylfluorophosphate (DFP) doses was used to produce continuous seizures in 

DFP-exposed mice (12.7, 16.9, or 22.5 mg/kg, s.c.). A range of atropine sulfate (AS) doses (0.1, 

1.0, or 2.0 mg/kg, i.m.) were compared to determine which dose to use for DFP-exposed mice. 

Data points represent the mean seizure score (± SEM) for each treatment group at each time 

point (n = 2-7 mice/group).  
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Figure S2. Acute DFP intoxication causes robust FJC staining at 1, 7, and 28 days post-exposure 

(DPE) in the hippocampus, piriform cortex, and thalamus of DFP-treated mice relative to VEH 

controls (n=6-8 per group). Bars represent the mean ± SEM of positively labeled FJC cells per 

square millimeter of brain tissue. hippo=hippocampus; piriform=piriform cortex.  
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Figure S3. Individual data points of GFAP and S100β immunolabeling in this study. Percent of 

the area of brain region immunolabeled with GFAP, S100β, and colocalization of these markers 

at 1, 7, and 28 d after injection with VEH or DFP. Bars represent the mean percent area ± SEM 

for each brain region by treatment group (n=6-8 per group). DPE=days post-exposure, cortex= 

somatosensory cortex, hippo=hippocampus, piriform=piriform cortex. 
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Figure S4. Percent area of IBA and CD68 immunoreactivity in specific brain regions at 1, 7, and 

28 d after injection with VEH or DFP. Bars represent the mean percent area ± SEM for each 

brain region by treatment group (n=6-8 per group). cortex= somatosensory cortex; DPE=days 

post-exposure; hippo=hippocampus, piriform=piriform cortex. 
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Abstract: 

Acute intoxication with organophosphate (OP) nerve agents and pesticides can cause 

status epilepticus (SE) and death by inhibiting acetylcholinesterase (AChE), an enzyme that 

regulates cholinergic signaling in the nervous system through hydrolysis of acetylcholine (ACh). 

Excessive accumulation of ACh at central and peripheral synapses induces a toxidrome known 

as cholinergic crisis, which is a consequence of nicotinic and muscarinic overstimulation. The 

standard of care for acute OP intoxication, which includes atropine to block muscarinic receptors 

and oximes to regenerate AChE, notably does not include therapeutics that target nicotinic 

cholinergic receptors (nAChR). Here, we test the hypothesis that nAChR activation is involved 

in the initiation and/or maintenance of SE in a mouse model of acute intoxication with the OP 

diisopropylfluorophosphate (DFP). Administration of the non-selective nicotinic antagonist 

mecamylamine (MEC, 9.5 mg/kg, s.c.) 10 min before or 10 min after, but not 40 min after, DFP 

(9.5 mg/kg, s.c.) significantly reduced seizure severity, seizure duration, and weight loss relative 

to untreated DFP controls. Pre-treatment with the α4 subunit-selective antagonist dihydro-β-

erythroidine (DHβE) also significantly reduced seizure severity, duration and weight loss, but 

pretreatment with the α7 subunit-selective antagonist methyllycaconitine (MLA) did not. 

Consistent with the pharmacologic data, genetic deletion of the α4, but not the α7, nAChR 

subunit reduced behavioral seizure scores and electrographic seizure activity relative to wildtype 

mice. Collectively, these data identify a mechanistic role for α4-containing nAChR in the 

initiation and/or progression of seizures following acute OP intoxication, and support further 

investigation of nicotinic antagonists as prophylactics for OP-induced SE. 

 

Keywords: Cholinergic crisis, diisopropylfluorophosphate, mecamylamine, seizure  
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Abbreviations 

 

ACh = acetylcholine 

AChE = acetylcholinesterase 

DFP = diisopropylfluorophosphate 

DHβE = dihydro-β-erythroidine 

DPE = days post-exposure 

KO = knockout 

MEC = mecamylamine 

MLA = methyllycaconitine 

nAChR = nicotinic cholinergic receptor 

SE = status epilepticus 

SLUD = salivation, lacrimation, urination, defecation 

VEH = vehicle 

WT = wildtype  
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Introduction 

Organophosphates (OPs) are a class of synthetic neurotoxic chemicals that can cause 

seizures and death via acetylcholinesterase (AChE) inhibition (Colovic, Krstic et al. 2013, Pope 

and Brimijoin 2018). OP-induced seizures, which are triggered by hypercholinergic signaling 

resulting from AChE inhibition, can rapidly progress to status epilepticus (SE). OPs remain a 

significant public health concern. OP nerve agents were deployed as weapons of war against 

civilians in Syria in 2017 (HRW 2021), and their use has been confirmed in multiple high-profile 

assassination attempts in the UK, Malaysia, and Russia (Chai, Hayes et al. 2018, Haley 2018, 

OPCW 2018, OPCW 2020). OP pesticides account for hundreds of thousands of suicidal deaths 

every year (Eddleston 2019). Of significant concern given the threat these chemicals pose to 

human health, current medical countermeasures are insufficient protect survivors against the 

acute neurotoxic effects of acute OP poisoning (Jett and Spriggs 2020). There is, therefore, an 

urgent need to understand better the cellular and molecular mechanisms of OP-induced SE to 

identify novel therapeutic targets for protecting against acute OP neurotoxicity.   

During a cholinergic crisis, excessive accumulation of ACh causes overstimulation of 

nicotinic and muscarinic receptors (Adeyinka and Kondamudi 2019). However, the current 

standard of care for OP intoxication does not protect against overstimulation of nicotinic 

receptors (nAChRs) during OP intoxication. The nAChR is a pentameric, ionotropic receptor 

made of ɑ and/or β subunits, which upon ligand binding allow the influx of cations including 

sodium or calcium into the postsynaptic cell (Davis and de Fiebre 2006). Within the central 

nervous system, ɑ4 and ɑ7 are the predominant nAChR subtypes expressed (Davis and de Fiebre 

2006). The ɑ4β2 nAChR is a heteropentamer with the agonist binding site for ACh located at the 

extracellular ɑ4 and β2 interface. Mutations in the ɑ4 subunit are linked to epilepsy (Steinlein, 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3162463/figure/F1/
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Mulley et al. 1995), and transgenic mice with hypersensitive ɑ4 receptor subtypes display higher 

vulnerability to agonist-induced seizures (Fonck, Nashmi et al. 2003). The ɑ7 nAChR is a 

homopentamer, and the ACh binding site is found between each interface of the extracellular 

subunits, allowing five active domains for ligand binding ACh (Davis and de Fiebre 2006). 

When activated, these receptors can influence synaptic remodeling and downstream 

neurotransmitter release (Orr-Urtreger, Goldner et al. 1997).  

Earlier reports in the literature suggest nAChR may be involved in OP-induced seizures 

(Sheridan, Smith et al. 2005). In a rat model of DFP intoxication (3.3 mg/kg, i.v.), 30 min 

pretreatment with a combination of atropine (0.79 mg/kg, i.m.), mecamylamine (0.79 mg/kg, 

i.m.), and either pyridostigmine (0.056 mg/kg, i.m.) or physostigmine (0.026 mg/kg, i.m.) 

protected against the lethal effects of DFP (Harris and Stitcher 1984). Because this study did not 

assess nicotinic antagonism alone compared to the combinatorial therapy, the observed 

therapeutic benefits could not be attributed to nicotinic antagonism alone. However, in a soman 

intoxication model, mecamylamine (5 mg/kg, s.c.) treatment 5 min post-soman (250 μg/kg, s.c.) 

reduced fasciculations and respiratory irregularities in rats that were pretreated with scopolamine 

(30 min pre-soman; 20 mg/kg, s.c.) relative to scopolamine pretreatment alone (Hassel 2006). 

When the α7 nAChR antagonist 4R-cembranoid was injected (4R; 6 mg/kg, s.c.) either 1 h 

before, 5 h after, or 24 h after DFP (9 mg/kg, i.p.), a significant reduction in neurodegeneration 

and neuroinflammation was observed at 48 h post-DFP (Ferchmin, Andino et al. 2014). It should 

be noted that this study did not observe any antiseizure effects of the 1 h pretreatment with 4R, 

suggesting the α7 subunit may not be involved in DFP-induced seizures, but rather in 

downstream consequences of the cholinergic crisis.  
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In the present study, we targeted α4- and α7-containing nAChRs because of their 

predominant expression in the brain and because both subunits have been implicated in either 

preclinical seizure models or in epilepsy (Damaj, Glassco et al. 1999, Ghasemi and Hadipour-

Niktarash 2015). To address the question of what role nicotinic receptors play in OP-induced 

seizures, we leveraged a mouse model of acute intoxication with DFP (Calsbeek, González et al. 

2021, under review) to evaluate the effects of pharmacologic antagonism and genetic deletion of 

nAChR on seizure severity and duration. We also measured weight loss as an indirect indicator 

of the severity of peripheral cholinergic symptoms, specifically, salivation, lacrimation, 

urination, and defecation (SLUD) (Adeyinka and Kondamudi 2019).  

 

Materials and Methods 

Animals 

All studies involving animals conformed to the ARRIVE guidelines and were conducted 

in accordance with protocols approved by the UC Davis Institutional Animal Care and Use 

Committee that were designed to minimize pain and suffering. All animals were housed in 

facilities accredited by the American Association for Accreditation of Laboratory Animal Care 

(AAALAC) International. Adult male C57BL/6 mice (8-10 weeks old; 20-30 g; The Jackson 

Laboratory, Sacramento, CA) were maintained on a 12:12 light:dark cycle in a temperature and 

humidity-controlled vivarium (22 ± 2ºC; 40-50% humidity). Mice were group housed (up to 4 

mice per cage) in standard plastic mouse cages with corncob bedding, provided standard rodent 

chow (LabDiet #5058) and tap water ad libitum, and allowed to acclimate for at least 7 days 

prior to experimentation. Three pairs of male and female heterozygous α4-nAChR knockout 

(KO) mice on a C57BL/6J genetic background were obtained from the California Institute of 
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Technology (CalTech; Pasadena, CA, USA) and paired for breeding. Litters were genotyped at 

weaning (postnatal day 21) and homozygous offspring were paired for breeding to produce 

homozygous α4-nAChR subunit KO mice for this study. Three breeding pairs of male and 

female homozygous α7-nAChR subunit KO mice on a C57BL/6J genetic background were 

obtained from The Jackson Laboratories (Sacramento, CA, USA). Age-matched wildtype (WT) 

C57BL/6J mice were obtained from The Jackson Laboratories (Sacramento, CA, USA) as the 

control group for genetic investigation.  

 

Dosing Paradigm  

DFP was purchased from Sigma (St. Louis, MO, USA), stored at -80ºC, and confirmed to 

be at least 90% pure using NMR methods as previously described (Gao, Naughton et al. 2016). 

Atropine sulfate (AS) and 2-pralidoxime (2-PAM) were purchased from Sigma, stored at room 

temperature, and certificates of analysis provided by the manufacturers indicated the purity of 

AS to be >97% (lot #BCBM6966V) and of 2-PAM to be >99% (lot #MKCG3184). Adult male 

mice were injected with DFP (9.5 mg/kg in sterile saline, s.c.; 100 μL), followed 1 min later by 

injection of AS (0.1 mg/kg in sterile saline, i.m.) and 2-PAM (25 mg/kg in sterile saline, i.m.) to 

prevent peripheral toxicity. To assess the role of nAChRs in DFP-induced SE, mice were 

injected with the broad nicotinic antagonist mecamylamine hydrochloride (MEC; AK Scientific, 

Union City, CA, USA) or vehicle (sterile saline) either 10 min before, 10 min after, or 40 min 

after DFP injection. The α4-selective nAChR antagonist dihydro-β-erythroidine hydrobromide 

(DHβE; Tocris, Bristol, UK) or the α7-selective nAChR antagonist methyllycaconitine citrate 

(MLA; Tocris) was injected in sterile saline 10 min before DFP to assess the role of specific 

nAChR subunits in DFP-induced SE. Certificates of analysis provided by the manufacturers 
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confirmed the purity of MEC to ≥98% (lot #TC24203), DHβE to be ≥98% (batch #11A/249912), 

and MLA to be ≥98% (batch #23A/251394). DFP control mice were injected with an equal 

volume of sterile saline vehicle in place of the nAChR antagonists. Initial doses for the nAChR 

antagonists were selected based on a previous study using them as pretreatments for nicotine-

induced seizures in adult mice (Damaj, Glassco et al. 1999). 

Seizure behavior in mice was quantified after DFP injection using a behavioral seizure 

scoring scale from 0 to 5 ranked in order of symptom severity (Figure 4.1). Seizures were scored 

every 5 min for the first 120 min, and every 20 min from 120-240 min after DFP to quantify the 

onset, duration, and severity of SE. After 4 h of seizure scoring, mice were injected with dextrose 

(5% in saline; 1 mL, s.c.) and singly housed with wet food. Mice were weighed daily and given 

additional wet food and dextrose as needed (5% in saline (v/v); 1 mL, s.c.; daily) until body 

weight returned to pre-DFP baseline levels (typically within 4-7 days).  

 

Electroencephalogram Recording 

A small cohort of mice (3 experimental groups, n=2-4 per group) were instrumented with 

wireless (electroencephalogram) EEG telemetry devices (HDX02; Data Sciences International, 

St. Paul, MN, USA) in accordance with the UC Davis Survivable Rodent Surgery guidelines, as 

previously described (Copping and Silverman 2021). Briefly, mice were deeply anesthetized 

with isoflurane (4-5% for induction, 1-3% for maintenance) as confirmed by foot pinch before 

the skull was exposed to drill small holes for placement of electrodes. Stereotaxic coordinates 

were used to position the front edge of the implant 3.0-3.5 mm anterior of bregma. After 

securing the implant with anchor screws, the skin incision was sutured closed, and the head 

mount was fixed with dental cement. Implanted mice were returned to their home cage and 
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allowed to recover for at least 7 days prior to experimentation. Untethered EEG recordings were 

acquired using a receiver (RPC-1; Data Sciences International, St. Paul, MN, USA) placed under 

the home cage of the animal. EEG traces were analyzed for the root mean square of spike 

amplitude (per second) during 1 h epochs before and after DFP injection. 

 

Statistical Analyses  

Seizure scores were used to calculate the mean 4 h seizure score for each experimental 

group and analyzed using GraphPad Prism (version 8.1.2, alpha=0.5). Statistical comparisons 

between two experimental groups were performed using unpaired, two-tailed, t-test with post-

hoc Mann Whitney test. Statistical comparisons between multiple (>2) experimental groups were 

performed using one-way ANOVA with post-hoc Dunnett’s multiple comparisons test. 

Statistical comparisons between EEG experimental groups were performed using a two-way 

ANOVA with post-hoc Sidak’s multiple comparisons test. 

 

Results 

Mecamylamine (MEC) pretreatment prevented DFP-induced SE 

To determine whether nAChR were involved in initiation of OP-induced seizures, 

animals were administered varying doses (0.3-9.5 mg/kg, s.c.) of the non-selective nAChR 

antagonist MEC 10 min prior to being exposed to DFP (9.5 mg/kg, s.c.). A higher dose of MEC 

(30 mg/kg, s.c.) was also tested, but was observed to cause lethality before DFP was 

administered, confirming previously published concerns with high doses of mecamylamine 

(Hassel 2006). Using the seizure scale shown in Figure 4.1, seizure behavior was scored during 

the first 4 h after DFP injection. MEC caused a dose-dependent reduction in seizure scores 
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relative to untreated DFP controls (Figure 4.2A). Specifically, MEC-treated mice displayed 

reduced seizure behavior scores and SLUD that were apparent immediately after DFP, as 

manifested by attenuated convulsive behavior and minimal release of urine and feces. Similarly, 

the mean 4 h seizure score was significantly reduced in MEC-treated mice relative to untreated 

DFP controls, with the greatest seizure protection observed in DFP animals pretreated with MEC 

at 9.5 mg/kg (Figure 4.2B). The percentage of animals within each group that experienced a 

seizure score ≥ 3 at any time during the 4 h scoring period was the least in the 9.5 mg/kg MEC 

group, identifying this dose of MEC as the most efficacious in protecting against DFP-induced 

SE.  

 

Mecamylamine terminated seizure behavior when administered early after DFP exposure  

To evaluate a role for nAChR in propagating OP-induced seizures, MEC (9.5 mg/kg, s.c.) 

was administered 10 min after exposure to DFP. In all groups, seizures began within minutes of 

DFP injection; however, in DFP animals treated with MEC, seizures stopped within minutes of 

MEC injection (Figure 4.3A). The mean 4 h seizure score was also significantly reduced in 

MEC-treated mice relative to DFP controls (Figure 4.3B). Symptoms of SLUD appeared reduced 

in MEC-treated mice relative to untreated mice that displayed excessive nasal secretions, 

urination and defecation. MEC-treated mice lost significantly less weight relative to untreated 

DFP controls when assessed at 4 h (Figure 4.3C) and 24 h after DFP (Figure 4.3D). In contrast, 

administration of MEC (9.5 mg/kg, s.c.) at 40 min after DFP did not significantly reduce seizure 

scores (Figure 4.4A, B) or weight loss (Figure 4.4C, D) relative to untreated DFP controls.  
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The α4 but not α7 nAChR subunit is involved in DFP-induced SE 

To assess the contribution of specific nAChR subunits to DFP-induced SE, the subunit-

selective nicotinic antagonists DHβE (α4-selective) or MLA (α7-selective) were injected 10 min 

before DFP. Immediately after DFP injection, seizure behavior was reduced in DhβE-treated 

mice, and reached a stable seizure score of 1.0 at 65 min post-DFP. A significant reduction in 

mean seizure score was observed in mice treated with 5 mg/kg of DHβE relative to untreated 

DFP control mice (Figure 4.5A). Pretreatment with DhβE also significantly reduced body weight 

loss at 4 and 24 h after DFP exposure (Figure 4.5B). In contrast, pretreatment with MLA did not 

protect against DFP-induced SE (Figure 4.5C) or weight loss (Figure 4.5D).  

To verify that effects observed using nAChR subunit-selective pharmacologic 

antagonism were not due to off-target effects, we compared DFP-induced seizures and weight 

loss in knockout (KO) mice that lacked either the α4 or α7 nicotinic receptor subunit relative to 

wildtype (WT) mice. Regardless of genotype, all mice exhibited seizure behavior within minutes 

of the DFP injection (Figure 4.6A); however, seizure scores dropped in α4KO mice between 40-

45 min post-DFP and remained at ~2.0 for the remainder of the scoring period s. The mean 4 h 

seizure score was significantly reduced in the α4-AChR subunit KO mice compared to WT DFP 

controls or α7- KNO mice (Figure 4.6B). The mean seizure score for heterozygous α4 KO mice 

was also significantly lower than WT DFP controls but higher than homozygous α4 KO mice. 

EEG recordings from a separate cohort of mice (n=2-4 per genotype) indicated that DFP caused 

significant electroencephalographic seizure activity in WT mice, but not in α4 KO mice (Figure 

4.6C). The root mean square (per second) of spike amplitude following DFP was significantly 

increased relative to baseline in WT DFP but not in α4 KO mice (Figure 4.6D).  
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Discussion 

 The findings of this study support the hypothesis that nAChRs, in particular α4 subunit 

containing nAChRs, are involved in OP-induced seizures. The most direct evidence in support of 

this includes results from pharmacologic antagonism of nicotinic receptors 10 min before or after 

DFP, and the attenuated effects of DFP in mice that do not express the α4 nAChR subunit. 

Treatment with MEC was effective in preventing or terminating severe seizure behavior when 

given 10 min before or after DFP, but when injected at 40 min post-DFP, MEC did not reduce 

the severity of seizure behavior. This is consistent with evidence in the literature describing a 

shift from hypercholinergic signaling driving seizure activity to sustained glutamatergic 

signaling that occurs within minutes following OP intoxication to maintain seizure activity 

(Aroniadou-Anderjaska, Figueiredo et al. 2020). This could explain the limited efficacy of MEC 

at 40 min post-DFP in the current study. Another plausible explanation is that overactivation of 

nAChRs caused receptor internalization or desensitization in response to excessive signaling 

(Giniatullin, Nistri et al. 2005). Similarly, SE become refractory to benzodiazepines after 20-30 

min of continuous seizure activity because the synaptic GABAA receptors targeted by 

benzodiazepines are internalized (Niquet, Baldwin et al. 2016).  

There is a wide distribution of various nAChRs in the human body, which has triggered 

significant interest in identifying subunit selective antagonists to specifically target 

subpopulations of nAChRs. An interesting observation was that while MEC pretreatment 

completely blocked DFP-induced seizure behavior, pretreatment with DHβE did not prevent the 

initiation of seizure behavior, but seizure scores began dropping in DHβE-treated mice ~20 min 

after DFP. One explanation is that the dose of DHβE was too low to block DFP-induced seizures. 

However, a higher dose of 10 mg/kg of DHβE caused significant lethality even before injection 
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with DFP. In a study on nicotine-induced seizures in mice using identical doses (Damaj, Glassco 

et al. 1999), the α7-selective antagonist MLA was successful in blocking seizure behavior. The 

findings of the current study are inconsistent with this report, because MLA was not effective in 

preventing DFP-induced seizures. One potential explanation for this difference is that α7-

containing nAChRs are not contributing to OP-induced seizure behavior, consistent with 

previous studies using α7 antagonism before or after DFP (Ferchmin, Andino et al. 2014). The 

findings of the Ferchmin study suggest that the α7 nAChR subunit is involved in DFP-induced 

neuropathology, because significant neuroprotection was observed with the use of an α7 nAChR 

antagonist even though seizure scores were unaffected.  

Consistent with the α4-selective antagonist DhβE experiment, mice lacking the α4 

nAChR subunit displayed significant reductions in EEG spike amplitude after DFP relative to 

WT controls. However, the absence of increases in EEG spike amplitude was not expected based 

on seizure behavior scores of DFP mice pretreated with the α4-selective antagonist DHβE. One 

possible explanation for the observation of seizure behavior in the absence of EEG abnormalities 

is that the cortical EEG electrodes are not sensitive enough to detect focal seizures in more 

ventral regions of the brain. Additionally, it is not yet determined whether the dose of DHβE 

used in this study is sufficient to block all α4-containing nAChRs, which could allow some 

activity to persist. Studies are currently ongoing ex vivo to gain a better understanding of ideal 

timing for future dosing strategies. 

Nicotinic antagonism could be highly beneficial as a prophylactic therapy for OP 

intoxication, and studies are ongoing to evaluate its potential. A current prophylactic standard of 

care for OP intoxication is pyridostigmine bromide (Lorke and Petroianu 2019), which is a 

reversible AChE inhibitor taken orally (90mg/d) for a maximum of 7 days (USAMRICD 1990). 
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However, this therapeutic strategy suffers from concerns about side effects, and it is suspected as 

a possible cause of Gulf War Illness (Charatan 1999). There is also troubling evidence that 

pyridostigmine bromide (PB) provides no therapeutic benefit in preclinical models of DFP-

induced SE (Bruun, Guignet et al. 2019), raising the question of whether a different prophylactic 

strategy could be more effective at preventing or reducing OP-induced SE. There is literature 

suggesting that the duration of SE predicts the severity of negative health outcomes (Sisó, 

Hobson et al. 2017, Gainza-Lein, Fernandez et al. 2019) because excessive neuronal signaling is 

understood to induce excitotoxicity in the brain (Dong, Wang et al. 2009). Therefore, seizure 

prevention should be the primary focus of prophylactic treatment strategies for OP intoxication, 

to block the initiation of excitatory signaling cascades leading to a cholinergic crisis and 

glutamatergic storm.  

Another important finding of this work is that pretreatment with MEC or DHβE, but not 

MLA, reduced not only seizure behavior, but also clinical signs of cholinergic crisis, such as 

excessive salivation, lacrimation, urination, and defecation as evident by reduced weight loss at 4 

and 24 h after DFP intoxication. Nicotinic antagonism with hexamethonium has been shown to 

cause constipation and urinary retention (Dreyer 1954), which provides a possible explanation 

for the reduced weight loss in DFP animals treated with MEC or DHβE. Indeed, parasympathetic 

blockade with nicotinic ganglionic blockers causes dry mouth, urinary retention, and increased 

ocular pressure (Kaushal and Tadi 2020). Because mice with reduced seizure behavior also 

displayed significantly less weight loss, it remains unclear whether this therapeutic benefit was a 

direct result of nicotinic antagonism, or due to a phenomenon associated with the prevention or 

termination of SE. Therefore, more mechanistic studies are needed to gain a better understanding 

of the role for nicotinic receptors in the symptoms of SLUD.  
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In conclusion, the findings of the current study support the inclusion of a nicotinic 

antagonist as a preventative antidote for acute OP intoxication, but more studies are needed to 

determine if nicotinic antagonism is more effective via intramuscular route or when combined 

with benzodiazepine rescue. Due to the recruitment of multiple neurotransmitter systems during 

SE, it is not likely that one single targeted therapy will be enough to prevent the neurologic 

sequelae of OP intoxication. However, identifying the temporal profile of vulnerable receptor 

targets can provide critical information about when to administer medical countermeasures and 

can better inform triage decisions to assign the appropriate line of therapy based on duration of 

SE.  
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Figure 4.1. Experimental design of this study. Adult C57BL/6J mice were injected with 

diisopropylfluorophosphate (DFP) at time 0, followed 1 min later by atropine sulfate (AS) and 2-

pralidoxime (2-PAM) to prevent peripheral cholinergic toxicity. Seizure behavior was scored for 

each animal during the 4 h after injection to quantify seizure severity using a scale from 0-5 

ranked by severity of seizure behavior. Cohorts of wildtype (WT) mice in this study (n=4-6 per 

experimental group) were randomly assigned to one of three time points for therapeutic 

intervention with a nicotinic antagonist (red vertical arrows). Mice used in experiments to assess 

the effects of genetic deletion of specific nicotinic receptor subunits were not treated with 

nicotinic antagonists at any time point. 
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Figure 4.2. Pretreatment with mecamylamine 10 min prior to DFP injection dose-

dependently attenuated DFP-induced seizure behavior. (A) Behavioral seizure scores after 

acute exposure to DFP with 10 min pretreatment with varying doses of mecamylamine (MEC) or 

vehicle. Data points correspond to the mean group seizure score (± S.E.M.) at each observation 

time (n=6 animals per experimental group). (B) Mean 4 h seizure scores for each experimental 

group represented by violin plots displaying the median and quartiles (horizontal dotted lines). 

*Significantly different from DFP with no MEC pretreatment at p<0.0001 as determined by one-

way ANOVA with Dunnett’s multiple comparisons test. 
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Figure 4.3. Treatment with mecamylamine at 10 min post-DFP significantly reduced 

seizure scores and weight loss in DFP animals. (A) MEC (9.5 mg/kg, s.c.) or an equal volume 

of vehicle (VEH; saline) was administered 10 min after DFP administration. Data points 

correspond to the mean group seizure score (± S.E.M.) at each observation time (n=6-9 animals 

per group). (B) Mean 4 h seizure scores for each experimental group represented by violin plots 

displaying the median and quartiles (horizontal dotted lines). *Significantly different from DFP 

alone at p<0.0005 as determined by an unpaired two-tailed t-test with post hoc Mann Whitney 

test. (C) Body weights were recorded from mice before and 4 h after DFP injection to monitor 

acute effects of DFP intoxication. The mean change in body weight for each experimental group 

(n=6-9 per experimental group) was plotted as the percentage of body weight lost from baseline 

before DFP exposure using violin plots that display the median and quartiles (horizontal dotted 

lines). *Significantly different from controls at p<0.0005 as determined by an unpaired two-

tailed t-test with post hoc Mann Whitney test. (D) Body weights were recorded at 24 h post-DFP 

and plotted as the percentage of body weight lost from baseline before DFP exposure (n=6-9 per 

experimental group) using violin plots that display the median and quartiles (horizontal dotted 

lines). *Significantly different from controls at p<0.005 as determined by an unpaired two-tailed 

t-test with post hoc Mann Whitney test.
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Figure 4.4. Post-treatment with mecamylamine treatment at 40 min post-exposure did not 

reduce seizure scores or 24 h weight loss in DFP animals. (A) Mecamylamine (MEC, 9.5 

mg/kg, s.c.) or an equal volume of vehicle (VEH; saline) was administered 40 min after DFP 

exposure. Data points correspond to the mean group seizure score (± S.E.M.) at each observation 

time (n=6-8 animals per experimental group). (B) Mean 4 h seizure scores for each experimental 

group (n=6-8 per group). (C, D) Body weights were recorded from mice, before and after DFP 

injection, to monitor the effect of DFP intoxication on body weight. The mean change in body 

weight, measured as % weight lost from baseline prior to DFP injection, for each experimental 

group (n=6-8 per group) was determined 4 h (C) and 24 h (D) after DFP intoxication. Violin 

plots display the median and quartiles (horizontal dotted lines) for each group. *Significantly 

different from controls at p<0.05 as determined by an unpaired two-tailed t-test with post hoc 

Mann Whitney test. 
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Figure 4.5. Pretreatment with an α4 but not α7 subunit-selective nAChR antagonist 10 min 

before DFP significantly reduced seizure scores and weight loss. The nAChR subunit 

selective antagonist DHβE (α4-selective), MLA (α7-selective), or an equal volume of vehicle 

(VEH; saline) was injected 10 min before DFP to examine the role of the α4 or α7 nAChR 

subunit in OP-induced SE. (A) Resulting seizure scores after acute exposure to DFP ± DHβE and 

4 h seizure scores for each experimental group shown as the mean ± S.E.M. (n=4 per group). 

*Significantly different from controls at p<0.05 as determined by one-way ANOVA with 

Dunnett’s multiple comparisons test. (B) The percent change in body weight from baseline at 4 

and 24 h post-exposure presented as the mean ± S.E.M. (n=4 per group). *Significantly different 

from DFP control at p<0.05 as determined by one-way ANOVA with Dunnett’s multiple 

comparisons test. (C) Resulting seizure scores after acute exposure to DFP (+/- MLA) and mean 

4 h seizure scores for each experimental group (n=4 per group). (D) The percent change in body 

weight from baseline at 4 and 24 h post-exposure presented as the mean ± S.E.M. (n=4 per 

group). 
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Figure 4.6. Mice lacking α4 nicotinic receptor subunit displayed significantly decreased 

severity and shorter duration of SE relative to wildtype mice. (A) Resulting seizure scores 

after acute exposure to DFP. Seizure scores were recorded at 5 min intervals during the first 120 

min following administration of DFP (n=6-18 per experimental group), and at 20 min intervals 

between 120- and 240-min post-exposure. Data points correspond to the mean group seizure 

score (± S.E.M.) at each observation time. (B) Mean 4 h seizure scores for each experimental 

group. Violin plots display the median and quartiles (horizontal dotted lines) for each group. 

Significantly different from WT controls at *=p<0.0001 and #=p<0.05 as determined by one-

way ANOVA with Dunnett’s multiple comparisons test. (C) 1 hour baseline and seizure periods 

of EEG recordings from WT and α4KO mice (n=2-4 per group) injected with DFP (red dotted 

line). (D) EEG spike amplitude (RMS/sec) after DFP injection in WT and α4KO mice (n=2-4 per 

group). *Significantly different from baseline at p<0.005 as determined by two-way ANOVA 

with Sidak’s multiple comparisons test. Violin plots display the median and quartiles (horizontal 

dotted lines) for each group. 
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ACh = acetylcholine 

AChE = acetylcholinesterase 

DFP = diisopropylfluorophosphate 

EEG = electroencephalography 

KO = knockout 

MRI = magnetic resonance imaging 

PET = positron emission tomography 

OP = organophosphate 

SE = status epilepticus 

TETS = tetramethylenedisulfotetramine 
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Introduction 

Based on evidence over the past 30 years of intentional and accidental human poisonings 

with tetramethylenedisulfotetramine (TETS) and organophosphates (OPs; Li, Gao et al. 2014, 

Figueiredo, Apland et al. 2018), it is clear that these chemical threats remain relevant public 

health risks. Current standard of care (SOC) is not sufficient to protect the brain of survivors (de 

Araujo Furtado, Rossetti et al. 2012, Figueiredo, Apland et al. 2018, Lauková, Velíšková et al. 

2020), thus, more work is needed to identify antidotal therapies for treating individuals acutely 

intoxicated with these chemical threat agents. Since it may be challenging for first responders to 

initially determine which chemical is causing seizures in a mass casualty situation, there is an 

urgent need to investigate the cellular mechanisms of status epilepticus (SE) induced by either 

TETS or OPs to identify broad-spectrum, low-regret antidotes. However, this need may be 

challenging to meet because SE can recruit several different neurotransmitter systems, and the 

timing of this recruitment in the pathophysiology of TETS or OP intoxication has not been well 

characterized in the literature. Therefore, it is critical to gain a better mechanistic understanding 

of seizure initiation and the time course of neuropathology after intoxication with TETS or OPs. 

This knowledge will help to determine whether convergent mechanisms can be leveraged to 

normalize brain activity during SE to provide maximal antiseizure or neuroprotective efficacy in 

the absence of information about the intoxicating chemical.  

Another outstanding question in the field is the relative contribution of genetic factors vs. 

seizure severity in determining neuropathological outcomes following chemical-induced 

seizures. Indeed, previous studies have established that the genetic background of rodents or 

non-human primates can produce unique profiles of vulnerability to seizures and neurological 

consequences after chemical intoxication (Löscher, Ferland et al. 2017, Matson, McCarren et al. 



159 
 

2018, Copping, Adhikari et al. 2019). It has also been demonstrated in preclinical OP models 

that the extent of brain injury is positively correlated with the duration of SE because 

neuropathology intensifies in severity as the duration of SE increases (McDonough Jr, 

Dochterman et al. 1995, McDonough Jr and Shih 1997). Furthermore, studies of OP-induced SE 

using outbred strains of rats have observed neuropathological outcomes that increased in severity 

with the occurrence of SE (Prager, Aroniadou-Anderjaska et al. 2013, González, Rindy et al. 

2020), consistent with the suggestion that genetic factors and the duration of SE can influence 

subsequent neuropathological consequences. Addressing this question in regards to TETS-

induced SE has been challenging because preclinical models of acute TETS intoxication have 

failed to replicate SE (Shakarjian, Veliskova et al. 2012, Zolkowska, Banks et al. 2012, Rice, 

Rauscher et al. 2017) that is observed in humans acutely intoxicated with high doses of TETS 

(Zhou, Liu et al. 1998, Barrueto, Furdyna et al. 2003). To overcome this limitation, we recently 

developed a mouse model of TETS-induced seizures that quickly progress to SE that continues 

for at least 40 min (Pessah, Rogawski et al. 2016, Zolkowska, Wu et al. 2018). This novel mouse 

model offers a viable platform to address whether TETS-induced SE is associated with long-term 

neuropathology as has been demonstrated in preclinical models of OP-induced SE (Naughton 

and Terry 2018, Andrew and Lein 2021, Tsai and Lein 2021). Additionally, while preclinical 

models of TETS-induced seizures have primarily used NIH Swiss or C57BL/6 mice, no direct 

comparison has been made to address strain differences in chronic responses to acute TETS 

intoxication. These data gaps provide the rationale to investigate the spatiotemporal patterns of 

neuropathology after TETS-induced SE and to determine whether these patterns vary between 

two mouse strains commonly used to study TETS-induced seizures.  
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The cellular and molecular mechanisms involved in the induction of OP-induced seizures 

represents another knowledge gap in the field (Tsai and Lein 2021). While it is clear that acute 

OP-induced acetylcholinesterase (AChE) inhibition triggers seizures (Figueiredo, Apland et al. 

2018), the receptor subtypes involved in the initiation and progression of seizures to SE remain 

poorly characterized (Tsai and Lein 2021). Acute OP poisoning is understood to begin with a 

cholinergic crisis due to excessive accumulation of acetylcholine, which causes overstimulation 

of nicotinic and muscarinic receptors (Adeyinka and Kondamudi 2019). Although muscarinic 

receptors are targeted by antagonists such as atropine in the current SOC for OP intoxication 

(Jett and Spriggs 2020), this does not terminate OP-induced SE. This is attributed to poor 

penetration of atropine into the brain. However, the role of nicotinic receptors in OP-induced SE 

has not been rigorously investigated, which may underlie the lack of therapeutic strategies 

targeting the overstimulation of nicotinic receptors. The data described in this thesis address 

these knowledge gaps. This dissertation also described novel preclinical models of acute 

intoxication with chemical threat agents that provide advantages, but also have some limitations, 

relative to existing preclinical models. Findings of these studies extend understanding of the 

molecular mechanisms involved in the acute and chronic effects of acute intoxication with TETS 

or OPs and provide insights on therapeutic strategies for protecting against the neurotoxic effects 

of chemical threat agents.  

 

Novel models of acute intoxication with chemical threat agents 

Mouse model of TETS-induced SE 

 Previous mouse models studying the consequences of TETS intoxication faced 

challenges with replicating the human condition after poisoning with TETS (Barrueto, Furdyna 
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et al. 2003), because mice injected with TETS did not experience SE after acute exposure 

(Shakarjian, Veliskova et al. 2012, Zolkowska, Banks et al. 2012). The newly generated mouse 

model of TETS-induced SE in Chapter 2 addressed this limitation with the use of riluzole 

pretreatment to protect against the lethal effects of TETS, which allows TETS-induced seizures 

to progress to SE until termination with benzodiazepine rescue after 40 min. TETS mice in this 

model also displayed a subsequent spatiotemporal pattern of neuropathology via magnetic 

resonance imaging (MRI) and positron emission tomography (PET) imaging for up to 7 days 

after TETS exposure. This finding suggests this new model is more consistent with literature 

describing the effects of TETS in cases of human poisoning, where survivors display continuous 

seizures and SE with varying evidence of subsequent brain damage (Barrueto Jr, Furdyna et al. 

2003, Tan 2005). Therefore, the use of mice to study SE after TETS exposure is advantageous 

for mechanistic studies focused on the role of various neurotransmitters in the initiation of SE 

and the downstream consequences. However, more research is needed to determine the long-

term behavioral consequences of TETS-induced SE in mice to further establish its clinical 

relevance. One major disadvantage with using mice for PET imaging in Chapter 2 is that the 

cerebellum of the mouse is in very close proximity to the skull. Thus, this brain region is difficult 

to use as a reference region for PET imaging analysis because high tracer uptake in the skull 

confounds cerebellar values. Despite these limitations, the new mouse model of TETS-induced 

SE is a viable platform for studying the initiation and propagation of SE and could be leveraged 

for mechanistic studies to determine the best timing for antiseizure or neuroprotective therapies 

after TETS intoxication. 
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Mouse model of DFP-induced SE 

Rodent models of OP-induced seizures and SE can be highly predictive of the human 

condition after acute intoxication (Pereira, Aracava et al. 2014), and endpoints quantified in this 

dissertation recapitulate some of the long-term consequences seen in human survivors such as 

neuropathology or cognitive/behavioral deficits (de Araujo Furtado, Rossetti et al. 2012, Jett, 

Sibrizzi et al. 2020). Data presented in Chapter 3 characterized long-term neuropathology and 

behavioral deficits in a new mouse model of SE induced by diisopropylfluorophosphate (DFP). 

In this model, injection with DFP caused SE in adult male mice that lasted for hours, resulting in 

persistent brain damage, including neurodegeneration and neuroinflammation, in multiple brain 

regions. This finding is consistent with what has been shown in the rat model of DFP-induced 

SE, where an acute dose of DFP causes seizures that progress rapidly to SE, followed by a robust 

spatiotemporal pattern of neuropathology (Flannery, Bruun et al. 2016, Guignet, Dhakal et al. 

2020). These findings are also consistent with human cases of intoxication with OPs, where 

survivors have been shown to display continuous seizures preceding long-term brain damage and 

a range of behavioral consequences (Figueiredo, Apland et al. 2018). However, in contrast with 

the rat model, behavioral deficits in anxiety and hyperactivity were apparent in mice 28 days 

after dosing with DFP, whereas DFP rats have not been shown to develop deficits related to 

anxiety or locomotor activity. This finding highlights a disadvantage of using mice to study OP-

induced learning and memory deficits due to hyperactivity observed in the open field. This 

finding confounded tests for exploratory or freezing behavior for learning and memory 

behavioral tests, so future studies should wait for a later time point than 28 days post-exposure to 

examine learning and memory behavior in mice. On the other hand, since learning and memory 

deficits have already been observed in rat models of OP-induced SE (Schultz, Wright et al. 2014, 
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Guignet, Dhakal et al. 2020), it may be ideal to use rats for modeling the OP-induced learning 

and memory deficits. Taken together, the DFP rat model appears to better replicate learning and 

memory deficits seen in human survivors of OP poisoning (Savage, Keefe et al. 1988, Jett, 

Sibrizzi et al. 2020), so it is important for researchers to determine the appropriate species to 

select for mechanistic or behavioral study. Despite these limitations, these observations suggest 

that the new mouse model of DFP-SE recapitulates many of the acute and chronic neurotoxic 

effects observed in humans following acute OP exposure such as SE with subsequent long-term 

neuropathology and anxiety-related behavioral deficits and is particularly advantageous to 

investigate the molecular mechanisms of OP intoxication. 

 

Mechanistic implications of findings described in this thesis 

Neuropathologic consequences of TETS-induced SE  

It is generally believed that the duration and severity of seizures or SE influences the 

occurrence or severity of negative health outcomes in survivors of TETS or OP intoxication 

(McDonough Jr, Dochterman et al. 1995, Hobson, Siso et al. 2017, Calsbeek, Gonzalez et al. 

2021). This association between brain damage and SE has been hypothesized to be due to 

prolonged aberrant epileptiform activity, which rapidly intensifies after 20 min of seizure activity 

(McDonough Jr, Dochterman et al. 1995). Findings reported in this dissertation are consistent 

with this relationship, because as described in Chapter 2, TETS SE mice displayed more severe 

neuropathology with increased duration of SE. Specifically, a mouse that failed to respond to 

benzodiazepine treatment experienced a prolonged duration of SE for more than 120 min and 

displayed evidence of severe neurodegeneration and neuroinflammation. These severe 

neuropathological consequences are in contrast with the subtle and transient neuropathology 
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observed in mice that experienced TETS-induced SE for 40 min before termination with 

benzodiazepines. Therefore, these findings are consistent with the suggestion that the duration of 

TETS-induced SE may correlate with the severity of neuropathology, but more studies with 

larger sample sizes are needed to confirm this association. The minimal amount of brain damage 

seen in TETS mice with 40 min of SE was a direct contradiction to the long-standing postulate in 

OP literature that seizures occurring for longer than 20 cause significant brain damage 

(Figueiredo, Apland et al. 2018, Guignet and Lein 2019). This contrast between chemical models 

of SE suggests that there could be different molecular mechanisms driving seizures between 

models, or that the pathogenic mechanisms linking seizures to long-term outcomes vary between 

TETS and OPs.  

It has recently been reported that genetic background can influence the susceptibility of 

mice to seizure response and behavioral outcomes (Copping, Adhikari et al. 2019). Another 

major finding in Chapter 2 is consistent with this literature, because two different strains of 

TETS mice that experienced SE for 40 min after an acute dose of TETS exhibited different 

spatiotemporal profiles of neuropathology. Relative to vehicle controls, NIH Swiss mice 

displayed significant brain damage at 3 days post-TETS intoxication, whereas C57BL/6J mice 

exhibited significant brain damage at 3 and 7 days post-TETS as evidenced by MRI and PET. 

Because the dosage of TETS was increased in C57BL/6J mice to achieve comparable severity of 

SE between strains, there remains an open question as to whether these variations in 

neuropathology were strictly due to strain-specific responses to SE, or to dose-dependent 

toxicodynamic effects of TETS. Nevertheless, these findings indicate that the neuropathological 

consequences of TETS-induced SE are affected by genetic background and are, therefore, likely 
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to vary in a diverse human population who display comparable seizures after intoxication with 

TETS.  

 

Role of nicotinic cholinergic receptors in initiation vs. propagation of OP-induced seizures 

One advantage afforded by mouse models of OP-induced seizures is the ability to 

leverage existing knockout (KO) strains of mice to study the role of particular receptors in the 

initiation and progression of OP-induced SE. The data described in Chapter 4 leveraged this 

benefit by using KO mice lacking α4- or α7-containing nicotinic receptors to confirm the role of 

α4-containing receptors in OP-induced SE. These experiments showed that α4 KO mice injected 

with DFP exhibited significantly reduced seizure activity relative to wildtype mice; in contrast, 

reduced duration and/or severity of DFP-induced seizure behavior was not observed for α7 KO 

mice. A key role for α4 nicotinic receptors in OP-induced seizures was supported by 

pharmacologic experiments comparing the efficacy of α4- and α7-selective nicotinic antagonists 

in blocking and terminating OP-induced seizures. When selective antagonists were injected 10 

min before DFP, symptoms of SE were significantly reduced in mice treated with the α4-

selective antagonist, but not the α7-selective. These findings confirm the role of α4-containing 

nicotinic receptors in the initiation of SE, and more studies are needed to determine if this 

specific receptor has a role in SE propagation after DFP. Further studies using the non-selective 

nicotinic antagonist, mecamylamine, confirmed that pretreatment 10 min prior to DFP exposure 

blocked the initiation of seizures. Similarly, post-exposure administration of mecamylamine at 

10, but not 40 min, after DFP injection terminated seizure activity. These observations suggest 

that by 40 min post-DFP, SE has progressed to a cholinergic-independent mechanism, consistent 

with the hypothesis that a transition occurs from the cholinergic crisis to a glutamatergic storm 



166 
 

sometime between 20-40 min post-exposure (McDonough Jr and Shih 1997). An alternative 

explanation for the lack of antinicotinic efficacy after 40 min of DFP-SE is that nicotinic 

receptor desensitization occurs due to overstimulation (Giniatullin, Nistri et al. 2005). A similar 

limitation in first-line antiseizure therapy has been observed, when survivors of SE suffer from a 

loss of response to delayed benzodiazepine treatment due to receptor internalization and 

refractoriness to therapeutic intervention (Niquet, Baldwin et al. 2016). One surprising finding 

from the studies using α4KO mice or the α4-selective nicotinic antagonists was in the different 

profiles of seizure scores observed after DFP injection between these exposure groups. While 

pretreatment with the nonselective or α4-selective antagonist prevented the initiation or 

propagation of SE, α4KO mice displayed initial symptoms of SE that appeared to terminate ~40 

min post-DFP. One potential explanation for this difference could be a compensatory genetic 

mechanism in the KO mouse to upregulate other nicotinic receptors, to conserve normal function 

in the KO over the lifetime of the animal (Kreiner 2015). However, no significant differences in 

the expression of other nicotinic receptors has been reported in α4KO versus wildtype mice 

(Ross, Wong et al. 2000), suggesting this difference may not be the result of genetic 

compensation. Additionally, electrographic recordings from the brains of α4KO mice 

demonstrated an absence of electrographic abnormalities after DFP. This suggests that either the 

observed behavioral seizure scores were strictly due to peripheral effects of OP intoxication, or 

that the cortical electrographic recording electrode was not sensitive enough to detect 

abnormalities in deeper brain regions driving the initial seizures. Despite these remaining 

questions, the findings in Chapter 4 confirm a necessary role for nicotinic receptors in the 

initiation and propagation of OP-induced SE. However, more research is needed to determine if 
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subunit selective antagonists can offer protection against the propagation of OP-induced SE 

when injected 10 min after DFP.  

 

Therapeutic implications of findings described in this thesis 

Therapeutic window for TETS 

The data described in Chapter 2 illustrated the positive correlation between seizure 

duration and the extent of neuropathological outcomes after acute TETS intoxication, which is 

consistent with other models of OP-induced SE (McDonough Jr and Shih 1997). However, 

another important observation from this study was that 40 min duration of TETS-induced SE 

only caused a subtle and transient profile of neuropathology in mice, suggesting that the 

therapeutic window for neuroprotection is significantly longer following TETS-induced SE vs. 

OP-induced SE. Specifically, it is well understood that there is a narrow therapeutic window for 

OP-induced SE, because benzodiazepines fail to protect against persistent, long-term 

consequences even when administered after 30-40 min of SE (Shrot, Ramaty et al. 2014, 

Supasai, Gonzalez et al. 2020). Furthermore, other preclinical rodent models of OP-induced SE 

have demonstrated that a duration of SE for 20-40 min can cause a robust spatiotemporal profile 

of neuropathology that persists for days to months (reviewed by de Araujo Furtado, Rossetti et 

al. 2012, Guignet and Lein 2019). Therefore, the data presented in Chapter 2 suggest that the 

therapeutic window for mitigating brain damage following TETS-induced SE may be longer than 

that reported for OP-induced SE, but more studies are needed to confirm the efficacy of 

benzodiazepines administered at time points beyond 40 min post-TETS. 
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Nicotinic antagonists as prophylactic treatment for acute OP intoxication 

The cholinergic crisis that is induced by acute OP intoxication results from the excessive 

accumulation of acetylcholine, causing overstimulation at muscarinic and nicotinic receptors 

(Adeyinka and Kondamudi 2019). However, the current SOC for OP intoxication, which 

includes an oxime to reactivate AChE and a muscarinic antagonist, lacks a nicotinic antagonist, 

raising important questions about this exclusion (Smythies and Golomb 2004, Sheridan, Smith et 

al. 2005). The findings of Chapter 4 confirmed that non-selective or α4-selective nicotinic 

antagonists are effective at blocking seizures when injected 10 min before DFP. Another 

important finding in Chapter 4 was that pretreatment with the broad or α4-selective antagonist 

protected against symptoms of the cholinergic crisis such as salivation, lacrimation, urination, 

and defecation. While post-exposure treatment at 10 min after DFP also exhibited anti-seizure 

efficacy, treatment at 40 min post-exposure had no effect on DFP-induced seizures. However, 

this therapeutic benefit was no longer afforded when the nonselective nicotinic antagonist was 

injected 40 min after DFP. One explanation for this could be that nicotinic receptors are no 

longer involved in the propagation of SE at 40 min post-DFP, due to a shift in neurotransmission 

from cholinergic to glutamatergic (McDonough Jr and Shih 1997). This would suggest that 

although these receptors are still functional, they are no longer required for maintenance of OP-

induced SE by 40 min post-DFP. These observations suggest that the delayed administration of 

nicotinic antagonists after OP intoxication is not of therapeutic value; however, they do suggest 

that nicotinic antagonism may be useful as a prophylactic or immediate post-exposure 

therapeutic. The current prophylactic SOC for OP exposure is pyridostigmine bromide (PB), 

which is suspected to cause Gulf War Illness in humans (Charatan 1999), and has not offered 

protection against SE in preclinical rat models of OP intoxication (Bruun, Guignet et al. 2019). 
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Given that the duration of seizure seems to predict negative health outcomes, it is likely that 

neuroprotection could be afforded using nicotinic antagonists, although neuropathology and 

behavioral deficits were not inspected in the work presented here. Taken together, the primary 

focus for first responders and the SOC should be to stop seizure behavior as quickly as possible, 

because delayed therapy may be ineffective to terminate SE and to reduce subsequent 

neuropathology. 

 

Outstanding Research Questions and Concluding Remarks 

While the research described in this dissertation addresses the question of the role of 

seizure duration and genetic background on neuropathological outcomes following acute TETS-

induced SE, several data gaps remain to be investigated. First, it remains an open question as to 

whether the TETS-SE mouse model is truly representative of TETS-induced SE in humans, due 

to the subtle and transient nature of neuroinflammation and brain pathology detected in TETS 

mice that experienced SE for 40 min. However, the mouse that experienced TETS-SE for 120 

min displayed severe neuropathology, which suggests that mice with prolonged SE after TETS 

could better recapitulate the human condition after intoxication (Zhou, Liu et al. 1998). 

Therefore, it may be beneficial to develop a mouse model of TETS-induced SE that either does 

not require benzodiazepine rescue or survives with delayed administration of antiseizure 

medication at later time points to evaluate therapies for survivors who do not receive or respond 

to a first-line therapy in the field. Second, it would be useful to determine if the transient 

neuroinflammation observed in TETS SE (40 min) mice is sufficient to cause behavioral deficits. 

If so, this would strengthen the conclusion that this new model of TETS-induced SE reasonably 

represents the human condition after TETS intoxication. 
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Another data gap not addressed in the studies of the DFP mouse model described in 

Chapter 3 is the lack of treatment with benzodiazepines to terminate DFP-induced SE. Since 

first-line benzodiazepines like midazolam can be effective in reducing OP-induced SE in rats 

when given at delayed time points up to 120 min post-DFP (Spampanato, Pouliot et al. 2019), it 

is of great interest to know if this approach can terminate SE in DFP-intoxicated mice and to 

characterize the optimal therapeutic windows for such therapies. Rat models of OP intoxication 

have displayed a vulnerability to benzodiazepine refractory SE, which mimics the human 

condition, where delayed administration of benzodiazepine therapy is not effective because of 

the internalization of GABAergic receptors (Niquet, Baldwin et al. 2016). Therefore, it will also 

be important to determine if DFP mice are similarly vulnerable to this phenomenon. 

Additionally, it is still unknown if DFP mice will develop spontaneous recurrent seizures (SRS) 

like rats, who experience them in the weeks and months following acute OP intoxication 

(Figueiredo, Apland et al. 2018, Dhir, Bruun et al. 2020, Guignet, Dhakal et al. 2020). Long-term 

electrographic studies could be designed to instrument mice with wireless telemetry devices and 

record brain activity over the weeks and months following acute DFP exposure. These studies 

could determine if mice are also vulnerable to the development of SRS after DFP-induced SE 

like rats or humans, which would allow for mechanistic studies into the progression of this 

adverse neurologic outcome. 

Chapter 4 was a mechanistic study using pharmacologic and genetic tools to assess the 

role of nicotinic receptors in SE induced by DFP in the mouse model. While the finding of their 

role in DFP-SE is important to the field at large, several questions and data gaps remain to be 

investigated. First, it will be important to evaluate the efficacy of selective versus nonselective 

nicotinic antagonism in preventing long-term neuropathology and behavioral deficits. This 
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research could enhance knowledge of the role of SE in the neuropathological outcomes of DFP 

intoxication and determine if the potential neuroprotective efficacy of this strategy can be 

improved using selective antagonists to avoid the ganglionic block caused by broad nicotinic 

antagonism (Sheridan, Smith et al. 2005). Second, the experiments in Chapter 4 did not evaluate 

intramuscular delivery of nicotinic antagonists to delay absorption, metabolism, and elimination, 

or compare them to the current prophylactic SOC, pyridostigmine bromide. This is an important 

consideration for the field because of the current use of autoinjectors to administer the SOC and 

improving the prophylactic therapy with this strategy could mitigate long-term consequences of 

acute OP exposure. If SE duration predicts the extent or severity of neuropathology, then it is 

logical that successful termination of SE using nicotinic antagonists could protect the brain from 

severe neuropathology. Third, there is literature suggesting the α7 nicotinic subunit plays a role 

in epileptic disorders (Ghasemi and Hadipour-Niktarash 2015), neurodegeneration (Ferchmin, 

Andino et al. 2014) and neuroinflammation (Mizrachi, Marsha et al. 2021), so it is important to 

know how the use of selective agonists or antagonists can protect against the neuropathological 

response seen after DFP in mice. While α7-selective antagonism was not effective in mitigating 

the induction of SE, it is of great interest to know what role these receptors might have in the 

progression of neuropathology after DFP intoxication.  

 

Concluding remarks 

The data presented in this dissertation suggest that recently developed mouse models of 

SE induced by TETS or DFP recapitulate many of the hallmark symptoms of human intoxication 

with these chemicals. Because SE itself is understood to recruit multiple neurotransmitter 

systems in the brain, it is likely that successful antiseizure treatment strategies will need to 
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employ combination therapies to effectively terminate SE and prevent the long-term sequelae of 

neurological consequences. For example, after acute exposure to an OP, the early delivery of 

nicotinic, muscarinic, and glutamatergic antagonists followed by a GABAergic positive allosteric 

modulator could provide maximum efficacy to stop SE. However, it is critical to first gain a 

deeper understanding of the timing for the optimal therapeutic windows for each mechanistic 

drug class. Therefore, more studies are needed to gain insight on cellular mechanisms of 

intoxication with chemical threat agents. The development of mouse models of SE induced by 

TETS or DFP in this dissertation provide a rigorous platform to leverage knockout or transgenic 

mice to address outstanding gaps in the field. 
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