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Neurotoxicity of Acute Intoxication with the Chemical Threat Agent Diisopropylfluorophosphate
(DFP) in the Adult and Juvenile Rat Brain

Abstract

Organophosphate cholinesterase inhibitors (OPs) are a class of neurotoxic chemicals that have been
used globally as both pesticides and chemical warfare agents. Most recently, OPs have been used during
the Syrian civil war, a political assassination in Asia, and terrorist attacks in Europe. Survivors of high-
dose acute OP intoxication can experience convulsions, prolonged seizures, or death if not treated within
minutes of exposure. During the months or years that follow, humans who survive acute OP intoxication
often experience significant changes in brain structure, general cognition, memory, or electrographic
activity. Even those who received standard of care treatment with atropine, oximes, and benzodiazepines
may experience chronic neurological deficits or electrographic abnormalities. For this reason, there is an
urgent need for more efficacious therapeutics to combat acute OP poisoning. To develop more effective
therapeutic strategies, it is critical to better understand how acute OP intoxication impacts the brain and
the reasons for the limitations of the current standard of care. A critical question in the field is whether
seizure-independent mechanisms contribute to long-term neurological damage following acute OP
intoxication, and if so, which mechanisms play a role. Additionally, very few studies have examined the

influence of sex and age on the chronic neurological impacts of acute OP intoxication.

This dissertation seeks to address these data gaps using a rat model of acute intoxication with OP
threat agent diisopropylfluorophosphate (DFP) as a model. Chapter 2 demonstrates that the current
standard of care reduced seizure activity but offered only partial neuroprotection at 3 and 6 months post-
intoxication, and failed to protect against chronic microglial activation and midbrain mineralization.
Studies described in Chapter 3 leveraged a seizure-resistant subset of rats acutely intoxicated with DFP to
determine whether DFP induced neurological damage independent of seizure activity. Seizure-resistant
animals showed pronounced neuronal degeneration and mineralization, although these outcomes were not

as severe or as persistent as in those animals who experienced seizures. Chapter 5 describes the



development of a juvenile rat model of acute DFP intoxication that addressed potential sex differences
and better reflected the diversity of individuals potentially affected by OP intoxication. Juvenile males
had more severe seizures, astrogliosis, and aberrant neurogenesis compared to juvenile females, but both
sexes experienced persistent microglial activation and cognitive deficits following DFP intoxication. This
model also suggested that juveniles were generally more resistant to OP-induced seizures and experienced

a later onset of neuroinflammation compared to their adult counterparts.

These findings have important implications for the development of medical countermeasures against
OP threat agents. The observation that both benzodiazepine-treated and seizure-resistant animals
experienced chronic neuronal degeneration despite having little to no seizure activity suggests that
seizure-independent mechanisms contribute to the long-term neurological effects of acute OP
intoxication. My findings also suggest that both age and sex are biological variables that influenced OP-
induced neurotoxicity, and should, therefore, be important considerations in preclinical assessment of
toxicity and therapeutic efficacy. Lastly, the temporal patterns of microglial activation in juvenile
animals, as well as the persistence of microglial activation despite antiseizure treatment, point to
microglial-mediated neuroinflammation as a likely factor contributing to long-term neurological

consequences following acute OP intoxication.
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Chapter 1
Introduction

Based in part on a submission to Chemical Research in Toxicology with the following title and
authors:

Pathogenic Mechanisms Contributing to the Neurological Damage Associated with Status
Epilepticus Triggered by Chemical Threat Agents

Eduardo A. Gonzélez™, Jonas J. Calsheek @, Peter Andrew?, Jason W. Loxterkamp?, Dennis R.

Carty?, and Pamela J. Lein?

4Department of Molecular Biosciences, University of California, Davis, School of Veterinary

Medicine, 1089 Veterinary Medicine Drive, Davis, CA 95616, United States

*These authors contributed equally to this manuscript.



Overview of Chemical Threat Agents

Organophosphorus cholinesterase inhibitors (OPs) are used globally as pesticides and are
known to cause hundreds of thousands of deaths each year as a result of accidental and
intentional poisonings (Eddleston, Buckley et al. 2008, Pereira, Aracava et al. 2014). In addition,
OPs have been used as chemical warfare agents, as recently as the 2013 and 2017 chemical
attacks in Syria (Vogel 2013, UN 2017), as well as the 2020 chemical attack on a Russian
opposition leader (OPCW 2020). It is for these reasons that a number of OPs are listed by the
United States Department of Homeland Security as credible chemical threat agents. OP warfare
agents are a potent class of OPs that were developed as chemical weapons and have been used by
terrorists against civilian populations (Jett and Yeung 2010). They are broadly categorized as G-
agents (soman, sarin, tabun, cyclosarin) or V-agents (VX, VE, VG, VM). G-agents are highly
volatile and relatively nonpersistent in the environment, while VV-agents have low volatility and
are highly persistent (Mucinic, Antonijevic et al. 2017). The newly developed novichok agents
exhibit volatility and environmental persistence intermediate of G and V agents. Among the OP
warfare agents, soman and sarin (Figure 1-1) represent two of the most commonly researched

chemicals.

Historically, OP warfare agents were the primary class of compounds researched in acute
toxicity studies; however, growing interest in the field caused several academic labs to begin
similar studies using OP pesticides as surrogate compounds due to the increased safety when
testing these compounds in the laboratory environment. There is also extensive literature on
acute intoxication with OP pesticides due to accidental exposure or suicide, and these chemicals
are now considered credible chemical threat agents (reviewed in Richardson, Fitsanakis et al.

2019). Preclinical models of acute OP pesticide intoxication have been developed using OP

2



pesticides such as diisopropylfluorophosphate (DFP) or paraoxon (POX), among others, (Figure
1-1). These chemicals have been shown to produce comparable behavioral and pathological
phenotypes as warfare agents in models of acute intoxication and can be used as a rigorous

platform for testing potential therapeutics (Pereira, Aracava et al. 2014).

OP threat agents can trigger convulsions that progress to life threatening status epilepticus
(SE), a clinical diagnosis characterized by sustained seizure activity (Williamson, Singh et al.
2019). Human survivors of acute OP intoxication present with a variety of neurological
dysfunctions ranging from mild to severe decline in memory, affective disorders and chronic
epilepsy (Chen, Garcia et al. 2014, Figueiredo, Apland et al. 2018, Jett, Sibrizzi et al. 2020).
Preclinical animal models have replicated these findings and demonstrated similar neurological
deficits following acute OP intoxication, including electrographic abnormalities, structural brain
damage, and cognitive deficits (Guignet and Lein 2019). If treatment of intoxicated individuals is
not administered within minutes to hours following intoxication, it is difficult to prevent the
initiation of SE or additional pathogenic mechanisms that may result in progressive neurological

damage (Jett and Spriggs 2018).

Organophosphate Toxicity and Treatment Challenges

OPs induce seizure activity via inhibition of AChE (Richardson, Fitsanakis et al. 2019), the
enzyme that functions to terminate cholinergic transmission by hydrolyzing the excitatory
neurotransmitter acetylcholine (ACh; Figure 1-2). OPs bind to the serine residue on the active
site of AChE to form a covalent bond that is initially reversible. However, a spontaneous
hydrolysis reaction occurs and forces a redistribution of electrons that strengthens the covalent

bond, causing it to become irreversible (Pope and Brimijoin 2018). The OP-AChE conjugate



then becomes refractory to therapeutic reactivation, making OP intoxication especially difficult
to treat (Quinn, Topczewski et al. 2017). This biochemical process is referred to as “aging” and
can occur within minutes to hours depending on the OP. As a result of AChE inhibition, ACh
accumulates in the synaptic cleft causing excessive cholinergic neurotransmission throughout the

central and peripheral nervous systems.

AChE inhibition leads to a physiological cascade often referred to as cholinergic crisis
(Williamson, Singh et al. 2019). In the autonomic nervous system, AChE inhibition results in
overstimulation of nicotinic and muscarinic cholinergic receptors that function to maintain the
body’s unconscious physiological processes. This can cause what is clinically referred to as
SLUD (salivation, lacrimation, urination, and defecation), muscle weakness, respiratory distress,
and bradycardia (Richardson, Fitsanakis et al. 2019). Unregulated ACh also overstimulates
cholinergic neurons that innervate skeletal muscle in the somatic nervous system, leading to
muscle fasciculations and convulsions (Pereira, Aracava et al. 2014). In the central nervous
system (CNS), the buildup of ACh has severe adverse effects on neuronal excitability and
signaling, including the downstream release of glutamate, the primary excitatory
neurotransmitter in the CNS (Myhrer 2007). This relationship primarily exists in the midbrain,
where cholinergic axon terminals can directly innervate glutamatergic neurons (Shin, Adrover et
al. 2015). This subset of glutamatergic neurons expresses muscarinic receptors that are sensitive
to minor changes in ACh levels, which can result in excessive glutamate release (Shin, Adrover
et al. 2015). Severe seizures can be triggered by the overabundance of excitatory
neurotransmission in the CNS that progress to SE. This cascade can result in neurological effects
that remain active even following detoxification of the compound, further complicating treatment

strategies (Tonduli, Testylier et al. 2001).



Current medical countermeasures against acute OP intoxication include a muscarinic receptor
antagonist (usually atropine) combined with an oxime reactivator of OP-inhibited cholinesterase,
such as pralidoxime chloride (2-PAM). Treatment with atropine and 2-PAM can significantly
increase the survival of experimental animals exposed to multiple LDso doses of OP nerve
agents. However, the combined treatment regimen does not protect against OP-induced centrally
mediated seizure activity (Gordon, Leadbeater et al. 1978, Dirnhuber, French et al. 1979) and is
only effective immediately following OP intoxication, especially in the case of nerve agents
(Amend, Niessen et al. 2020). Seizures rapidly progress to SE, leading to profound brain damage
(Lemercier, Carpentier et al. 1983, McLeod, Singer et al. 1984, McDonough, Jaax et al. 1989).
Therefore, concurrent administration of an antiseizure agent is typically used to stop the seizures
and attempt to protect the brain against damage. Benzodiazepines (diazepam and midazolam) are
the first-line antiseizure treatment for use following chemical-induced seizures (Marrs 2003). In
the United States, diazepam has been recently replaced by midazolam as the preferred first line

treatment administration (FDA 2018).

Although benzodiazepines may stop OP-induced seizures when administered early after
exposure, they are less effective when administered later, and even with early treatment,
benzodiazepines are not effective in protecting against OP-induced neuropathology
(McDonough, Zoeffel et al. 2000). The refractoriness to benzodiazepines is believed to result
from rapid internalization of synaptic GABAA receptors (Walton and Treiman 1988, Kapur,
Stringer et al. 1989), which are the therapeutic targets for these drugs. Moreover, even if GABAAa
receptors remain in the synapse, benzodiazepines, particularly at high doses, depress central
respiratory drive (Forster, Gardaz et al. 1980) and can have adverse effects on blood pressure

(Kitajima, Kanbayashi et al. 2004, Bruun, Cao et al. 2015). Because civilian treatment during a



mass casualty is likely to be delayed for hours (Jett 2016), these observations underscore the
urgent need for improved countermeasures to protect the brain following acute intoxication with
convulsant threat agents. A better understanding of the mechanisms underlying the progression
of OP-induced neurological damage will shed light on therapeutic targets and treatment windows

that may provide improved neuroprotection.

Role of Seizures in OP-Induced Neuropathology

Seizure activity is believed to be a primary contributor to OP-induced neuropathology
(Figueiredo, Apland et al. 2018). A recent epidemiological study reported that humans exposed
to OPs have a 3.57-fold higher risk of developing seizures throughout their lives compared to
non-exposed individuals (Chuang, Yang et al. 2019). Antiseizure therapies have been tested for
decades with the goal of ultimately mitigating downstream neurological consequences associated
with OP intoxication. The cholinergic cascade initiated by AChE inhibition (Figure 1-2)
presents various cellular and molecular targets to restore balance between excitatory and
inhibitory neurotransmission. However, despite numerous efforts to mitigate neurological
damage using antiseizure therapies, there are few, if any, studies that demonstrate complete
neuroprotection against OPs using solely antiseizure therapeutics. This raises important
questions of 1) exactly what role do seizures play in OP-induced neuropathology, and 2) if non-

seizure mechanisms are contributing, what might those mechanisms be?

Many studies have reported high seizure variability following OP intoxication, which may
provide insights into potential correlations with neuropathology. Humans intoxicated with high-
dose OPs can exhibit highly variable seizure behavior, ranging from apparent resistance to severe

and prolonged SE (Okumura, Takasu et al. 1996, Peter, Sudarsan et al. 2014). Seizure variability



was also reported in humans who survived the 1995 Tokyo sarin gas attack (Yanagisawa, Morita
et al. 2006). Similarly, outbred rat strains have shown variable seizure thresholds comparable to
the human condition (Loscher, Ferland et al. 2017). One possible explanation of this variable
seizure response to OPs is differences in genetic background, which has been shown to affect
susceptibility to chemical-induced seizures in rodents and non-human primates (Lin, Duek et al.
2012, Matson, McCarren et al. 2017, Copping, Adhikari et al. 2019). Given this known
variability, further investigation into models of this nature will help inform the role of seizure
severity on chronic neurological outcomes following OP intoxication. Preclinical studies have
begun to address this question by demonstrating that seizure duration and severity are generally
proportional to the extent of neuronal damage following acute OP intoxication (McDonough,
Dochterman et al. 1995, McDonough and Shih 1997, Hobson, Rowland et al. 2017). Similarly,
therapeutic literature utilizing antiseizure therapies can provide insight as to the causal

relationship between seizure severity and chronic neurological outcomes.

Benzodiazepines have demonstrated partial, region-specific neuroprotection with varying
effectiveness depending on time of administration following OP intoxication (Shih, McDonough
et al. 1999, McDonough, McMonagle et al. 2010, Kuruba, Wu et al. 2018). For example, recent
studies demonstrated that treatment with either diazepam or midazolam administered 10 min
after a seizurogenic dose of DFP resulted in significant neuroprotection in the hippocampus,
amygdala, thalamus, and piriform cortex (Kuruba, Wu et al. 2018, Wu, Kuruba et al. 2018), but
this was only demonstrated within days of DFP intoxication and did not address the question of
long-term therapeutic efficacy. At 3 days post-treatment, both diazepam and midazolam
significantly reduced the number of degenerating neurons, microglial activation, and reactive

astrogliosis (Kuruba, Wu et al. 2018, Wu, Kuruba et al. 2018). While early benzodiazepine



therapy can provide neuroprotection at early time points, they are likely ineffective when
administered later due to the development of tolerance and refractory SE as synaptic GABAA
receptors are internalized in response to acute SE (Goodkin, Sun et al. 2007, McDonough,
McMonagle et al. 2010, Niquet, Baldwin et al. 2016). Additionally, there are no preclinical
studies available evaluating whether the short-term neuroprotection by benzodiazepine treatment
also extends for weeks to months post-intoxication. For these reasons, it is difficult to gain
mechanistic insight from the current benzodiazepine studies alone. Alternative antiseizure
therapies are being developed that may be more efficacious and may ultimately provide

additional insight into this research question.

Neurosteroids are endogenous neuroactive compounds that are synthesized in the brain and
modulate neuronal excitability (Reddy 2010). Like benzodiazepines, they elicit anticonvulsant
action by acting as positive modulators of the GABAAR, increasing inhibitory neurotransmission
(Miller, Scott et al. 2017). However, many neurosteroids have the advantage of binding to both
synaptic and extrasynaptic GABAAR, providing an advantage over benzodiazepines which are
limited to synaptic receptors (Rossetti 2018). The endogenous neurosteroids pregnanolone and
allopregnanolone have each demonstrated protection against neuropathology in nerve agent rat
models (Amitai, Adani et al. 2005), and pregnanolone has also been shown to restore memory
function (Lumley, Miller et al. 2019). The synthetic neurosteroid, SGE-516, demonstrated
similar therapeutic efficacy against soman intoxication in rats; treatment with SGE-516 20 min
post-soman exposure effectively reduced neuronal degeneration in the thalamus, amygdala,
piriform cortex at 4 h post-intoxication (Althaus, McCarren et al. 2017). More recently, a novel
Kv7 modulator, retigabine, administered with midazolam at 40 min post-intoxication attenuated

seizures and partially reduced neuronal degeneration 24 h post-DFP or soman exposure (Barker,



Spampanato et al. 2021). While these studies demonstrate a positive correlation between seizure
severity and neuropathology, the majority only provide neuroprotection in select brain regions.
Additionally, most studies only evaluate short-term neuropathology and fail to address chronic
neurological consequences. Follow-up studies should confirm these data gaps and address
alternative mechanisms that may also be contributing to chronic neurological damage. Although
many of these mechanisms are still being elucidated, it has been proposed that
neuroinflammation, oxidative stress, and calcium dysregulation are likely contributors to OP-

induced neurological damage, particularly at late time-points.

Additional Mechanisms Underlying OP-Induced Neurological Damage

Neuroinflammation

Neuroinflammation describes the cellular and molecular changes involved in immune
activation within the nervous system in response to an insult or injury (Guignet and Lein 2018).
Inflammatory processes are highly implicated in seizures and the development of epilepsy
(Vezzani, Balosso et al. 2019), and human epileptic patients present with robust
neuroinflammatory responses characterized by glial cell activation and elevated expression of
inflammatory mediators (Choi, Nordli et al. 2009, Vezzani, Balosso et al. 2019). As of yet, no
human studies have investigated the relationship between OPs and neuroinflammation in the
context of acute intoxication. A recent PET imaging study, however, identified elevated levels of
the neuroinflammatory marker translocator protein (TSPO) in patients with OP-associated Gulf
War IlIness (Alshelh, Albrecht et al. 2020), supporting the biological plausibility of

neuroinflammation following acute OP intoxication.



Despite a scarcity of human data, a wealth of preclinical research documents OP-induced
neuroinflammation, suggesting a pivotal role for neuroinflammation in OP-associated
neurological damage, regardless of agent. While OP models differ in the precise profile of
inflammatory processes, the overall response is proinflammatory, emerging in hours and
progressing over a course of days to months following the initial intoxication event (Collombet,
Four et al. 2007, Hobson, Rowland et al. 2019, Yang, Bruun et al. 2019, Guignet, Dhakal et al.
2020). The elicited neuroinflammatory phenotype is characterized by activation of microglial
and astrocyte populations and increased expression of inflammatory mediators with distinct

spatiotemporal distribution patterns in the brain.

In a variety of seizure models, these same inflammatory processes and molecular mediators
promote neurodegeneration and enhance neuronal excitability (Vezzani and Viviani 2015,
Vezzani, Balosso et al. 2019). Neuroinflammation following OP exposure corresponds
temporally with the development of chronic adverse outcomes (Guignet and Lein 2019, Guignet,
Dhakal et al. 2020), suggesting the involvement of inflammatory responses in the manifestation
of cognitive and behavioral deficits and epileptogenic processes. Moreover, regions with the
most intense and persistent neuroinflammatory responses (hippocampus, amygdala, and piriform
cortex) have consistently been tied to functional abnormalities associated with acute OP
intoxication (Okeefe and Nadel 1979, de Lanerolle, Kim et al. 1989, Vogt, Hyman et al. 1990,
Davis and Whalen 2001, LeDoux 2003, Curia, Longo et al. 2008, Vaughan and Jackson 2014).

This spatial correlation further suggests a contribution of neuroinflammation to these deficits.

Neuroinflammation can influence excitatory tone in the CNS through modulation of
neurotransmission and ion homeostasis, and can also induce changes in brain architecture and

neuronal health (Guignet and Lein 2018). These processes are critically tied to cognition, affect,
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and seizure development (Kwon, Luikart et al. 2006, Morgan and Soltesz 2008, Femenia,
Gomez-Galan et al. 2012, Liao, Zhang et al. 2014, Cathomas, Stegen et al. 2015). Inflammatory
cytokines modulate neurotransmission, with several of them potentiating excitatory
neurotransmitter systems. For example, IL-1p signaling stimulates phosphorylation of N-methyl-
D-aspartate (NMDA\) receptors, augmenting NMDA-dependent calcium currents, raising
intracellular calcium concentrations, and promoting seizure activity (Viviani, Bartesaghi et al.
2003, Yang, Liu et al. 2005, Balosso, Maroso et al. 2008, Kawasaki, Zhang et al. 2008).
Similarly, damage-associated molecular pattern signaling, such as through the high-mobility
group box-1 (HMGB-1)/toll-like receptor 4 (TLR4) axis, promotes seizure activity via
potentiation of glutamate (NMDA) receptor subunit epsilon-2 (NR2B) (Maroso, Balosso et al.
2010). Moreover, surface a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptor expression is increased by TNFa (Beattie, Stellwagen et al. 2002, Leonoudakis,
Braithwaite et al. 2004, Stellwagen, Beattie et al. 2005).

A number of investigators have found that therapies that reduce neuroinflammation improved
chronic outcomes following acute OP intoxication. Direct targeting of canonical inflammatory
processes suggests a complex relationship between neuroinflammation and chronic sequelae of
acute OP intoxication. Delayed inhibition of the PGE2 receptor 2 subtype (EP2) provided
protection against OP-induced neurodegeneration and neuroinflammation (Rojas, Ganesh et al.
2015) while improving cognitive function in the novel object recognition test (Rojas, Ganesh et
al. 2016). Importantly, this treatment did not alter OP-induced SE, indicating that efficacy is
independent of acute seizure response. Alternatively, enhancement of regulatory T cell function
attenuated neurodegeneration and glial activation in the weeks following OP intoxication but

failed to attenuate learning deficits (Finkelstein, Kunis et al. 2012). Administration of the
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neurotrophic cytokines fibroblast growth factor 2 (FGF2) and epidermal growth factor (EGF)
following soman intoxication did not improve performance in the Morris Water Maze and T
Maze, but did improve performance in the elevated plus maze and fear conditioning tests

(Collombet, Béracochéa et al. 2011).

While not directly anti-inflammatory, iNOS inhibition suppressed neuroinflammation and
neurodegeneration while attenuating SRS development following DFP intoxication (Putra,
Sharma et al. 2019). This treatment, however, failed to improve cognitive deficits following
acute OP intoxication. Alternatively, naltrexone, an opioid receptor antagonist with anti-
inflammatory properties, attenuated OP-associated cognitive deficits, but investigators did not
correlate these improvements with modulation of neuroinflammatory processes (Brewster, Lugo
et al. 2013). The anesthetic urethane, while offering comparable seizure control to diazepam, is
significantly better at reducing neuroinflammation, neurodegeneration, and the development of
SRS than diazepam (Rojas, Wang et al. 2018). While these data support the hypothesis that
neuroinflammation is associated with the chronic neurologic consequences of acute OP
intoxication, they do not explicitly demonstrate a causal relationship. Additionally, it must be
considered whether the effects observed using such therapies are due to anti-inflammatory

properties or whether additional mechanisms are at play.

The lack of therapeutic congruence using anti-inflammatory agents has made it challenging
to provide a cohesive characterization of neuroinflammation following acute OP intoxication.
One possible explanation is that the relative role of neuroinflammation may change over time
such that differences in the timing of therapeutic administration could dramatically impact
treatment outcomes (Guignet and Lein 2018). It has been proposed that the

neurotoxic/neuroprotective contribution of neuroinflammatory processes may shift following OP
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neurological insult (Collombet 2011, Banks and Lein 2012). Indeed, in other neuroinflammatory
models, the neuroprotective versus neurotoxic potential of glial cells shifts depending on the time
since the insult (Rice, Spangenberg et al. 2015, Szalay, Martinecz et al. 2016, Jin, Shi et al. 2017,
Rice, Pham et al. 2017, Lloyd, Davies et al. 2019), and this has recently been demonstrated in
response to DFP as well (Maupu, Enderlin et al. 2021). However, additional investigation is

needed to evaluate this relationship more completely.

To conclude, a growing body of research implicates neuroinflammatory processes in OP-
associated neurological outcomes. Following acute OP intoxication, neuroinflammation
correlates temporally with the development of neurological deficits and abnormalities, and
spatially with brain regions that control those impaired functions. While the greater
neuroinflammation field has identified mechanistic connections between neuroinflammatory
processes and sequelae associated with acute OP intoxication, a causal relationship has yet to be
demonstrated in models of acute OP intoxication. A number of studies suggest the therapeutic
potential of reducing neuroinflammation to improve OP-associated chronic outcomes. Only a
handful of studies, however, have explicitly targeted inflammatory pathways for therapeutic
benefit following acute OP intoxication, and more investigation is needed to characterize the
relationship between neuroinflammation and chronic outcomes. Regardless, accumulating
evidence identifies neuroinflammation as a critical dimension of OP-associated neuropathology

that contributes to chronic impairment following acute intoxication.

Oxidative Stress

Oxidative stress is a physiological response that occurs when there is an imbalance between
pro-oxidant species and antioxidant defense mechanisms (Sanchez-Rodriguez and Mendoza-

Nufiez 2019). This imbalance results in increased levels of reactive oxygen species (ROS) and
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reactive nitrogen species (RNS), each of which can compromise the function of cellular
macromolecules, including proteins, lipids, and nucleic acids (Sanchez-Rodriguez and Mendoza-
Nufiez 2019). These interactions can ultimately contribute to cell death and, therefore, represent
important components of many disease states. The variety of clinical and preclinical studies
implicating oxidative damage in chronic neurological diseases provides important rationale for
their potential role in OP-induced brain damage. While limited studies have addressed this
question in the context of acute OP intoxication, other disease models provide convincing
evidence of this relationship. In particular, oxidative stress is implicated in neurodegenerative
diseases such as Alzheimer’s disease (AD) and Parkinson’s disease (PD) (Singh, Kukreti et al.

2019).

In AD patients, strong correlations are observed between overall neurological health and
oxidative damage, particularly in brain regions associated with cognitive function such as the
hippocampus and neocortex (reviewed in Huang, Zhang et al. 2016). A clinical study of ~4,000
AD patients aged 45-69 found serum levels of reactive oxygen metabolites to be inversely
associated with global cognition and verbal fluency (Horvat, Kubinova et al. 2016). These
associations are also observed in preclinical animal models. A recent study in superoxide
dismutase-1 (SOD1) knockout mice found that SOD1 deficiency not only increased oxidative
stress markers, but also increased neuroinflammatory markers and impaired cognitive function
(Logan, Royce et al. 2019). Similarly, PD patients demonstrate high levels of oxidative stress in
the brain, and experimental evidence has linked this to neuronal degeneration and downstream
health effects (reviewed in Dias, Junn et al. 2013). Although fairly strong associations have been

observed between oxidative brain damage and neurological health, the mechanistic link to long-
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term cognitive deficits requires further elucidation, particularly in response to acute OP

intoxication.

A controlled study of humans exposed acutely to OPs reported significant levels of oxidative
stress biomarkers in the blood (Ranjbar, Solhi et al. 2005). Preclinical studies demonstrate that
acute OP intoxication can markedly disrupt neuronal mitochondrial homeostasis, resulting in the
production of reactive oxygen species (ROS), lipid peroxidation, and oxidation of DNA and
proteins (Pearson and Patel 2016). More specifically, several studies have reported impaired
antioxidant capacity and increased oxidative cellular damage in the brain during the first few
days (Brocardo, Pandolfo et al. 2005, Ttizmen, Candan et al. 2007, Liang, Pearson-Smith et al.
2019) and weeks (Putra, Gage et al. 2020) following acute OP intoxication. Although the brain
regions reported to exhibit oxidative damage are variable, it is clear that the hippocampus and
regions of the cortex are among the most affected (Brocardo, Pandolfo et al. 2005, Pearson and
Patel 2016, Liang, Pearson-Smith et al. 2019). This regional pattern, which points largely to
brain regions associated with cognitive function, provides further support for a role of oxidative
damage in OP-induced neurological deficits. However, despite the strong evidence of oxidative
damage at early time-points post-intoxication, the role and presence of oxidative damage at

chronic time points are much less clear.

Given the importance of chronic neurological health in human survivors of OP intoxication,
it is critical to understand the spatial and temporal profiles of neuropathology well past the time
of intoxication. Recent DFP models have reported oxidative stress in the brain up to 12 weeks
post-intoxication in the hippocampus, thalamus, and cortical regions, suggesting that oxidative
stress is a persistent phenotype in the brain (Guignet, Dhakal et al. 2020, Putra, Sharma et al.

2020). While it remains unclear whether oxidative damage is linked to cognitive deficits
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following OP intoxication, studies have proposed mechanisms that may link the two. ROS in the
brain is thought to directly cause mitochondrial dysfunction, resulting in impaired oxidative
phosphorylation and further ROS generation that ultimately promotes cellular degeneration
(Naughton and Terry 2018). Another proposed mechanism driving this relationship is synaptic
dysfunction, which has been shown in various in vivo and in vitro AD models to be exacerbated
by oxidative stress in the brain (T6nnies and Trushina 2017). Although the relationship between
oxidative stress and synaptic dysfunction has not specifically been addressed in OP models, the

biological plausibility for this relationship to exist is high.

Therapeutic data has also implicated oxidative stress in the development of OP-induced
neurological outcomes, particularly on endpoints measured at early time points post-intoxication.
Omega-3 fatty acids have both antioxidant and anti-inflammatory properties (Pan, Hu et al.
2012), and have demonstrated neuroprotective efficacy in OP models. When combined with
diazepam in a soman rat model, a-linolenic acid (LIN) treatment (30 min post-soman) resulted in
increased NF-«xB levels, decreased neuronal degeneration, and decreased neuronal necrosis in the
hippocampus, amygdala, and piriform cortex at 1 day post-intoxication (Pan, Hu et al. 2012). A
follow-up study in this model showed that LIN treatment increased brain-derived neurotrophic
factor (BDNF) and neurogenesis levels at 10 d and improved memory function at 21 d
(Piermartiri, Pan et al. 2015). The inducible nitric oxide synthase (iNOS) inhibitor 1400W,
which prevents the production of nitric oxide, also implicated oxidative stress in the pathogenesis
of chronic effects of OP-induced SE. 1400W reduced oxidative stress, neurodegeneration, and
neuroinflammation in the amygdala, hippocampus, thalamus, and piriform cortex at 1 and 7 d
post-exposure in a rat model of acute DFP intoxication (Putra, Sharma et al. 2019). Similarly,

rats treated with repeated doses of the NADPH oxidase inhibitor diapocynin following acute
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DFP intoxication showed significant reductions in neurodegeneration and neuroinflammation in
the hippocampus and piriform cortex at 6 weeks post-intoxication (Putra, Gage et al. 2020).
These findings suggest a pathologic role of oxidative stress in the progression of neurologic
consequences following acute OP intoxication and justify further exploration into this
therapeutic approach. Studies using this strategy are limited, and further studies would be helpful
to better understand the mechanistic relationship between oxidative stress and chronic

neurological outcomes.

It is clear from the neurodegeneration literature that oxidative stress plays a role in neuronal
cell death, and likely contributes, at least in part, to chronic neurological deficits. In the context
of OP intoxication, however, this relationship is less clearly defined. It is clear that oxidative
stress in the brain is a prominent response observed in the days following OP intoxication,
particularly in brain regions associated with cognitive function. However, both the patterns of
oxidative stress at later time points post-intoxication, as well as the causal link between oxidative
damage and cognitive dysfunction, require further elucidation. Despite some early successes
with antioxidant therapies, a deeper understanding of chronic oxidative stress in OP patients will

better inform the use of antioxidants as a medical countermeasure.

Calcium Dysregulation

Calcium signaling is critical to a variety of cellular processes, including neuronal growth,
exocytosis, synapse development, and cognitive function (Kumar 2020). In the event of excess
calcium signaling, unregulated release of intracellular calcium by ryanodine receptors can result
in neuronal injury and altered synaptic plasticity (Deshpande, Blair et al. 2016). It has recently
become clear that calcium signaling is altered in the aging brain, and calcium channels generally

become deregulated as cognitive function begins to decline (Chandran, Kumar et al. 2019).
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Recent literature has proposed dysregulated calcium signaling as a mechanism contributing to
age-related cognitive decline. More specifically, several preclinical studies have found
associations between aberrant calcium signaling and decreased synaptic plasticity in the
hippocampus, a critical brain region for learning and memory function (Kumar 2020). In the
context of OPs, it has been proposed that prolonged calcium dysregulation is a key driver of OP-
induced cognitive impairment via pathological changes in synaptic connectivity (Phillips and
Deshpande 2020). Although these associations are strong, further experimentation is required to

determine whether this relationship is truly causal.

While relatively few studies have evaluated the role of calcium in OP models, there is recent
evidence of calcium dysregulation in the brain following OP-induced seizures (Deshpande,
Carter et al. 2010, Deshpande, Blair et al. 2016, Deshpande, Blair et al. 2016). The cholinergic
crisis induced by acute OP intoxication leads to coactivation of glutamatergic networks in the
brain and the downstream release of glutamate (Figure 1-2). Excessive glutamate levels in the
brain overstimulate excitatory AMPA, NMDA, and kainate receptors, exacerbating cholinergic
excitotoxicity and allowing pathologically high levels of calcium to enter the neurons (Manev,
Favaron et al. 1989). A preclinical study evaluating calcium activity in neurons isolated from
OP-intoxicated rats demonstrated a sustained elevation of intracellular calcium in hippocampal
neurons, which lasted for up to 1 month post-intoxication and was primarily mediated by NMDA
receptors (Deshpande, Carter et al. 2010). While preclinical studies have not rigorously
examined any relationships between calcium dysregulation and neurological outcomes following
acute OP intoxication, limited therapeutic data in OP models has begun to implicate calcium
dysregulation in the development of neurological damage. Dantrolene, an inhibitor of the

calcium-releasing ryanodine receptor, blocks the release of stored calcium from the endoplasmic
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reticulum, thereby reducing hyperexcitability driven by calcium-induced calcium release (CICR)
(Krause, Gerbershagen et al. 2004). When dantrolene was administered in a rat model of
paroxon-induced SE, decreases in neurodegeneration coincided with reduced neuronal calcium

concentrations at 2 d post-intoxication (Deshpande, Blair et al. 2016).

Although evidence from one lab suggests that calcium signaling is altered following high-
dose OP intoxication, little data is available to demonstrate a mechanistic role in chronic
neurological health following acute OP intoxication. Nonetheless, the relationship between
calcium function and synaptic plasticity certainly represents a potential mechanism in the
pathogenesis of long-term cognitive deficits associated with acute OP intoxication. Additionally,
while the neuroprotective efficacy of calcium stabilizing therapeutics shows promise, it is still
unknown whether these therapeutics will show efficacy at chronic time points post-OP
intoxication. Understanding the long-term temporal profile of calcium alterations in the OP-

intoxicated brain will likely shed light onto the effective use of calcium stabilizers.

Influence of Sex and Age on OP-Induced Neurotoxicity

One of the many challenges associated with developing more effective medical
countermeasures against chemical threat agents is the diversity of individuals potentially affected
by these compounds, particularly in the event of a civilian mass casualty. Current preclinical
research is focused primarily on the adult brain. Thus, whether children represent a potentially
vulnerable subpopulation has not been rigorously addressed in the context of acute OP
intoxication. The potential for children to exhibit differential susceptibility is suggested by a
significant literature indicating that children are more susceptible than adults to the neurotoxic

effects of environmentally relevant OP levels (Bouchard, Chevrier et al. 2011, Mufioz-Quezada,
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Lucero et al. 2013, Gonzalez-Alzaga, Lacasana et al. 2014). Moreover, a recent study suggests
that juvenile rats at varying stages of neurodevelopment are differentially susceptible to the
proconvulsant activity of OP chemical threat agents (Scholl, Miller-Smith et al. 2018). However,
there are no published studies addressing the important question of whether acute intoxication
with these compounds during postnatal neurodevelopment has lasting neuropathological or
neurobehavioral consequences. There is also a lack of data to indicate whether the juvenile brain

responds to therapeutics in the same manner as the adult brain following acute OP intoxication.

Prenatal neurodevelopment is a particularly sensitive window that often results in diverse
neurological deficits in children exposed to OPs, including problems with motor function and
attention (Gonzalez-Alzaga, Lacasana et al. 2014), social behavior (Wang, Zhang et al. 2017,
Sagiv, Harris et al. 2018), and general cognition (Engel, Bradman et al. 2016, Sapbamrer and
Hongsibsong 2019). This is understandable given the critical neurodevelopmental processes
occurring in the brain during the prenatal period, such as progenitor cell differentiation, neuronal
maturation and migration, immune development, synaptogenesis, and establishment of the
blood-brain barrier (reviewed in Semple, Blomgren et al. 2013). Adolescent males (12-17 years)
chronically exposed to OPs as pesticide applicators demonstrated a positive correlation between
chlorpyrifos exposure and cognitive deficits (Rohlman, Ismail et al. 2016). However,
susceptibility to the neurotoxic effects OPs requires further elucidation during early postnatal and
juvenile neurodevelopment in terms of severity, timing, and functional outcomes. By 2-3 years
of age (~21 days in rodents), the human brain is largely developed and is at ~90% of its adult
weight (Giedd, Blumenthal et al. 1999). Despite this, the brain continues to undergo important
developmental processes throughout the postnatal period, many of which may have implications

for motor and cognitive function. Among these processes are alterations in neurotransmitter and

20



receptor composition (Romijn, Hofman et al. 1991), structural maturation of cortical regions
(Tsujimoto 2008), ongoing neuronal myelination (Baloch, Verma et al. 2008), and synaptic
pruning and cognitive refinement (Schafer, Lehrman et al. 2012). These biological processes
increase susceptibility of juvenile individuals to OP-induced neurological deficits (Semple,

Blomgren et al. 2013).

While the preclinical literature evaluating juvenile sensitivity to high-dose OP intoxication is
relatively scarce, recent studies have begun to address this question. A direct investigation of
age-dependent seizure activity and brain damage revealed that the OPs sarin, VX, and DFP all
elicited age-specific outcomes in postnatal rats (Scholl, Miller-Smith et al. 2018). Juvenile rats
were found to develop more severe seizures and neurodegeneration with increasing age, and P28
was identified as the most susceptible juvenile age tested (P14, P21, and P28). While the long-
term effects of OP chemical threat agents have not been studied in juvenile animals, other
chemical-induced seizure models provide strong evidence of chronic neurological deficits
following developmental intoxication. For example, it has been reported that juveniles
intoxicated with pentylenetetrazol experienced a significantly lower seizure threshold later in
adulthood (Kouis, Mikroulis et al. 2014). Similarly, preclinical studies demonstrated that
postnatal seizure induction with pilocarpine can cause both behavioral changes and reduced
hippocampal volume in adulthood (Labbate, da Silva et al. 2014). It is likely that acute DFP
intoxication during postnatal neurodevelopment will also induce lasting neuropathological and/or
behavioral consequences in adulthood, but this question has yet to be addressed. Additionally, it
is unclear which pathogenic mechanisms may be contributing to the development of chronic

neurological consequences following developmental OP intoxication.
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Altered neurogenesis has been associated with both seizures and OP exposure. In the absence
of seizures, chronic OP exposures can inhibit neurogenesis over time (Wang, Ohishi et al. 2013).
Conversely, the induction of SE is known to induce abnormal neuronal growth and promote
neurogenesis in adult epilepsy models (Parent, Jessberger et al. 2007, Jiruska, Shtaya et al.
2013). Recent studies using pilocarpine have shown increased neurogenesis following chemical-
induced seizures as well in both juvenile and adult rats (Wu, Hu et al. 2019, Velazco-Cercas,
Beltran-Parrazal et al. 2020). It has been proposed that both increases and decreases in
neurogenesis may be detrimental and can possibly contribute to cognitive decline following
seizure induction (Rotheneichner, Marschallinger et al. 2013). These findings raise questions as
to whether acute DFP intoxication during postnatal neurodevelopment can induce changes in
neurogenesis, and if so, whether these changes are associated with functional neurological

consequences.

Neuroinflammation has unique functions during neurodevelopment that may be critical to the
onset of neurological deficits following OP intoxication. Microglia are key drivers of synaptic
pruning, a neurodevelopmental process that refines cognitive function via the elimination of
weak or redundant synapses (Wilton, Dissing-Olesen et al. 2019). Because this process does not
begin until ~P35 (Semple, Blomgren et al. 2013), an insult to microglia prior to this age has the
potential to disrupt the pruning process. It has been hypothesized that aberrant synaptic pruning
by microglia contributes to long-term neurological deficits following seizures (reviewed in
Andoh, Ikegaya et al. 2019). In addition to their role in pruning, epilepsy models have
demonstrated that seizure-induced neurogenesis is mediated by microglia (Eyo, Murugan et al.
2017, Mo, Eyo et al. 2019). Further supporting this hypothesis is a recent publication

demonstrating that pharmacological inhibition of neuroinflammation using minocycline
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prevented aberrant neurogenesis following pilocarpine-induced SE (Zhu, Yao et al. 2020).
However, the patterns of neuroinflammation and neurogenesis following acute OP intoxication
of the developing brain have yet to be studied, especially at late time-points post-intoxication.
Addressing this data gap will not only provide important information regarding the
spatiotemporal patterns of damage in the developing brain, but may also provide therapeutic
insight as to the potential role of neuroinflammation and/or neurodegeneration in OP-induced

cognitive outcomes.

In addition to age, sex is an important biological variable in determining neurotoxicologic
outcome, particularly in the context of OP intoxication. A systematic review of epidemiological
studies found that the effects of chronic, low-dose OP exposure are highly sex-specific, with
males often demonstrating greater sensitivity to OP toxicity than females (Comfort and Re
2017). Clinical studies have reported sex-specific effects of chronic OP exposure on hormone
levels (Qin, Zhang et al. 2020), language comprehension tasks (Sagiv, Bruno et al. 2019), and 1Q
scores (Ntantu Nkinsa, Muckle et al. 2020). For these reasons, preclinical studies have begun to
consider sex as an important biological variable influencing OP neurotoxicology studies.
Chemical-induced seizure models have confirmed sex-specific effects. A recent study using the
nerve agent soman identified that females have higher mortality rates than males following an
acute seizurogenic dose of soman (Kundrick, Marrero-Rosado et al. 2020). Similarly, a model of
pilocarpine-induced SE reported a clear sex difference in seizure activity, with fewer females
experiencing SE than their male counterparts (Scharfman and MacLusky 2014). Perhaps the
most relevant to this dissertation is the recent study evaluating sex differences in an adult DFP
neurotoxicity model, in which it was found that DFP females experienced less severe seizure

activity and neuropathology compared to DFP males (Gage, Golden et al. 2020).
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While it has become clear that OPs can elicit sex-specific neurotoxic effects, several research
questions remain regarding this issue. The specific influence of sex on OP intoxication during
neurodevelopment, which itself is complex and sexually dimorphic, requires further elucidation.
Additionally, given that OPs themselves can have unique neurotoxic effects (Pope 1999), future
research is needed to determine whether DFP has sex-specific consequences during
neurodevelopment, and, if so, whether these consequences persist into young adulthood. Lastly,
more research is needed to better understand the mechanisms underlying sex differences in OP-

induced neurotoxicity, particularly in seizure models.

In the case of chemical-induced seizure models, sexually dimorphic receptor composition of
the brain throughout development is likely a key driver of sex-specific responses. Both excitatory
(glutamatergic and cholinergic) and inhibitory (GABAergic) receptors in the brain exhibit sex-
specific expression patterns (Akman, Moshé et al. 2014, Scharfman and MacLusky 2014).
During neurodevelopment, males express higher levels of the excitatory glutamate receptors
NR1, NR2A, and GIluR1 than age-matched females (Hsu, Hsieh et al. 2000, Bian, Zhu et al.
2012, Damborsky and Winzer-Serhan 2012). Adult and juvenile males also express higher levels
of cholinergic receptors throughout the brain (Potier, Sénécal et al. 2005), which may explain the
increased sensitivity to seizures induced by pentylenetetrazol. Also in line with this finding is the
observation that females express greater levels of GABAA receptors than males throughout
postnatal neurodevelopment (Ravizza, Friedman et al. 2003, Li, Huguenard et al. 2007,
Chudomel, Herman et al. 2009). Although sex hormones are often considered as a mechanism
underlying sex differences, their relatively low expression during rodent neurodevelopment (Bell
2018) and the strong case for receptor differences make it unlikely that hormones are primary

drivers of sex differences in OP seizure models. In support of this, a recent study reported that
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estrous stage in adult rats has no effect on the seizurogenic effects of DFP (Gage, Golden et al.
2020). This body of literature describing sex-specific effects of OPs provides important rational
for investigating whether DPF causes sex-specific neuropathology during susceptible windows
of neurodevelopment. It is clear that the complexity of neurological damage following acute OP-
induced SE is influenced by many factors, including age, sex, time post-intoxication, and timing
of therapeutic administration. Given this complexity, as well as the abundance of pathogenic
mechanisms that may contribute to sustained neurological damage, it is apparent that further
research is needed to better elucidate how acute OP intoxication triggers chronic neurological

deficits.

Dissertation Overview

The data presented in this dissertation address a number of critical data gaps in the field of
medical countermeasures for acute OP intoxication. Preclinical studies assessing the current
standard of care provide little data regarding the efficacy of benzodiazepine treatment against
long-term neuropathology following OP-induced seizures. The recent replacement of diazepam
with midazolam as an anticonvulsant raises questions as to whether midazolam is superior to
diazepam in protecting against the chronic neurologic sequelae associated with acute OP
intoxication. To develop neurotherapeutics better than benzodiazepines, it is necessary to
understand the precise role of seizures in long-term neuropathology. It is still unclear whether
OPs, including DFP, cause chronic neurological damage via neurotoxic effects independent of
seizure activity. Answers to these questions will facilitate the development of more efficacious
countermeasures. There are also gaps in the availability of diverse models for evaluating

chemical toxicity and therapeutic efficacy. The majority of available models prioritize adult male
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subjects and fail to study young or female individuals. More diverse animal models are needed to

promote therapeutic testing in understudied populations.

The goal of chapter 2 is to increase understanding of the efficacy of the standard of care
benzodiazepines midazolam and diazepam in protecting against chronic neurologic effects
following acute DFP intoxication. While numerous studies have evaluated their short-term
efficacy, few have assessed their neuroprotective potential for months post OP-intoxication. For
this reason, we compared neurodegeneration, neuroinflammation, and mineralization between
animals that received a vehicle injection, DFP, DFP + midazolam, or DFP + diazepam. The data
presented in chapter 2 highlight the persistence of DFP-induced neuropathology and the minimal
neuroprotection provided by either benzodiazepine, suggesting a need for alternative or adjunct

therapeutics.

To confirm the need for alternative therapeutic targets, chapter 3 seeks to better elucidate the
role of seizures in DFP-induced neuropathology. Understanding the respective contributions of
SE versus the chemical DFP itself will allow for better prioritization of therapeutic targets for
preclinical researchers. To address these questions, we took advantage of a population of rats
apparently resistant to DFP-induced seizures (low-responders) observed over years in the Lein
lab. This small subset of animals is apparently resistant to DFP-induced seizures despite having
significant uptake of DFP into the brain. By comparing this low-responding population to our
typical high-responding population, we were able to determine whether DFP itself still caused
neurological damage independent of SE. Those data show that DFP low-responders display
significant neurodegeneration, although it is less severe than DFP high-responders, confirming

the suspected contribution of non-seizure damage mechanisms.
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Lastly, chapter 4 seeks to determine the influence of age and sex on the response to acute OP
intoxication by evaluating acute seizures responses, chronic neuropathology, and neurobehavior
in developing male and female rats acutely intoxicated with DFP. Better understanding each of
these endpoints will not only inform us whether sex-differences exist following acute DFP
intoxication, but also provide a model to the broader research community that can be used to test

lead therapeutic candidates.

Overall, the following data chapters enhance our understanding of both the acute and chronic
neurotoxicity induced by acute high-dose DFP exposures, and contributes to the body of
literature describing chemical threats and medical countermeasures. Chapter 2 expands on our
understanding of standard of care benzodiazepines by highlighting their limitations for
neuroprotection. Chapter 3 provides useful mechanistic insight for therapeutic development by
demonstrating that controlling seizure activity alone is unlikely to full protect against the chronic
neurotoxic effects of acute OP intoxication. Chapter 4 presents a juvenile DFP model that
provides novel information on the sex-specific effects of DFP intoxication during
neurodevelopment and identifies neurogenesis as a potential mechanism underlying chronic
neurologic deficits in this model. This model also serves as a platform that can be used to
evaluate therapeutic efficacy in understudied subpopulations, including young individuals and
females. Taken together, these studies contribute to our understanding of OP threat agents and

provide information to inform the development of improved countermeasures.
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Figures and Figure Legends

Figure 1-1
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Figure 1-1. Chemical structures of common OP pesticides and nerve agents.
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Figure 1-2.
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Figure 1-2. Mechanisms of OP-induced neuropathology and molecular targets for
therapeutic intervention (blue). OPs inhibit acetylcholinesterase (AChE - orange) [1],
preventing hydrolysis of the neurotransmitter acetylcholine (Ach — blue dots) [2]. Increased
cholinergic neurotransmission [3] leads to increased glutamatergic neurotransmission [4], both of
which are dampened by inhibitory GABAergic neurotransmission [5]. Excessive release of
glutamate (Glu — green dots) can result in excitotoxicity, which is characterized by elevated levels
of reactive oxygen species (ROS) and Ca?* dysregulation [6]. Excitotoxicity is associated with
apoptosis and neuronal necrosis [7], which can elicit robust neuroinflammatory responses [8].
Apoptosis, neuronal necrosis and persistent neuroinflammation are implicated in the pathogenesis
of behavioral deficits and cognitive dysfunction [9]. Each of these events are targets for therapeutic
compounds being explored as candidates for terminating OP-induced status epilepticus and/or

mitigating the delayed neurological deficits associated with acute OP intoxication.
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Abstract

Acute intoxication with organophosphorus cholinesterase inhibitors (OPs) can trigger seizures
that rapidly progress to life-threatening status epilepticus. Diazepam, long considered the
standard of care for treating OP-induced seizures, is being replaced by midazolam. Whether
midazolam is more effective than diazepam in mitigating the persistent effects of acute OP
intoxication has not been rigorously evaluated. We compared the efficacy of diazepam vs.
midazolam in preventing persistent neuropathology in adult male Sprague-Dawley rats acutely
intoxicated with the OP diisopropylfluorophosphate (DFP). Subjects were administered
pyridostigmine bromide (0.1 mg/kg, i.p.) 30 min prior to injection with DFP (4 mg/kg, s.c.) or
vehicle (saline) followed 1 min later by atropine sulfate (2 mg/kg, i.m.) and pralidoxime (25
mg/kg, i.m.), and 40 min later by diazepam (5 mg/kg, i.p.), midazolam (0.73 mg/kg, i.m.), or
vehicle. At 3 and 6 months post-exposure, neurodegeneration, reactive astrogliosis, microglial
activation, and oxidative stress were assessed in multiple brain regions using quantitative
immunohistochemistry. Brain mineralization was evaluated by in vivo micro-computed
tomography (micro-CT). Acute DFP intoxication caused persistent neurodegeneration,
neuroinflammation, and brain mineralization. Midazolam transiently mitigated
neurodegeneration, and both benzodiazepines partially protected against reactive astrogliosis in a
brain region-specific manner. Neither benzodiazepine attenuated microglial activation or brain
mineralization. These findings indicate that neither benzodiazepine effectively protects against
persistent neuropathological changes, and suggest that midazolam is not significantly better than
diazepam. Overall, this study highlights the need for improved neuroprotective strategies for

treating humans in the event of a chemical emergency involving OPs.
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Abbreviations
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interest
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Introduction

Organophosphorus cholinesterase inhibitors (OPs) are used as both pesticides and chemical
threat agents. These compounds cause hundreds of thousands of death each year as a result of
accidental exposures and suicides, and terrorist use of OPs remains a serious threat (Eddleston,
Buckley et al. 2008, Patel, Ramasundarahettige et al. 2012, Pereira, Aracava et al. 2014).
Inhibition of acetylcholinesterase by OPs causes cholinergic overexcitation at both central and
peripheral synapses (Pope, Karanth et al. 2005). In both humans and animals, this cholinergic
crisis can trigger seizures that rapidly progress to life threatening status epilepticus (de Araujo
Furtado, Rossetti et al. 2012). Humans who survive OP-induced status epilepticus often develop
persistent neurological impairments, including structural brain damage, cognitive deficits, and
epilepsy (Yamasue, Abe et al. 2007, Loh, Swanberg et al. 2010, Chen 2012).

Current standard of care for treatment of OP poisoning includes atropine to block peripheral
cholinergic symptoms, an oxime to reactivate acetylcholinesterase and a benzodiazepine to
terminate seizures. In the United States, and other countries, midazolam is replacing diazepam as
the standard of care for treating OP-induced seizures. Midazolam is superior to diazepam in
terminating seizures in animal models of OP-induced status epilepticus (McDonough,
McMonagle et al. 1999, McMullan, Sasson et al. 2010). Based on these findings and data from
the Rapid Anticonvulsant Medication Prior to Arrival Trial (RAMPART) study, a double-blind
clinical trial that evaluated the efficacy of midazolam as an emergency anticonvulsant
(Silbergleit, Lowenstein et al. 2011, Silbergleit, Lowenstein et al. 2013), the United States Food
and Drug Administration (US FDA) determined that midazolam is superior to either diazepam or
the benzodiazepine lorazepam for the treatment of OP-induced seizures, largely due to increased

bioavailability following i.m. administration (FDA 2018).
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Improved seizure termination following acute OP intoxication is thought to improve
neurological outcomes in exposed individuals (McDonough, McMonagle et al. 1999, Jett 2016).
However, whether midazolam provides enhanced neuroprotection relative to diazepam when
administered at a delayed time after acute OP intoxication, as would be the case in a mass
civilian casualty or suicide attempts involving OPs, has not been rigorously evaluated. Therefore,
the goal of this study was to compare post-OP exposure treatment with diazepam vs. midazolam
on persistent neuropathology in a rat model of acute intoxication with the OP,
diisopropylfluorophosphate (DFP). Adult male rats acutely intoxicated with DFP exhibit
persistent human-relevant neuropathology, behavioral deficits, and electroencephalographic
abnormalities (Deshpande, Carter et al. 2010, Pouliot, Bealer et al. 2016, Liang, Pearson-Smith

et al. 2017, Siso, Hobson et al. 2017, Guignet, Dhakal et al. 2019).

Methods and Materials
Animals and Husbandry

All animals were maintained in facilities fully accredited by AAALAC International. Studies
were performed under protocols approved by the UC Davis Institutional Animal Care and Use
Committee (IACUC protocol #20165) with attention to minimizing pain and suffering. Animal
experiments strictly adhered to ARRIVE guidelines and the National Institutes of Health guide
for the care and use of laboratory animals. Adult (7-8 wk) male Sprague-Dawley rats (250-280g;
Charles River Laboratories, Hollister, CA, USA) were individually housed in standard plastic
cages with absorbent corn cob bedding and a 12 h light/dark cycle and controlled environment

(22 £ 2 °C, 40-50% humidity). This species was chosen as it is a well-established model for

51



evaluating acute DFP intoxication (Pessah, Rogawski et al. 2016). Rodent chow (2018 Tekland
global 18% protein rodent diet; Envigo, Huntingdon, UK) and water were provided ad libitum.
Study design

The data reported here are a subset of the data generated from a single study designed to
assess the efficacy of diazepam and midazolam on the chronic effects of DFP-induced status
epilepticus. All animals in the study were monitored for seizure activity during the first 4 hours
post-DFP injection (Figure 2-1A). In the subsequent days to weeks to months, these animals
were evaluated by magnetic resonance (MR) and positron emission tomography (PET) imaging
with each animal experiencing up to three separate imaging sessions. The data from these in vivo
imaging studies are described in a separate manuscript (Hobson et al., under review). At 3 and 6
months post-exposure, the brains of a subset of these animals were also scanned using micro-
computed tomography (micro-CT) prior to euthanizing the animals to collect brains for
neuropathologic analyses. For seizure monitoring, vehicle and DFP alone groups consisted of 14
animals each, while diazepam and midazolam groups consisted of 10 animals each (Figure 2-
1B). Due to the complexity of the study and limitations on the number of animals that could be
imaged in a single day, animals in this study were injected across multiple days. All animals
were injected in the morning, and injections on any given morning included animals from each
experimental group. Following the acute seizure analysis, 3 randomly chosen animals were
removed from the diazepam and midazolam groups for separate analyses not included in this
study; thus 7 animals from each of these two groups were assessed for neuropathologic responses

at later time points.
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Pharmacokinetic Analysis of Diazepam and Midazolam

Adult male rats not injected with DFP were used to evaluate the pharmacokinetics of
diazepam and midazolam. Brain and plasma concentrations were evaluated at 10 min, 30 min, 1
h, 4 h, 12 h, and 24 h post-administration by ultra-performance liquid chromatography-mass
spectrometry (UPLC-MS) as previously described (Ulu, Inceoglu et al. 2016). Midazolam was
analyzed by the selective reaction monitoring (SRM) transition of its positively charged quasi-
molecular ion 326.08 (M+1)+ into product ions of 223.05, 249.04 & 291.05 m/z. Diazepam was
analyzed by the SRM transition of its positively charged quasi-molecular ion 285.08 (M+1)+
into product ions of 227.99, 193.03 & 154.04 m/z. Adult rats were injected with either diazepam
(USP grade; Hospira Inc., Lake Forest, IL, USA; 5 mg/kg, i.p.) or midazolam (USP grade;
Hospira Inc.; 0.73 mg/kg, i.m.). Diazepam provided in ChemPacks is intended to be administered
i.m. However, diazepam is known to have very poor i.m. bioavailability (Reddy and Reddy 2015,
Ulu, Inceoglu et al. 2016); therefore, diazepam was injected i.p. at 5 mg/kg, a dose that reaches
therapeutic concentrations in the brain (Ulu, Inceoglu et al. 2016). Diazepam administered i.p. at
>5 mg/kg is used by multiple laboratories in animal models of acute OP intoxication (Auta,
Costa et al. 2004, Zhang, Todorovic et al. 2017, Matson, Dunn et al. 2019). A single autoinjector
provided in the ChemPack for human use contains 10 mg midazolam, which based on allometric
scaling (Nair and Jacob 2016) is approximately 0.73 mg/kg midazolam in the adult rat.
DFP Exposure and Seizure Monitoring

Animals were pretreated with pyridostigmine bromide (0.1 mg/kg i.p.; TCl America, Portland,
USA,; >98% purity), a reversible cholinesterase inhibitor, in sterile saline 30 min prior to DFP
injection to minimize peripheral cholinergic symptoms (Kim, Hur et al. 1999). DFP (Sigma

Chemical Company, St Louis, MO, USA) was prepared 5 min before administration in ice-cold
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sterile phosphate-buffered saline (PBS, 3.6 mM Na;HPO4, 1.4 mM NaH2PO4, 150 mM NaCl; pH
7.2). DFP stocks were evaluated for purity using H-, ©*C, °F, and 3'P-NMR methods (Gao,
Naughton et al. 2016) and determined to be 90 £ 7% pure. Upon arrival, DFP aliquots were stored
at -80 °C, a condition that maintains chemical stability for over 1 year (Heiss, Zehnder et al. 2016).
Rats were injected between the shoulder blades with DFP at 4 mg/kg s.c., a dosing paradigm
previously shown to induce status epilepticus (Guignet, Dhakal et al. 2019) in 80-90% of DFP-
injected animals (Gonzélez, Rindy et al. 2020). Animals were then given a combined i.m. inner
thigh injection of 2 mg/kg atropine-sulfate (Sigma; >97% purity) and 25 mg/kg pralidoxime
(Sigma; >99% purity) in sterile saline (0.9% NaCl) within 1 min following DFP injection to
increase survival. Atropine sulfate blocks peripheral muscarinic cholinergic receptors and
pralidoxime reactivates peripheral acetylcholinesterase to minimize mortality in the DFP model
from overstimulation of the parasympathetic nervous system (Bruun, Guignet et al. 2019). Vehicle
control animals were similarly treated with atropine sulfate and pralidoxime but were injected with
300 pl ice-cold sterile saline s.c. in place of DFP. At 40 min post-DFP exposure, animals were
administered diazepam, midazolam, or an equal volume (~300 pl) of saline vehicle (i.p. or i.m.)
with i.m. injections administered to the inner thigh of the hind leg.

Immediately following injection, all animals were monitored for seizure behavior for 4 h and
the severity of seizure behavior scored using a seizure behavior scale established for use in rat
models of acute OP intoxication (Deshpande, Carter et al. 2010). Two experimenters without
knowledge of experimental group independently monitored animals in real-time, and scores from
both experimenters were averaged for each observation. The scores for each animal were averaged
over time to obtain an individual average seizure score. At 40 min post-DFP administration, DFP

animals were further randomized into one of three groups: DFP alone, DFP + diazepam (referred
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to as the diazepam group), or DFP + midazolam (referred to as the midazolam group). Only
animals with consecutive seizure scores of >3 were selected for these groups to ensure that all
animals used in the study experienced DFP-induced status epilepticus (Deshpande, Carter et al.
2010, Phelan, Shwe et al. 2015). At the end of the 4 h observation period animals were injected
s.c. with 10 ml 5% dextrose in 0.9% isotonic saline (Baxter International, Deerfield, IL, USA)
prior to being returned to their home cages. Animals were provided access to moistened chow until
they resumed consumption of solid chow. In the subsequent days to weeks to months, these
animals were evaluated by magnetic resonance (MR) and positron emission tomography (PET)
imaging with each animal experiencing up to three separate imaging sessions. The data from these
in vivo imaging studies are described in a separate manuscript (Hobson et al., under review). At 3
or 6 months post-exposure, subjects were anesthetized with isoflurane/O, (Piramal Healthcare,
Bethlehem, Pennsylvania) using 2.0%-3.0% vol/vol to induce and 1.0%-2.0% vol/vol to maintain
anesthesia for micro-CT imaging. Animals were then euthanized with 4% isoflurane and
transcardially perfused using a Masterflex peristaltic pump (Cole Parmer, Vernon Hills, IL, USA)
and 100 ml cold PBS at a flow rate of 15 ml/min. A subset of animals underwent micro-CT imaging
at both 3 and 6 months post-DFP prior to euthanasia. Sample sizes for each endpoint were
determined using a two-tailed power analysis, with effect size calculated using previously
generated preliminary data.
Micro-CT Imaging

At 3 and 6 months post-DFP intoxication, the brains of living animals were imaged with an
Inveon Multi-Modality CT scanner (Siemens Healthineers, Munich, Germany) at the University
of California, Davis Center for Molecular and Genomic Imaging. A subset of animals underwent

micro-CT imaging at both 3 and 6 months post-DFP prior to euthanasia. Sample sizes for each
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endpoint were determined using a two-tailed power analysis, with effect size calculated using
previously generated preliminary data. Animals were anesthetized with isoflurane/O. (Piramal
Healthcare, Bethlehem, PA, USA) using 2.0-3.0% isoflurane v/v to induce and 1.0-2.0%
isoflurane v/v to maintain anesthesia. Once anesthetized, animals were stereotactically restrained
in custom beds for imaging in the CT scanner. Voltage and beam current were set to 80kVp and
425 A, respectively. A 0.5-mm aluminum filter was used to harden the beam. The detector was
set to image at 4096 x 2048 using bin 2 with a low magnification resulting in a voxel size of
48.26 um. Projections were taken over 360° in 1° steps with a 1000-ms exposure time. Scans
were reconstructed using a Feldkamp algorithm (Yamamoto, Suzuki et al. 2007) with Shepp-
Logan filter into 16 bit values. A subset of animals were images at both 3 and 6 months,
generating larger sample sizes at the 3 month time point relative to the 6 month time point.
Images were analyzed using Amira software version 6.5.0 (Thermo Fisher Scientific). ROls
for the medial and dorsolateral thalamus were drawn on previously acquired T2w images using
the magnetic lasso tool (Amira software). A small number of animals (0-1 per experimental
group) were excluded due to image artifacts that confounded quantitative analysis. All image
analysis was performed completely blinded to group and time point. A non-local means filter
was applied to all micro-CT scans to decrease the noise in the images while maintaining image
clarity (Chen, Arad et al. 2018). Micro-CT scans were manually aligned with MR scans for
anatomical reference. An intensity threshold (intensity value > 450) was applied to micro-CT
scans to isolate areas of mineralization as individual ROIls in the brain. Quantitative data was
only obtained from the automatically calculated three-dimensional mineral deposits. The
volumes of the medial thalamus, dorsolateral thalamus, and mineralization ROIs were exported

from Amira. The percent mineralization was calculated and used to conduct statistical analysis.
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Two-dimensional cross-sections were selected from each group to visually represent
mineralization from the raw micro-CT images.
Neuropathologic analyses

At 3 months post-DFP, approximately half of all animals were randomly selected for
euthanasia to collect brains for neuropathologic analyses. The remaining animals were
euthanized at 6 months post-DFP. FluoroJade-C staining was performed as previously described
(Hobson, Rowland et al. 2017). Briefly, following euthanasia, brains were harvested and
immediately cut into 2-mm coronal sections starting at bregma point 0 and post-fixed in 4%
paraformaldehyde solution (Sigma) in PBS for 24 h at 4 °C. Brain sections were then
equilibrated in 30% w/v sucrose (Thermo Fisher Healthcare, Waltham, MA, USA) in PBS at 4
°C overnight, embedded in OCT medium (Thermo Fisher Healthcare), and then cryosectioned
into 10-um slices onto Superfrost Plus slides (Thermo Fisher Healthcare). Sections were then
dehydrated in 70% ethanol, incubated in 0.06% potassium permanganate w/v (Sigma) in distilled
water for 10 min, incubated in distilled water for 2 min, and incubated in 0.0001% w/v
FluoroJade-C (Cat #AG325; Millipore, Billerica, MA, USA) in 0.1% v/v acetic acid (Acros
Organics, Geel, Belgium) in distilled water for 10 min. The FluoroJade-C solution contained a
1:50,000 dilution of DAPI (Invitrogen, Carlsbad, CA, USA). Slides were dried at 50 °C for 5
min, cleared in chemical grade xylene (Fisher Chemical, Waltham, MA, USA) for 1 min, and
mounted in 50 pl of Permount (Thermo Fisher Scientific, Waltham, MA).

For immunohistochemistry, sections were processed for antigen retrieval using a 10 mM
sodium citrate solution (pH 6.0) in distilled water for 20 min at 90 °C followed by 3 washes in
PBS for 10 min. Sections were then blocked in a blocking solution of PBS containing 10% wi/v

goat serum (Vector Laboratories, Burlingame, CA, USA), 1% w/v bovine serum albumin

57



(Sigma), and 0.03% w/v Triton X-100 (Thermo Fisher Scientific) for 1 h at room temperature,
followed by incubation with primary antibodies in blocking solution at 4 °C overnight. The
primary antibodies used in this study were mouse anti-glial fibrillary acidic protein (GFAP,
1:1000, Cell Signaling Technology, Danvers, MA, USA; Cat# 3670, RRID:AB_561049), rabbit
anti-S100 calcium-binding protein 3 (S100p3, 1:500, Abcam, Cambridge, UK; Cat# ab14688,
RRID:AB_2184443), rabbit anti-ionized calcium-binding adapter molecule 1 (IBA-1, 1:1000,
Wako Laboratory Chemicals, Richmond, VA, USA; Cat# 019-19741, RRID:AB_839504),
mouse anti-CD68 (1:200, Serotec, Hercules, CA, USA; Cat# MCA341R, RRID:AB_2291300),
mouse anti-NeuN (1:1000, Millipore; Cat# MAB377, RRID:AB_2298772), and rabbit anti-3-
nitrotyrosine (1:200, Millipore; Cat# 06-284, RRID:AB_310089). Sections were triple-washed in
PBS followed by 0.03% w/v Triton X-100 in PBS for 10 min and then incubated in secondary
antibody in blocking solution for 90 min at room temperature in complete darkness. The
secondary antibody used for IBA-1 was Alexa Fluor 568-conjugated goat anti-rabbit 1gG (1:500,
Life Technologies, Carlsbad, CA, USA, Cat# A-21069, RRID:AB_2535730); for CD68, Alexa
Fluor 488-conjugated goat anti-mouse 1gG (1:500, Life Technologies; Cat# A-11001,
RRID:AB_2534069); for GFAP and NeuN, Alexa Fluor 568-conjugated goat anti-mouse 1gG1
(y1) (1:1000, Life Technologies; Cat# A-21124, RRID:AB_2535766); and for 3-NT and

S100p, Alexa Fluor 488-conjugated goat anti-rabbit 1gG (1:500, Life Technologies; Cat# A-
11034, RRID:AB_2576217). Following incubation in secondary antibody, sections were triple-
washed with PBS followed by 0.03% w/v Triton X-100 in PBS for 10 min before cover slipping
using ProLong Gold Antifade Mountant with DAPI (Invitrogen). Negative controls were
incubated with blocking buffer containing no primary antibody and subsequently stained using

identical protocols.
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Fluorescent immunoreactivity was visualized using an ImageXpress XL High-Content
Imaging System at 20X magnification (Molecular Devices, Sunnyvale, CA, USA). Images were
acquired from the amygdala, hippocampus (CA1, CA3, and dentate gyrus), piriform cortex, and
somatosensory cortex between -3.6-mm to -4.2-mm posterior to bregma and the dorsolateral
thalamus between -3.0-mm to -3.6-mm posterior to bregma. A rat brain atlas was used to verify
that homologous bregma ranges were assessed between animals (Kruger, Saporta et al. 1995). A
small number of animals (0-1 per experimental group) were excluded due to poor image quality
that confounded statistical analyses.

Fluorescent immunostaining was quantified as previously described (Guignet, Dhakal et al.
2019). Briefly, for dual staining of IBA-1/CD68 and NeuN/3-nitrotyrosine, immunopositive
cells were quantified in two consecutive sections using the Multi-Wavelength Cell Sorting
Journal within the Custom Module Editor of the MetaXpress High-Content Image Acquisition
and Analysis software (version 5.3, Molecular Devices) combined with a Matlab script (Matlab
2014b, The Mathworks Inc., Natick, MA, USA) for Otsu’s method background subtraction (Otsu
1979) to identify the percentage of IBA-1 or NeuN positive cells that also expressed CD68 or 3-
nitrotyrosine, respectively. For GFAP and S100p staining, the area of immunofluorescence
respective to the total area of the ROI was analyzed separately following normalization to a
background-subtracted image and binarization using ImageJ (version 1.48, National Institutes of
Health, Bethesda, MD, USA). Positive staining was identified as fluorescence intensity that, at a
minimum, was twice that of the background fluorescence levels observed in negative control
images. To preclude bias, all image acquisition and analyses were performed by a single

experimenter without knowledge of exposure group or time point.
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Data and Statistical Analysis

Time-weighted seizure scores were calculated for each individual animal to account for time
as a variable. Once a score was obtained for each individual animal, a one-way ANOVA with
post-hoc Kruskal-Wallis test to calculate statistical differences between treatment groups. For
neuropathology measures, primary outcomes of interest included the total number of FluoroJade-
C stained cells, percentage of IBA-1+ cells, percentage of IBA-1+ that also co-expressed CD68,
percentage of NeuN+ cells that were also immunoreactive for 3-nitrotyrosine, percentage of total
cells that were NeuN+, percent area of GFAP immunoreactivity, and percent area of S100p3
immunoreactivity in seven brain regions for each animal. Percent mineralization, measured by
micro-CT as described above, was also available for two brain regions for each animal. Raw data
points for each neuropathologic outcome are shown in supplemental figures 3-S1-8.

Mixed-effect regression models, including animal-specific random effects, were used to
assess differences between exposure groups by region and time point. Exploratory analysis
indicated that a natural logarithmic transformation was needed for all outcomes, except
percentage of NeuN+ cells, to stabilize the variance and meet the underlying assumptions of
normality for the mixed effects models. Due to observed zeroes for these outcomes, all values
were shifted by 0.5 prior to taking the natural logarithm. Primary factors included in the
statistical analyses were exposure group (vehicle, DFP, diazepam, midazolam), brain region
(which for immunohistochemistry outcomes included the thalamus, dentate gyrus, CA1, CA3,
amygdala, somatosensory cortex, piriform cortex; but for micro-CT outcome included the medial
thalamus, dorsolateral thalamus), and time point (3 or 6 months post-DFP). Interactions between
these variables were also considered. Akaike information criterion was used for model selection

to identify the best model for each outcome. Specific contrasts were constructed to test groups of
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interest (DFP vs. vehicle, midazolam vs. DFP, diazepam vs. DFP, and diazepam vs. midazolam)
and examined using Wald tests. Within an outcome, Benjamini-Hochberg False Discovery Rate
(Benjamini and Hochberg 1995) was used to correct for multiple comparisons between groups;
therefore, a false discovery rate-adjusted p-value<0.05 was considered statistically significant.
Results for all log-transformed outcomes are presented as geometric mean ratios. These
ratios may be interpreted as fold changes, so that a ratio of 1.5 corresponds to a 50% increase and
a ratio of 0.5 corresponds to a 50% decrease. Point estimates of the ratios and the 95%
confidence intervals are presented in the figures. When the confidence interval includes 1, there
is no statistical evidence of a difference between groups. However, when the confidence interval
does not include 1, the estimated effect is significant at the 5% level (p<0.05). Results for the
non-transformed outcome are presented as average differences between groups along with the
95% confidence interval. All analyses were conducted using SAS (version 9.4, SAS Institute,
Inc., Cary, NC, USA), and graphics were created in R (version 3.1.0, R Core Team, Vienna,

Austria).

Results
Benzodiazepine pharmacokinetics and effects on DFP-induced seizure behavior

Naive adult male rats were administered diazepam (5 mg/kg, i.p.) or MDZ (0.73 mg/Kkg, i.m.)
and euthanized at varying times post-administration to collect serum and brain samples (Figure
2-2A). Peak concentrations of diazepam were reached within the first hour post-administration
and were ~3-fold higher in the brain than the plasma. The brain to plasma ratio for diazepam was
~3.5. Peak concentrations of midazolam were reached at 10 min and were only slightly higher in

brain tissue compared to plasma. Brain levels of midazolam remained slightly higher than
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plasma until 4 h when both concentrations fell below 10 nM. The greatest difference between
brain and plasma concentrations of midazolam was observed at 40 min when brain levels were
almost 2-fold higher than plasma levels. The brain to plasma ratio was ~1.2-2.1. Direct
comparison showed higher brain concentrations of midazolam than diazepam at 10 and 30 min,
but comparable concentrations at all other time points. Midazolam and diazepam were
effectively eliminated and no longer pharmacologically active by 4 h in both brain and plasma.
These pharmacokinetic profiles are consistent with prior literature for both diazepam (Fenyk-
Melody, Shen et al. 2004, Ulu, Inceoglu et al. 2016) and midazolam (Arendt, Greenblatt et al.
1987, Miyamoto, Matsueda et al. 2015) and suggest that midazolam enters the brain more
rapidly and at higher concentrations than diazepam.

To assess the relative efficacy of diazepam vs. midazolam in terminating OP-induced
seizures, seizure behavior was scored in vehicle and DFP-exposed animals for 4 h post-injection
using an established seizure behavior scale (Figure 2-2B). DFP animals demonstrated seizure
behavior within 6-8 minutes following DFP administration and continued seizing for the duration
of the 4 h monitoring period. For the first 2.5 hours, DFP animals maintained severe seizure
scores (> 3) that then began to decline slightly. Animals treated with diazepam at 40 min post-
DFP intoxication showed markedly reduced seizure scores within 20 min of diazepam
administration. For the last 2 hours of seizure monitoring, diazepam-treated animals showed
seizure scores of ~2, which are below the threshold of clonic seizures that are thought to be
consistent with status epilepticus (Deshpande, Carter et al. 2010, Phelan, Shwe et al. 2015).
Similarly, midazolam-treated animals showed decreased seizure behavior within 20 min and also

maintained seizure scores of ~2 through the rest of the seizure monitoring period. Although both
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diazepam and midazolam attenuated seizure behavior, neither benzodiazepine reduced seizure
behavior to baseline levels observed in vehicle control animals.

Seizure scores collected at individual time points post-injection for each individual animal
were averaged to obtain an average seizure score over the 4 h period for that animal. Average
seizure scores for each group confirmed that DFP animals experienced significant seizure
behavior, as previous studies indicate that prolonged seizure scores of > 3 are consistent with
status epilepticus (Deshpande, Carter et al. 2010, Phelan, Shwe et al. 2015). These data also
confirmed that post-exposure treatment with either diazepam or midazolam significantly
attenuated, but did not completely block, DFP-induced seizure behavior. Importantly, there were
no significant differences in average seizure scores between DFP + diazepam and DFP +
midazolam animals.

Neurodegeneration is transiently reduced by midazolam

FluoroJade-C staining was used to visualize degenerating or recently degenerated neurons
(Schmued, Stowers et al. 2005) in multiple brain regions, including the CA1, CA3 and dentate
gyrus of the hippocampus, the amygdala, piriform and somatosensory cortex, and the thalamus at
3 and 6 months after acute intoxication with DFP (Figure 2-3A). The number of FluoroJade-C-
labeled cells differed between groups by time point (F(3, 204)=3.82, p=0.01) but not by brain
region. Therefore, estimates of group differences at each time point were averaged across brain
regions. At both 3 (t(204)=3.78, p=0.0002) and 6 months (t(204)=6.44, p<0.0001), DFP animals
had a significantly increased number of FluoroJade-C-labeled cells relative to vehicle animals in
all brain regions (Figure 2-3B). While there was a trend towards significance at 3 months,
diazepam-treated DFP animals did not have significantly decreased FluoroJade-C labeling at 3 or

6 months. At 3 months, midazolam significantly decreased FluoroJade-C labeling (t(204)=-2.38,

63



p=0.018); however, by 6 months, there was no significant difference between DFP animals that
did not receive benzodiazepine vs. DFP animals that were treated with midazolam. The
difference between DFP and vehicle animals remained significant after false discovery rate
correction. There were no differences between diazepam and midazolam-treated DFP animals at
either time point.
Midazolam reduces reactive astrogliosis in more brain regions than diazepam

Reactive astrogliosis was measured using GFAP (Figure 2-4A) and S100B (Figure 2-5A)
immunoreactivity to capture unique populations of astrocytes (reviewed in Holst, Brochner et al.
2019). The difference between groups in percent area of GFAP immunoreactivity varied by brain
region (F(18,188)=4.04, p<0.0001) but not by time point. Thus, estimates of group differences
by brain region were averaged across time points. The percent area of GFAP immunoreactivity
was significantly increased in DFP compared to vehicle animals in all seven brain regions
examined (Figure 2-4B, p<0.005). In the initial mixed-effect comparison, DFP animals treated
with diazepam had significantly reduced GFAP expression in the hippocampal CA1 subregion
(t(188)=-2.11, p=0.036) and somatosensory cortex (t(188)=-2.04, p=0.043) compared to DFP
animals that did not receive any benzodiazepine, but these differences did not remain significant
after false discovery rate correction. Treatment with midazolam significantly decreased GFAP
expression in the CAL (1(188)=-4.01, p<0.0001), CA3 (t1(188)=-2.37, p=0.019), and dentate gyrus
(t(188)=-2.48, p=0.014) subregions of the hippocampus, as well as in the somatosensory cortex
(t(188)=-4.41, p<0.0001) and thalamus (t(188)=-2.36, p=0.019) compared to DFP animals that
did not receive any benzodiazepine, and these all remained significant after false discovery rate

correction. There were no differences between diazepam or midazolam-treated DFP animals.

64



The percent area of S100p immunoreactivity also differed by brain region (F(18,182)=5.95,
p<0.0001) but not by time point. The percent area of S100p immunoreactivity was significantly
greater in DFP than vehicle animals in all brain regions studied, although the difference in the
hippocampal CA3 and dentate gyrus did not remain significant after false discovery rate
correction (Figure 2-5B). Diazepam decreased S100p expression in the hippocampal CA1l
(t(182)=-2.14, p=0.033), dentate gyrus (t(182)=-2.86, p=0.0047) and somatosensory cortex
(t(182)=-3.16, p=0.0018), although the difference in the CA1 did not remain significant after
false discovery rate correction. Midazolam decreased S100p expression in the hippocampal CA1
(t(182)=-2.66, p=0.0086), somatosensory cortex (t(182)=-4.56, p<0.0001), and thalamus
(t(182)=-5.12, p<0.0001), all of which remained significant after false discovery rate correction.
DFP animals treated with diazepam had significantly increased S100p expression in the thalamus
compared to DFP animals treated with midazolam (t(182)=4.55, p<0.0001), which remained
significant after false discovery rate correction.

Neither midazolam nor diazepam reduces microglial activation

Microglial activation was measured as the percentage of cells within the field that were
immunopositive for IBA-1 and by the percentage of IBA-1 immunopositive cells that were
phagocytic, as identified by co-labelling for CD68 (Figure 2-6A). The differences between
groups in percentage of IBA-1 immunopositive cells did not differ by brain region or time point
(Figure 2-6B). DFP animals had a higher percentage of IBA-1 immunopositive cells than
vehicle animals (t(32)=2.12, p=0.04), but this difference did not remain significant after false
discovery rate correction. There was a significant difference between groups in the percentage of
IBA-1 immunopositive cells that co-expressed CD68 (F(3,32)=9.95, p<0.0001), and this

difference was similar across brain regions and time points. DFP animals showed an increased
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percentage of CD68-labeled IBA-1 immunopositive cells compared to vehicle animals
(t(32)=5.34, p<0.0001) that remained significant after false discovery rate correction. However,
there were no differences between DFP animals treated with diazepam or midazolam compared
to DFP animals not treated with any benzodiazepine. Furthermore, there was no difference
between diazepam and midazolam-treated DFP animals.
DFP-induced oxidative stress returns to baseline levels by 6 months post-intoxication

Previous studies have shown that biomarkers of oxidative stress increase in the rat brain
following acute DFP intoxication (Pearson and Patel 2016) and persist up to 2 months post-
intoxication (Guignet, Dhakal et al. 2019). Here, co-localization of 3-nitrotyrosine and NeuN
immunoreactivity was used to determine whether oxidative stress in neurons persists at 3 and 6
months post-DFP exposure. The expression of 3-nitrotyrosine was normalized to the number of
neurons (NeuN) (Figure 2-7A). While there were no significant differences in the number of
NeuN+ cells between treatment groups, there was a trend towards decreased neuronal numbers in
DFP animals relative to vehicle (Figure 2-7B). Similarly, there was no significant difference
between groups in the number of cells co-labeled for 3-nitrotyrosine and NeuN, but there was a
strong trend towards increased expression in DFP animals relative to vehicle.
3.6 Diazepam is more effective than midazolam in mitigating mineralization in the medial
thalamus

Acute OP intoxication produces pronounced calcium dysregulation (reviewed in Deshpande,
Blair et al. 2016), thus, we used in vivo micro-CT imaging to monitor the formation and presence
of mineral inclusions in the medial and dorsolateral thalamus of DFP-intoxicated rats at 3 and 6
months (Figure 2-8A and 2-8B). Two-dimensional cross-sections of microCT images (color)

overlaid on anatomical MRI images (grayscale) show focal areas of mineralization in the 48-
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micron thick slice (Figure 2-8A). The difference in percent mineralization between groups,
which was quantified from three-dimensional reconstructions of mineralized areas, varied by
both time point and brain region. DFP animals had a higher percent mineralization than vehicle
animals at both time points and both brain regions (Figure 2-8C, p<0.05). Diazepam decreased
mineralization in the medial, but not dorsolateral, thalamus at both 3 (t(50)=-2.97, p=0.0045) and
6 months (t(50)=-2.44, p=0.018). Midazolam decreased mineralization in the medial thalamus at
6, but not 3, months (t(50)=-2.41, p=0.02); midazolam had no significant protective effect on
mineralization in the dorsolateral thalamus at either time point. Diazepam-treated DFP animals
had a lower percent of mineralization than midazolam-treated DFP animals in the medial
thalamus (t(50)=-2.76, p=0.0081) at 3 months but not at 6 months. All differences remained

significant after false discovery rate correction.

Discussion

Previous work has demonstrated that DFP-induced status epilepticus triggers
neuroinflammation in the days to weeks following acute intoxication (Liu, Li et al. 2012, L,
Lein et al. 2015, Flannery, Bruun et al. 2016, Wu, Kuruba et al. 2018). Here we show that robust
neuroinflammation persists at 3 and 6 months post-DFP intoxication, as evidenced by increased
expression of IBA-1, CD68, GFAP, and S1003. We previously demonstrated that
neuroinflammation measured by IBA-1 immunoreactivity was more severe at 1 month than 2
months post-DFP (Siso, Hobson et al. 2017, Guignet, Dhakal et al. 2020). The present findings
demonstrate that IBA-1 immunoreactivity does not decrease with time but rather remains
elevated in the brain at least until 6 months post-DFP. While IBA-1 is a marker of microglia, it

also labels monocytes and macrophages (Ito, Imai et al. 1998), which may migrate from the
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periphery to contribute to the inflammatory response in the brain. Thus, the elevated IBA-1
immunoreactivity we observe at 3 and 6 months post-exposure may indicate not only
microgliosis, but also infiltration of peripheral immune cells into the brain. In contrast, reactive
astrogliosis is relatively consistent in the brain with limited temporal or regional variability up to
2 months post-exposure (Siso, Hobson et al. 2017, Guignet, Dhakal et al. 2020), peaking later
than either microgliosis or neuronal degeneration (Siso, Hobson et al. 2017). Consistent with
these earlier reports, we saw relatively uniform GFAP reactivity across all seven brain regions
that persisted at 3 and 6 months post-DFP exposure.

While our earlier study found that DFP-induced neurodegeneration declined to background
levels by 2 months post-exposure (Siso, Hobson et al. 2017), here, we observed significant
neurodegeneration at 3 and 6 months post-exposure in all seven brain regions examined. The
increase in neurodegeneration at 3 and 6 months may contribute to the persistent microgliosis
observed at these later time points. The delayed neurodegeneration observed in the DFP-
intoxicated brain may be due in part to spontaneous recurrent seizures that develop in >80% of
animals that survive OP-induced status epilepticus (de Araujo Furtado, Lumley et al. 2010,
Guignet, Dhakal et al. 2020). Given the extensive literature implicating neuroinflammation in the
pathogenesis of impaired cognition and epilepsy (reviewed in Guignet and Lein 2018), our data
suggest a feed-forward model in which neuroinflammation promotes persistent electrographic
and neurological deficits in the months following acute OP intoxication (Flannery, Bruun et al.
2016, Guignet, Dhakal et al. 2020), which in turn sustains the neuroinflammatory response.
While neuroinflammation has yet to be causally linked to either the chronic cognitive deficits or
electrographic abnormalities associated with acute OP intoxication, several studies have shown

that anti-inflammatory compounds protect against some aspects of OP-induced neurological
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damage (Finkelstein, Kunis et al. 2012, Li, Lein et al. 2012, Pan, Piermartiri et al. 2015,
Piermartiri, Pan et al. 2015). These observations, together with our findings of persistent
neuroinflammation, support neuroimmune modulation as a viable therapeutic strategy for
protecting against OP-induced persistent neurological consequences.

Robust increases in the expression of biomarkers of oxidative stress have been documented in
the hours and days immediately following acute DFP intoxication (Zaja-Milatovic, Gupta et al.
2009, Lépez-Granero, Cafadas et al. 2013, Liang, Pearson-Smith et al. 2017, Chaubey, Alam et
al. 2019). We previously observed oxidative stress in the rat brain at both 1 and 2 months post-
DFP intoxication (Guignet, Dhakal et al. 2020). However, here, we observed low to negligible
levels of 3-NT at 3 and 6 months post-exposure. The absence of oxidative stress despite
persistent neuroinflammation is surprising given the typically close relationship between these
activities (reviewed in Guignet and Lein 2018). One caveat of our study is that only one
biomarker of oxidative stress was used, thus, follow-up studies evaluating additional markers of
oxidative stress at these later time points would be useful to further understand the temporal
profile of oxidative damage in this model.

A novel finding of this study was the significant mineralization in the thalamus of DFP-
intoxicated animals detected by micro-CT imaging at both 3 and 6 months post-exposure. While
this technique does not identify the chemical composition of mineral deposits, calcium is a
primary constituent of mineral deposits detected by micro-CT and calcium deposits frequently
occur in the thalamus (Valdes Hernandez Mdel, Maconick et al. 2012). Additionally, status
epilepticus and the associated glutamatergic excitotoxicity have been shown to increase
intracellular calcium concentrations to pathogenic levels (reviewed in Deshpande, Blair et al.

2016, Mabher, van Leyen et al. 2018). Although calcium is likely a primary component of the
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mineral deposits we observed, iron, copper, and manganese have also been identified as
significant components of mineralized areas in damaged brain tissue (Valdes Hernandez Mdel,
Maconick et al. 2012). Follow-up studies evaluating the chemical composition of mineral
deposits are needed to better understand this aspect of the chronic pathophysiology of acute DFP
intoxication.

To the best of our knowledge, this is the first report of mineral deposits in the brain of acute
OP-intoxicated animals. Although the functional consequences of cerebral mineral deposits are
poorly understood, calcium dyshomeostasis is associated with altered neuronal activity and
impaired cognition (Kirkland, Sarlo et al. 2018, Lerdkrai, Asavapanumas et al. 2018, Muller,
Ahumada-Castro et al. 2018). Additionally, mineral deposits occur naturally in the aging brain,
contributing to age-related cognitive decline (reviewed in Youssef, Capucchio et al. 2016). The
presence of persistent mineral deposits in the brains of DFP-intoxicated animals suggest the
intriguing possibility that acute DFP intoxication accelerates the onset and/or progression of
aging phenotypes. Our findings also support the possibility that stabilizing calcium levels will
protect against chronic OP-induced neuropathology. Indeed, the calcium-stabilizing compound
dantrolene was recently shown to protect against OP-induced neurodegeneration at 2 d post-
intoxication (Deshpande, Blair et al. 2016). While additional research is required to evaluate the
causal relationship between calcium dysregulation and neurological function following acute OP
intoxication, our data suggest that monitoring mineralization by micro-CT may be a non-
invasive, longitudinal biomarker of neuropathology.

Our results demonstrate that diazepam and midazolam partially mitigate the long-term
neuropathological consequences of acute DFP intoxication. While these benzodiazepines

reduced acute seizure behavior to comparable levels, at 3 months post-DFP exposure, midazolam
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conferred protection against neurodegeneration whereas diazepam did not, but diazepam
protected against mineralization while midazolam did not. However, neither drug significantly
reduced neurodegeneration at 6 months, and both were only partially protective against
mineralization at 6 months. Neither midazolam nor diazepam reduced microglial activation at 3
or 6 months post-DFP. While both compounds reduced reactive astrogliosis, midazolam reduced
both GFAP and S100p immunoreactivity, whereas diazepam only reduced S100B expression.
Additionally, midazolam protected against neuroinflammation in more brain regions than
diazepam. Interestingly, neither benzodiazepine was effective in protecting against DFP-induced
astrogliosis in the piriform cortex or amygdala. GABAA receptor subunits are heterogeneously
distributed in the brain (Mennini and Gobbi 1990, Nutt 2006); thus, regional differences in the
GABAA subunit composition likely contribute to the region-specific neuroprotection observed in
the brain of DFP animals treated with benzodiazepines. The a5 subunit is reported to play an
important role in the inhibitory response to benzodiazepines (Etherington, Mihalik et al. 2017),
and expression of the a5 subunit is very low in the amygdala and piriform cortex (Pirker,
Schwarzer et al. 2000). While benzodiazepines bind primarily to synaptic GABAA receptors, the
a5 subunit is highly expressed in both synaptic and extrasynaptic receptors. Should this subunit
play a role in neuroprotection following OP intoxication, compounds that target extrasynaptic
GABAA receptors, such as neurosteroids, may confer additional neuroprotection.
Benzodiazepine administration within 10 min after acute DFP intoxication has been reported
to protect the brain against acute neuropathology (Kuruba, Wu et al. 2018, Wu, Kuruba et al.
2018). However, delaying benzodiazepine treatment more than 10 min post-exposure offers only
partial neuroprotection in the days following OP intoxication (Gilat, Kadar et al. 2005, Kuruba,

Wu et al. 2018, Wu, Kuruba et al. 2018, Spampanato, Pouliot et al. 2019). Our data extend these
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previous studies by demonstrating that delayed administration of benzodiazepines also fails to
provide neuroprotection at months post-exposure, and by showing that neither benzodiazepine
provides a neuroprotective advantage relative to the other. Unfortunately, many victims of acute
OP intoxication will not receive immediate medical attention (Jett and Spriggs 2020). This
sobering fact coupled with our findings that neither diazepam nor midazolam offers complete
neuroprotection at 3 or 6 months post-DFP intoxication when administered at 40 min post-OP
intoxication suggest the urgent need for neuroprotective therapeutics to complement the current

standard of care.
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Figure 2-1. Experimental paradigm. (A) Adult male Sprague Dawley rats were pretreated with
pyridostigmine bromide (PB) at 0.1 mg/kg (i.p.), and then randomly assigned to vehicle (VEH),
DFP, DFP + diazepam (DZP) or DFP + midazolam (MDZ) groups. Vehicle (saline) or DFP (4
mg/kg, s.c.) were administered 30 min after pyridostigmine bromide, and followed 1 min later by
i.m. injections of atropine sulfate (AS, 2 mg/kg) and pralidoxime (2-PAM, 25 mg/kg). At 40 min
after DFP injection, vehicle (saline), diazepam (5 mg/kg, i.p.), or midazolam (0.73 mg/kg, i.m.)
were administered, and animals were monitored for seizure activity for 4 h. At 3 and 6 months
post-exposure, animals were imaged using in vivo micro-CT prior to euthanasia for
neuropathologic assessments, including FluoroJade-C staining and immunohistochemical (IHC)
analyses of neuroinflammation. *Three animals were removed from each of the diazepam and
midazolam groups for separate analyses not included in this study; thus only 7 animals from
these groups moved forward for IHC and micro-CT assessment at 3 and 6 months. (B) Summary
of sample sizes used for outcome measures at 3 and 6 months post-exposure. A total of 14
vehicle, 14 DFP, 7 diazepam and 7 midazolam animals were available after the acute seizure
analyses. At 3 months post-exposure, 4 vehicle, 12 DFP, 6 diazepam and 5 midazolam animals
were successfully imaged using micro-CT, and 6 vehicle, 6 DFP, 3 diazepam and 3 midazolam
were randomly selected to be euthanized to collect brains for histological analyses, leaving 8
vehicle, 8 DFP, 4 diazepam and 4 midazolam animals for the 6 month time point. For the micro-
CT studies at 6 months, 7 vehicle, 8 DFP, 4 diazepam and 4 midazolam animals were
successfully imaged. Following micro-CT imaging, 8 vehicle, 8 DFP, 4 diazepam and 4
midazolam animals were euthanized to collect their brains for histological analyses.

#Information from both time points were combined across groups for statistical analysis.
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Figure 2-2
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Figure 2-2. Benzodiazepine pharmacokinetics and pharmacodynamics. (A) Total diazepam
(5 mg/kg, i.p.) and midazolam (0.73 mg/kg, i.m.) concentrations were measured in the brain and
serum of naive adult male rats at varying times post-administration. Data are presented as the
mean £ SD (n=3-4 animals/time point). (B) Effect of diazepam and midazolam on DFP-induced
seizure behavior. A modified Racine scale was used to score seizure behavior at 5 min intervals
from 0-120 min post-DFP, and at 20-min intervals from 120-240 min post-DFP (> 10
observations per animal). The average seizure score was calculated as the time-weighted average
of the animal’s individual seizure scores across the 4 h of observation. Data presented as the
mean £ SEM (n = 10-14 animals/group). *p<0.05 by one-way ANOVA with post-hoc Kruskal-

Wallis test.
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Figure 2-3
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Figure 2-3. DFP causes persistent neurodegeneration that persists at 6 months post-
exposure even with benzodiazepine therapy. (A) Representative photomicrographs of
FluoroJade C (FJC) staining in the CAL subregion of the hippocampus at 3 and 6 months post-
DFP exposure. Bar = 200 um. (B) The number of FJC-labeled cells was quantified in seven brain
regions (amygdala, CA1, CA3, and dentate gyrus of the hippocampus, piriform and
somatosensory cortex, and thalamus) at 3 and 6 months post-DFP exposure. Estimates of
exposure or treatment effects at each time point were averaged across brain regions as the group
differences in number of FJIC+ cells did not differ significantly between brain regions. Data are
presented as the geometric mean ratio with 95% confidence interval (n = 5-6 vehicle, 5-8 DFP,
2-4 diazepam, 3-4 midazolam animals per time point). Confidence intervals that do not include
1.00 are colored blue and indicate a significant difference between groups at p<0.05. Raw data

used to generate this figure are provided in the supplemental material (Fig. 3-S1).
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Figure 2-4
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Figure 2-4. Midazolam but not diazepam attenuates GFAP upregulation in some but not all
brain regions. (A) Representative photomicrographs of GFAP immunoreactivity (reactive
astrocytes, red) in the thalamus at 6 months post-exposure. Sections were counterstained with
DAPI (blue) to label cell nuclei. Bar = 200 um. (B) The percent area of GFAP immunoreactivity
was quantified in seven brain regions at 3 and 6 months post-DFP exposure. Estimates of
exposure or treatment effects by brain region were averaged across time points as group
differences did not differ significantly between time points. Data are presented as the geometric
mean ratio with 95% confidence intervals (n = 11 vehicle, 13 DFP, 6 diazepam, 7 midazolam
animals combined across time points). Confidence intervals that do not include 1.00 are colored
blue and indicate a significant difference between groups at p<0.05. Raw data used to generate

this figure are provided in the supplemental material (Fig. 3-S2).
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Figure 2-5
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Figure 2-5. Diazepam and midazolam reduce S100f immunoreactivity in a region-specific
manner. (A) Representative photomicrographs of S100p immunoreactivity (astrocytes, green) in
the CA3 subregion of the hippocampus at 6 months post-exposure. Sections were counterstained
with DAPI (blue) to label cell nuclei. Bar = 200 um. (B) The percent area of S1003
immunoreactivity was quantified in seven brain regions at 3 and 6 months post-DFP exposure.
Estimates of exposure or treatment effects by brain region were averaged across time point as
group differences did not differ significantly between time points. Data are presented as the
geometric mean ratio with 95% confidence intervals (n = 11 vehicle, 13 DFP, 6 diazepam, 7
midazolam animals combined across time points). Confidence intervals that do not include 1.00
are colored blue and indicate a significant difference between groups at p<0.05. Raw data used to

generate this figure are provided in the supplemental material (Fig. 3-S3).
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Figure 2-6
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Figure 2-6. Neither diazepam nor midazolam reduce persistent microglial activation. (A)
Representative photomicrographs of IBA-1 (microglia; red) and CD68 (phagocytic microglia;
green) immunoreactivity in the thalamus at 6 months post-exposure. Sections were
counterstained with DAPI (blue) to label cell nuclei. Bar = 200 um. (B) The percent of total cells
that were IBA-1 immunopositive and the percent of IBA-1 immunopositive cells that were
immunoreactive for CD68 were quantified in seven brain regions (amygdala, CA1, CA3 and
dentate gyrus of the hippocampus, piriform and somatosensory cortex, and thalamus) at 3 and 6
months post-DFP exposure. Estimates of exposure or treatment effects were averaged across
brain regions and time points as these did not differ significantly by brain region or time point.
Data are presented as the geometric mean ratio with 95% confidence intervals (n = 11 vehicle, 13
DFP, 6 diazepam, 7 midazolam animals combined across time points). Confidence intervals that
do not include 1.00 are colored blue and indicate a significant difference between groups at
p<0.05. Raw data used to generate this figure are provided in the supplemental material (Fig. 3-

S4 and 3-S5).
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Figure 2-7
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Figure 2-7. Biomarkers of oxidative stress are not significantly elevated in the brain of
DFP-intoxicated animals at 3 or 6 months post-DFP exposure. (A) Representative
photomicrographs of NeuN (neurons; red) and 3-nitrotyrosine (oxidative damage; green)
immunoreactivity in the CA3 subregion of the hippocampus at 6 months post-exposure. Sections
were counterstained with DAPI (blue) to label cell nuclei. Bar = 200 um. (B) The percent of total
cells that were immunopositive for NeuN and the percent of NeuN immunopositive cells that
expressed 3-nitrotyrosine were quantified in seven brain regions (amygdala, CA1, CA3 and
dentate gyrus of the hippocampus, piriform and somatosensory cortex, and thalamus) at 3 and 6
months post-DFP. Estimates of exposure or treatment effects were averaged across brain regions
and time points as these did not differ significantly by brain region or time point. Data
represented as geometric mean ratio (percent of NeuN immunopositive cells that expressed 3-
nitrotyrosine) or estimated differences between groups (percent of total cells that were
immunopositive for NeuN) with 95% confidence intervals (n = 11 vehicle, 13 DFP, 6 diazepam,
7 midazolam animals combined across time points). Confidence intervals entirely above 1
(percent of NeuN immunopositive cells that expressed 3-NT) or 0 (percent of total cells that
were immunopositive for NeuN) are colored blue satisfy p<0.05. Raw data used to generate this

figure are provided in the supplemental material (Fig. 3-S6 and 3-S7).
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Figure 2-8
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Figure 2-8. Neither diazepam nor midazolam protect against delayed DFP-induced
mineralization in the brain. (A) Representative micro-CT output images overlaid on
anatomical MR images at 6 months post-exposure. Mineralized areas are shown in green, and
arrows point to representative mineral deposits. (B) Reconstructed three-dimensional micro-CT
images showing the hippocampus (solid blue), thalamus (transparent green), and mineralized
area (solid green) at 6 months post-exposure. (C) Quantitative analyses comparing the percent
area of mineralization in the dorsolateral (top) and medial (bottom) thalamus at 3 and 6 months
post-exposure. Data are presented as the geometric mean ratio with 95% confidence intervals (n
= 4-7 vehicle, 8-12 DFP, 4-7 diazepam, 4-7 midazolam animals per time point; note that a subset
of animals were imaged at both 3 and 6 months). Confidence intervals that do not include 1.00
are colored blue and indicate a significant difference between groups at P<0.05. Raw data used

to generate this figure are provided in the supplemental material (Fig. 3-S8).
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Supplemental Data
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Figure 2-S1. Raw data of FJC staining (positive cellsy/mm?) in 7 major brain regions at both
3 and 6 months post-DFP. Each circle represents an individual animal. Edges of the boxes
reflect the 25" and 75™ percentiles of the raw data, while the horizontal line within the box
reflects the median value. Whiskers extend to the last data point within 1.5 times the length of
the box (75" -25" percentiles) of the edges of the box. Statistical differences between groups are

shown in the main figures of the article. VEH=vehicle; DZP=diazepam; MDZ=midazolam.

91



Figure 2-S2
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Figure 2-S2. Raw data of GFAP immunoreactivity (% area) in 7 major brain regions at
both 3 and 6 months post-DFP. Each circle represents an individual animal. Edges of the boxes
reflect the 25" and 75™ percentiles of the raw data, while the horizontal line within the box
reflects the median value. Whiskers extend to the last data point within 1.5 times the length of
the box (75" -25" percentiles) of the edges of the box. Statistical differences between groups are

shown in the main figures of the article. VEH=vehicle; DZP=diazepam; MDZ=midazolam.
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Figure 2-S3
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Figure 2-S3. Raw data of S100p immunoreactivity (% area) in 7 major brain regions at
both 3 and 6 months post-DFP. Each circle represents an individual animal. Edges of the boxes
reflect the 25" and 75™ percentiles of the raw data, while the horizontal line within the box
reflects the median value. Whiskers extend to the last data point within 1.5 times the length of
the box (75" -25'" percentiles) of the edges of the box. Statistical differences between groups are

shown in the main figures of the article. VEH=vehicle; DZP=diazepam; MDZ=midazolam.
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Figure 2-S4
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Figure 2-S4. Raw data of IBA-1 immunoreactivity (% of total cells) in 7 major brain
regions at both 3 and 6 months post-DFP. Each circle represents an individual animal. Edges
of the boxes reflect the 25" and 75™ percentiles of the raw data, while the horizontal line within
the box reflects the median value. Whiskers extend to the last data point within 1.5 times the
length of the box (75" -25™ percentiles) of the edges of the box. Statistical differences between
groups are shown in the main figures of the article. VEH=vehicle; DZP=diazepam;

MDZ=midazolam.
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Figure 2-S5
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Figure 2-S5. Raw data of IBA-1/CD68 immunoreactivity (%o of total IBA-1+ cells) in 7
major brain regions at both 3 and 6 months post-DFP. Each circle represents an individual
animal. Edges of the boxes reflect the 25" and 75" percentiles of the raw data, while the
horizontal line within the box reflects the median value. Whiskers extend to the last data point
within 1.5 times the length of the box (75" -25" percentiles) of the edges of the box. Statistical
differences between groups are shown in the main figures of the article. VEH=vehicle;

DZP=diazepam; MDZ=midazolam.
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Figure 2-S6
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Figure 2-S6. Raw data of NeuN immunoreactivity (% of total cells) in 7 major brain
regions at both 3 and 6 months post-DFP. Each circle represents an individual animal. Edges
of the boxes reflect the 25" and 75" percentiles of the raw data, while the horizontal line within
the box reflects the median value. Whiskers extend to the last data point within 1.5 times the
length of the box (75" -25™ percentiles) of the edges of the box. Statistical differences between
groups are shown in the main figures of the article. VEH=vehicle; DZP=diazepam;

MDZ=midazolam.
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Figure 2-S7
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Figure 2-S7. Raw data of NeuN/3NT immunoreactivity (%o of total NeuN+ cells) in 7 major
brain regions at both 3 and 6 months post-DFP. Each circle represents an individual animal.
Edges of the boxes reflect the 25" and 75" percentiles of the raw data, while the horizontal line
within the box reflects the median value. Whiskers extend to the last data point within 1.5 times
the length of the box (75" -25™ percentiles) of the edges of the box. Statistical differences
between groups are shown in the main figures of the article. VEH=vehicle; DZP=diazepam;

MDZ=midazolam.
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Figure 2-S8
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Figure 2-S8. Raw micro-CT data showing % mineralization in the dorsolateral and medial
thalamus at both 3 and 6 months post-DFP. Each circle represents an individual animal. Edges
of the boxes reflect the 25" and 75" percentiles of the raw data, while the horizontal line within
the box reflects the median value. Whiskers extend to the last data point within 1.5 times the
length of the box (75" -25™ percentiles) of the edges of the box. Statistical differences between
groups are shown in the main figures of the article. VEH=vehicle; DZP=diazepam;

MDZ=midazolam.
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Abstract

Organophosphate (OP) threat agents can trigger seizures that progress to status epilepticus,
resulting in persistent neuropathology and cognitive deficits in humans and preclinical models.
However, it remains unclear whether patients who do not show overt seizure behavior will
develop neurological consequences. Therefore, this study compared two subpopulations of rats
with a low versus high seizure responses to diisopropylfluorophosphate (DFP) to evaluate
whether acute OP intoxication causes persistent neuropathology in non-seizing individuals.
Adult male Sprague-Dawley rats administered DFP (4 mg/kg, sc), atropine sulfate (2 mg/kg, im),
and pralidoxime (25 mg/kg, im) were monitored for seizure activity for 4 h post-exposure.
Animals were separated into groups with low vs. high seizure activity based on behavioral
criteria and electroencephalogram (EEG) recordings. Cholinesterase activity was evaluated by
Ellman assay and neuropathology at 1, 2, 4, and 60 d post-exposure by Fluoro-Jade C (FJC)
staining and micro-CT imaging. DFP significantly inhibited cholinesterase activity in the cortex,
hippocampus, and amygdala to the same extent in low and high responders. FJC staining
revealed significant neurodegeneration in DFP low responders albeit this response was delayed,
less persistent, and decreased in magnitude compared to DFP high responders. Micro-CT scans
at 60 d revealed significant mineralization that was not significantly different between low vs.
high DFP responders. These findings highlight the importance of considering non-seizing
patients for medical care in the event of a chemical emergency. They also suggest that OP
intoxication may induce neurological damage via seizure-independent mechanisms, which if

identified, might provide insight into novel therapeutic targets.
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Abbreviations

AChE, acetylcholinesterase; AS, atropine-sulfate; BChE, butyrylcholinesterase; ChE,
cholinesterase; CT, computed tomography; DFP, diisopropylfluorophosphate; EEG,
electroencephalogram; FJC, Fluoro-Jade C; im, intramuscular; ip, intraperitoneal; OP,
organophosphate; 2-PAM, pralidoxime; PBS, phosphate-buffered saline; ROI, region of interest;

sc, subcutaneous; SE, status epilepticus; T2w, T2-weighted; VEH, vehicle
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Introduction

Organophosphate (OP) nerve agents have been used as chemical threat agents in Tokyo and
Syria (Okumura, Hisaoka et al. 2005, Thiermann, Worek et al. 2013), and OP poisonings have
been estimated to cause hundreds of thousands of deaths annually throughout the world
(Gunnell, Eddleston et al. 2007). OPs cause acute neurotoxicity by inhibiting
acetylcholinesterase (AChE), which can trigger seizures that progress to status epilepticus (SE),
respiratory failure, and death (reviewed in de Araujo Furtado, Rossetti et al. 2012). Clinical and
epidemiological data suggest that humans who survive OP-induced SE exhibit persistent
neurological deficits, such as structural brain damage, electroencephalographic abnormalities,
cognitive deficits, and affective disorders (reviewed in Chen 2012). However, it has been
observed that seizure behavior in humans acutely intoxicated with OPs is variable, ranging from
the complete absence of apparent seizure activity to SE (Okumura, Takasu et al. 1996, Peter,
Sudarsan et al. 2014). For example, victims of the Tokyo subway sarin attack exhibited
differential susceptibility to cholinergic symptoms and seizure induction following acute
exposure (Yanagisawa, Morita et al. 2006). While preclinical studies demonstrate that the
severity and extent of brain damage following acute OP intoxication are proportional to seizure
duration (McDonough, Dochterman et al. 1995, Hobson, Rowland et al. 2017), it remains
unclear to what extent intoxicated individuals who do not seize are susceptible to neurological
damage.

Acute intoxication with the OP threat agent, diisopropylfluorophosphate (DFP), causes SE in
experimental animals (Li, Lein et al. 2011, Todorovic, Cowan et al. 2012) that results in acute
and persistent neuropathology that parallels the neuropathology observed in humans following

acute OP intoxication (Flannery, Bruun et al. 2016, Siso, Hobson et al. 2017, Guignet, Dhakal et
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al. 2019). However, over the past 10 years, we have observed that 10-15% of adult male
Sprague-Dawley rats exhibit minimal to no seizure behavior when injected with a dose of DFP
that typically triggers prolonged seizure activity in rats of the same strain, sex, weight, and age.
These observations are consistent with previous reports of variable sensitivity to DFP toxicity in
Sprague-Dawley rats (Russell, Overstreet et al. 1982), and of non-seizing animals in rodent
models of acute intoxication with soman (Prager, Aroniadou-Anderjaska et al. 2013) or sarin
(Te, Spradling-Reeves et al. 2015, Lewine, Weber et al. 2018).

A subpopulation of rats that is apparently resistant to DFP-induced seizures represents a
unique model for determining whether acute OP intoxication can induce neurological damage in
non-seizing individuals. Here, we leveraged this subpopulation to compare seizure behavior,
electrographic seizure activity, AChE activity, and neuropathology in rats that respond to acute
DFP intoxication with robust seizure behavior vs. those that exhibit minimal seizure behavior.
Our findings suggest that DFP can cause persistent neurological damage independent of severe
seizure activity. In addition, our results indicate that while seizure activity influences the
spatiotemporal profile and magnitude of the neuropathologic response to acute OP intoxication,
it is not the sole determinant of persistent OP neurotoxicity. These data suggest that therapeutic
strategies focused solely on terminating seizure activity will likely not fully protect the brain
against long-term neurological damage. Understanding seizure-independent mechanisms of
damage will likely provide novel therapeutic insights for mitigating adverse neurological

outcomes in all exposed individuals in a chemical emergency involving OPs.
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Materials and Methods
Animals and husbandry

Animals were maintained in facilities fully accredited by AAALAC International, and all
studies were performed with regard for alleviation of pain and suffering under protocols
approved by the UC Davis Institutional Animal Care and Use Committee (IACUC protocol
numbers 20122 and 20165). All animal experiments were conducted in accordance with the
ARRIVE guidelines and the National Institutes of Health guide for the care and use of laboratory
animals (NIH publication No. 8023, revised 1978). All surgical procedures were performed
under the UC Davis IACUC guidelines for rodent survival surgery. Adult male Sprague-Dawley
rats (~8 weeks old, 250-280 g; Charles River Laboratories, Hollister, CA, USA) were housed
individually in standard plastic cages under controlled environmental conditions (22 + 2°C, 40-
50% humidity) with a normal 12 h light/dark cycle. Food and water were provided ad libitum.
Animal Selection

For ~10 years, the Lein lab has been regularly conducting experiments with rats acutely
intoxicated with DFP. Over the first few years, we began to notice that a small percentage of
animals did not exhibit robust seizure behavior following injection with DFP. To determine the
approximate frequency of DFP low responders, historical seizure data from several cohorts
(combined total of 62 animals) were evaluated retrospectively. Due to the low incidence of DFP
low responders, the animals reported here were removed from various cohorts over a period of
~4 years. This was done primarily because of ethical concerns associated with generating a
single large animal cohort to study only a small subset of animals. When a DFP low responder
was identified in an ongoing study, a DFP high responder and vehicle control were randomly

selected from the same cohort to control for differences across cohorts. The animals removed
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from the original cohort for this study were analyzed exclusively for the present study.
Therefore, none of the animals reported herein have been analyzed in another study nor has data
from these animals been previously published. Animals were selected over a 4-year period until
sample sizes for each endpoint reached the number needed to reliably detect group differences as
determined by power analysis (e.g. geometric mean ratios of 2.0+ under two-sided testing with
alpha=5%). As described in Table 3-1, unique cohorts of animals were collected for
electroencephalographic (EEG) recordings because electrode implantation is a confound for
histological analyses. Another unique cohort was used for micro-computed tomography (micro-
CT) because it was performed at a late time point and required a higher sample size as
determined by power analysis.
Dosing paradigm

Upon arrival in the laboratory, DFP (Sigma Chemical Company, St Louis, MO, USA) was
aliquoted and stored at -80°C. Under these storage conditions, DFP remains stable for over one
year (Heiss, Zehnder et al. 2016). The purity of each lot of DFP was determined in-house using
'H-, 3C, °F and *'P-NMR methods, as previously described (Gao, Naughton et al. 2016), and
found to be approximately 90 £ 7%. For all experiments, DFP was diluted with ice-cold sterile
phosphate-buffered saline (PBS, 3.6 mM Na;HPO4, 1.4 mM NaH2PO4, 150 mM NaCl; pH 7.2)
five min before administration. Unanesthetized rats were injected sc in the subscapular region with
300 ul DFP at 4 mg/kg, a dose shown to induce status epilepticus in adult male Sprague Dawley
rats (Flannery, Bruun et al. 2016, Guignet, Dhakal et al. 2019). To increase survival following
DFP exposure, animals were injected im with 2 mg/kg atropine sulfate (Sigma) and 25 mg/kg
pralidoxime (2-PAM; Sigma) in sterile isotonic saline (0.9% NaCl) within 1 min after DFP

injection (Fig. 3-1A). Certificate of analysis provided by the manufacturers confirmed the purity
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of atropine sulfate (>97%, lot #BCBM6966V) and 2-PAM (>99%, lot #MKCG3184). These drugs
effectively block peripheral cholinergic toxicity, thereby reducing mortality (Bruun, Guignet et al.
2019). Vehicle (VEH) control animals were injected sc with 300 pul ice-cold sterile PBS in place
of DFP but were similarly treated with atropine and 2-PAM. A random number generator was used
to assign animals to experimental groups. Once returned to their home cage, rats were given access
to moistened chow for 3-5 days or until they resumed consumption of solid chow. All experiments
were performed in at least three independent cohorts.
Behavioral seizure scoring

To identify animals with “high” versus “low” seizure activity, seizure behavior was scored
every 5 min during the first 120 min after DFP injection and then every 20 min from 120 — 240
min post-DFP injection using an established seizure behavior scale (Deshpande, Carter et al.
2010) as previously described (Guignet, Dhakal et al. 2019). The seizure scores for each
individual animal were averaged over the first 4 h post-injection to determine the “average
seizure score”. An average seizure score of 2.5 was used as the threshold to separate animals that
exhibited behavior consistent with status epilepticus (referred to as “DFP high responders™) and
animals that did not exhibit behavior consistent with status epilepticus (referred to as “DFP low
responders”).
EEG recordings

In an independent cohort of animals not used for biochemical or histological analyses, both
DFP low and high responders (6-7 per group) were monitored for 1 h post-DFP to determine
whether behavioral seizures correlated with electrographic seizure activity. A tethered EEG system
was used for these short-term electrographic experiments as previously described (Guignet,

Dhakal et al. 2019). Briefly, 60 mg/kg ketamine and 0.5 mg/kg dexmedetomidine were injected ip
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to anesthetize animals and stabilize them in a stereotaxic apparatus (Kopf Instruments, Tujunga,
CA, USA). Six recording screws were implanted epidurally and connected to a 6-pin rat implant
(Pinnacle 8239-SE3, Pinnacle Technology, Lawrence, KS, USA). Animals were allowed a
minimum of 7 d to recover from surgery before undergoing further procedures. EEG recordings
were acquired for ~10 min prior to DFP injection (baseline period) and for 1 h post-DFP injection
using the Pinnacle 8401 Data Conditioning & Acquisition System (Pinnacle Technology). These
data were reviewed using Sirenia Seizure Pro software (Pinnacle Technology) and quantitated
using NeuroScore™ (version 3.3.9, Data Sciences International, St. Paul, MN, USA). EEG data
were filtered using a band-pass filter of 20-70 Hz to reduce noise, as previously described (Pouliot,
Bealer et al. 2016), and analyzed using epoch durations of 1 s. Spike amplitude was quantified for
each time period using root mean squared (RMS) values automatically extracted from the band-
pass filtered EEG traces. In order to calculate spike frequency, the average amplitude of the
baseline period was calculated for each animal (~20 pV in most animals). Peaks that reached >2x
baseline amplitude were identified as paroxysmal and therefore quantified. The spike frequency
(RMS) and spike amplitude (number of peaks/s above baseline) were quantified and averaged over
the 1 h recording period.

To determine whether DFP low responders exhibit delayed electrographic abnormalities, a
different cohort of animals (3-4 per group) was implanted with cortical electrodes to wirelessly
monitor electrographic activity for 24 h following acute DFP intoxication. Animals were deeply
anesthetized with isoflurane (1-3%) in medical grade oxygen (flow rate=1L/min) for the entire
duration of the surgical procedure. Fur was shaved from the surgical site before stabilizing the
head in a stereotaxic apparatus (Stoelting, Wood Dale, IL, USA). Altalube™ ophthalmic ointment

(Altaire Pharmaceuticals Inc, Riverhead, NY, USA) was applied to the eyes to prevent them from
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drying out during the procedure. A complete aseptic surgical scrub of the skin was performed using
three alternating rounds of betadine scrub (Purdue Products, Stamford, CT, USA) and 70%
isopropyl alcohol wipes (Covidien Plc, Dublin, Ireland) before creating an approximate 1.5-inch
incision that extended from between the eyes to the base of the skull. Four head mount screws
were implanted at the following coordinates relative to Bregma: 2 mm anterior, 7mm posterior,
and 1.5 mm laterally on each side of the sagittal skull suture. Sterile F20-EET telemetry devices
(Data Sciences International) were inserted between the skin and muscle layer along the flank of
the animal, and the recording wires were extended to the skull and secured around the head mount
screws. The screws and leads were secured using dental cement (Stoelting). The incision site was
sutured (Ethicon, Bridgewater, NJ, USA) over the head mount, and animals were given separate
injections of 5% dextrose in sterile saline (1 mL, sc, Baxter Healthcare, Deerfield, IL, USA) and
Meloxicam (4 mg/kg, sc, Vet One, Boise, ID, USA) before being removed from anesthesia and
allowed to recover on a heating pad. Animals were administered two additional doses of
Meloxicam (4 mg/kg, sc, once daily for 48 h) and allowed to recover for 14 d before being
administered DFP.

One day prior to injection with DFP, animals were placed in their home cages on wireless
PhysioTel® Receivers (Model RPC1, Data Sciences International). Baseline electrographic
activity (Ponemah software version 5.32, Data Sciences International) coupled with video
monitoring (Noldus media recorder, version 2.6, Wageningen, Netherlands) was recorded for a
full 24 h to capture normal wake and sleep EEG patterns in freely moving animals. On the day of
DFP injections, animals were given either a single dose of DFP or VEH (PBS), and video EEG
activity was recorded during the first 24 hours after DFP administration. Seizure activity was

determined as spike wave discharges with an amplitude at least twice that of background activity
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in awake animals with at least 100 Hz frequency and duration of at least 5 s. All seizures were
automatically detected using NeuroScore™ (version 3.3.9, Data Sciences International) and
manually validated by a trained investigator.
Cholinesterase assays

At 1 and 4 d post-DFP exposure, animals were anesthetized with 4-5% isoflurane in medical
grade oxygen (Western Medical Supply, Arcadia, CA, USA) and euthanized by perfusion with
cold PBS (15 mL/min) using a Masterflex peristaltic pump (Cole Parmer, Vernon Hills, IL,
USA). Brains were rapidly harvested and brain regions rapidly dissected on ice. The cortex,
hippocampus, and amygdala of each animal were snap frozen on dry ice and stored at -80°C. The
Ellman assay (Ellman, Courtney et al. 1961) was used to measure cholinesterase activity in each
brain region using 5,5’-dithio-bis(2-nitrobenzoic acid) (DTNB, Sigma) as the colorimetric
reagent and acetylthiocholine iodide (ASChl, Sigma) as the AChE substrate. All samples were
homogenized in lysis buffer (0.1 M phosphate buffer, pH 8.0 with 0.1% Triton) using a Polytron
PT 1200 E and centrifuged for 1 min at 13,400 x g. Supernatant was collected and plated in
triplicate in a 96-well plate for analysis. Blank wells contained an equal volume of buffer with
DTNB. After equilibration with DTNB for 5 min, the reaction was started with the addition of
ASChI. ASChI hydrolysis was quantified by measuring changes in absorbance at 405 nm over
15 min using the Synergy H1 Hybrid Plate Reader with Gen5 2.0 software (BioTek Instruments,
Winooski VT, USA). All samples were run in the absence and presence of the
butyrylcholinesterase (BChE) inhibitor tetraisopropyl pyrophosphoramide (100 pM) to measure
total ChE versus AChE specific activity, respectively. ChE activity was normalized against total
protein concentration determined using the BCA assay according to the manufacturer's directions

(Pierce, Rockford, IL, USA).
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Fluoro-Jade C staining

At 1, 2, 4, and 60 d post-DFP exposure, animals were anesthetized with 4-5% isoflurane in
medical grade oxygen and perfused with cold PBS (15 mL/min) using a Masterflex peristaltic
pump (n=6-10/group). Brains were quickly harvested, cut into 2 mm thick coronal sections
starting at Bregma point 0 and post-fixed in cold 4% (w/v) paraformaldehyde (Sigma) in PBS
(pH 7.4) for 24 h. Coronal sections were removed from fixative, cryoprotected in 30% (w/v)
sucrose (Fisher, Houston, TX, USA) in PBS overnight at 4°C, and then embedded in OCT
medium (Fisher) in plastic cryomolds and stored at -80°C until sectioned. Frozen blocks were
cryosectioned into 10 um thick coronal sections, which were mounted on Superfrost Plus
microscope slides (Fisher) and stored at -80°C until stained. Fluoro-Jade C (FJC; Cat. #AG325,
Lot #2301303, Millipore, Billerica, MA, USA) labeling was performed according to the
manufacturer’s protocol with minor modifications. Briefly, after 30 min of drying at
50°C, sections were rinsed with 70% ethanol and incubated for 10 min on a shaker table in a
solution of 0.06% (w/v) potassium permanganate (Sigma) in distilled water followed by 2 min in
distilled water. Sections were then incubated for 10 min in a freshly prepared solution of
0.0001% FJC in 0.1% (v/v) acetic acid (Acros Organics, Geel, Belgium) in distilled water
containing a 1:50,000 dilution of DAPI (Invitrogen, Carlsbad, CA, USA). The slides were dried
completely at 50°C and then dipped in xylene (Fisher) for 1 min. The slides were mounted in
Permount (Fisher), cover slipped, dried overnight, and stored at 4°C until imaged.

Images were automatically acquired at 20X magnification using the ImageXpress high
content imaging system (Molecular Devices, Sunnyvale, CA, USA). The number of FJC-labeled
cells per unit area was automatically quantified in the somatosensory cortex, hippocampus,

piriform cortex, and thalamus using the Cell Counter plugin for the ImageJ image analysis
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software (version 1.50i, http://imagej.nih.gov/ij). Input parameters for determining cell size and

circularity were 50 um-150 um diameter and 0.3-1.0 circularity, respectively. Four brain sections
with Bregma ranging from -2 to -5 mm were analyzed per animal. FJC-labeled cells were
counted in three regions per section, and the number of cells was averaged across sections in
each brain region per animal. The number of FJC-labeled cells was quantified as the number of
positively-labelled cells per 1.0 mm?. Image acquisition and analysis were performed by an
investigator blinded to experimental group.

Micro-CT imaging

Animal brains were imaged in vivo at the UC Davis Center for Molecular and Genomic
Imaging using an Inveon MM CT scanner (Siemens Preclinical Solutions, Malvern, PA, USA).
Animals were anesthetized with isoflurane/O> (Piramal Healthcare, Bethlehem, PA, USA) using
2.0-3.0% (vol/vol) to induce and 1.0-2.0% (vol/vol) to maintain anesthesia. Once animals were
completely anesthetized, as determined by a complete absence of toe squeeze reflex, they were
stereotactically restrained within the CT scanner on custom restraint beds. CT scan parameters
were performed as previously described (Supasai et al., under review). Scans were digitally
reconstructed using a Fledkamp algorithm with Shepp-Logan filter into 16 bit values.

Micro-CT scan images were analyzed using Amira software (version 6.5.0, ThermoFisher) as
previously described (Supasai et al., under review). Briefly, regions of interest (ROIs) were
drawn around the dorsolateral and medial thalamus on previously acquired T2-weighted (T2w)
magnetic resonance images. Micro-CT scans were “de-noised”, manually aligned to T2w
images, and an intensity threshold was applied to isolate areas of mineralization. ROl volumes
were exported from Amira for the dorsolateral thalamus, medial thalamus, and mineral deposits.

All analyses were conducted by a single experimenter without any knowledge of exposure group
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and time point. The percent mineralization was calculated for each ROI, and three-dimensional
reconstructions of the mineralized areas in both the dorsolateral and medial thalamus were
combined to visualize mineral deposits throughout the thalamus. While this technique provides
clear visualization of mineralized tissues, microCT does not provide identification of the
chemical composition of mineral deposits.
Statistical analysis

Primary outcomes included measures of total ChE, AChE, and number of FJC-labeled cells
across multiple regions of the brain for three groups of animals (VEH, DFP low responders, and
DFP high responders). The ChE measures were obtained for the cortex, hippocampus, and
amygdala. The number of FJC-labeled cells was measured across the somatosensory cortex,
hippocampus, piriform cortex, and thalamus. Mixed-effects regression models, including
animal-specific random effects, were used to assess the differences between the groups across
the brain regions. Because time was another factor of interest, groups were further split by day
(ChE: days 1, 4; FJC labeling: days 1, 2, 4, 60). Exploratory analysis indicated that a natural
logarithmic transformation was needed for all outcomes to stabilize the variance and meet the
underlying assumptions of the mixed-effects models. Due to zeros in the FJC-labeling
experiments, all FJC values were shifted by 5 prior to the log-transformation. Days, group, and
brain region were all variables of interest in the models. Interactions between these variables
were also considered. Akaike information criterion was used for model selection, and Wald tests
were used for comparing groups in each brain region by time point.

Micro-CT data were available for 23 animals for two regions (medial and dorsolateral
thalamus). Mixed-effects regression models, including animal-specific random effects, were used

to assess differences between groups. Exploratory analysis indicated that a natural logarithmic
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transformation was needed for percent mineralization to stabilize the variance and meet the
underlying assumptions of the mixed-effects models. Due to observed zeroes for this outcome,
all values were shifted by 0.5 prior to taking the natural logarithm. Primary factors of interest
included group (VEH, DFP low responders, and DFP high responders) and region (medial and
dorsolateral thalamus). An interaction between these variables was also considered. Akaike
information criterion was used for model selection to identify the best model. Specific contrasts
were constructed for all pairwise comparisons between groups and examined using Wald tests.
FJC and micro-CT results are presented as geometric mean ratios. These ratios may be
interpreted as fold changes, so that a ratio of 1.5 corresponds to a 50% increase and a ratio of 0.5
corresponds to a 50% decrease. Point estimates of the ratios and the 95% confidence intervals are
presented in the figures. When the confidence interval includes 1, there is no statistical evidence
of a difference between groups. However, when the confidence interval does not include 1, the
estimated effect is significant at the 5% level. All analyses were conducted using SAS version

9.4, and graphics were created in R version 3.1.0.

Results
DFP low responders do not exhibit seizure-like behavior or electrographic activity

Historic data in the Lein laboratory suggests that ~13% of adult male Sprague Dawley rats
exposed to a DFP dosing paradigm that typically generates robust seizures (Fig. 3-1A) do not
respond with seizure-like behavior (Fig. 3-1B). To determine whether animals that do not show
overt seizure behavior develop neurological consequences, we selected DFP low responders as
they arose in ongoing studies in the lab for further study. A vehicle control and DFP high

responder was randomly selected from each cohort of animals from which DFP low responders
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were obtained, resulting in 16 animals per group collected over a 2-year period. To identify DFP
low vs. high responders, we used a modified Racine scale [(Deshpande, Carter et al. 2010); also
see Fig. 3-1C] to assess seizure behavior (Fig. 3-1D). The mean + SE of the average seizure
score across all DFP low responders was 1.7 = 0.3. Notably, none of the animals in this group
exhibited seizure behavior scores above 2.5 throughout the first 4 h post-exposure. The mean +
SE of the average seizure score across all DFP high responders was 3.1 £ 0.2. Vehicle controls
(animals not exposed to DFP) did not exhibit any seizure behavior or any signs of cholinergic
toxicity, thus, their mean seizure score was 0.

To confirm the absence of seizure activity in DFP low responders, a separate cohort of
animals was implanted with intracortical electrodes to record EEG activity during the first 60
min post-DFP. EEG recordings showed comparable baseline activity between DFP high and low
responders (Fig. 3-2A). However, following acute DFP intoxication, the EEG of DFP high
responders was consistent with SE, while the EEG of DFP low responders did not appear
different from baseline. Quantification of spike amplitude and frequency confirmed there was no
significant difference between baseline EEG in high vs. low responders (Fig 3-2B). Following
DFP administration, high responders showed significantly greater spike amplitude and frequency
than DFP low responders. Correlation analysis of all DFP animals (including both high and low
responders) revealed that behavioral seizure scores are strongly correlated with EEG measures
(Fig 3-2C), including spike amplitude (left; Spearman r=0.780, p=0.002) and spike frequency
(right; Spearman r=0.835, p=0.0006).

To determine whether DFP low responders develop delayed seizure activity, EEG recordings
were collected from both DFP high and low responders over the first 24 h post-injection (Fig. 3-

3A). DFP high responders showed ~60 min of total seizure activity compared to O min in DFP

128



low responders (Fig. 3-3B). Both DFP high and low responders showed comparable baseline
electrographic activity for ~2 h prior to DFP injection. (Fig. 3-3C). EEG traces over the 24 h
recording period showed peak seizure activity in DFP high responders at 30 min, with
paroxysmal spike activity at 6 h post-exposure. Although there was a dramatic reduction in
seizure activity in the DFP high responders by 12 h, abnormal spike activity was observed
throughout the 24 h period. In contrast, DFP low responders had minimal deviation from
baseline EEG activity throughout the 24 h recording period (Fig 3-3C).
Both DFP high and low responders show significant cholinesterase inhibition

One possible explanation for the lack of seizure activity in DFP low responders relative to
DFP high responders is differences in DFP metabolism and uptake in the brain. To address this
possibility, cholinesterase activity was measured in the cortex, hippocampus, and amygdala at 1
and 4 d post-exposure. Relative to VEH animals, DFP low responders had significantly
decreased activity of total ChE and AChE in all brain regions at both time points (Fig. 3-4).
Similarly, total ChE and AChE activities were significantly decreased in all brain regions of DFP
high responders at both time points compared to VEH animals. Comparative analysis suggests
that total ChE and AChE activities were similarly inhibited in DFP low and high responders in
all brain regions examined, suggesting no differences in DFP metabolism or brain uptake
between the two groups.
Acute DFP intoxication triggers neuronal degeneration in DFP low and high responders

FJC staining was performed at both early (1, 2, and 4 d) and late (60 d) times post-DFP
injection to evaluate neurodegeneration in brain regions previously found to be significantly
affected by acute DFP intoxication, specifically, the somatosensory cortex, hippocampus,

piriform cortex, and thalamus (Hobson, Rowland et al. 2017, Siso, Hobson et al. 2017).
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Representative photomicrographs of FJC staining in the somatosensory cortex of VEH, DFP low
responders, and DFP high responders (Fig. 3-5A) reveal negligible FJC staining in VEH animals
at any time point, and significantly increased FJC staining in DFP high responders as early as 1 d
post-exposure that persists at 60 d post-exposure. An increase in FJC-labeled cells was also
evident in the somatosensory cortex of DFP low responders, although this appeared to be
delayed and of lower magnitude compared to the DFP high responders.

Quantitative assessment of the number of FJC-labeled cells in the somatosensory cortex,
hippocampus, piriform cortex, and thalamus as a function of time post-exposure confirmed these
observations (Fig. 3-5B). The number of FJC-labeled cells in DFP low responders did not differ
from VEH animals in any brain region at 1 d post-exposure, except for a slight increase in the
piriform cortex (p=0.03). However, on days 2 and 4 post-exposure, DFP low responders had
significantly increased numbers of FJC-labeled cells in all four brain regions relative to VEH. By
day 60 post-exposure, FJC staining in DFP low responders was not significantly different from
that in VEH in any brain regions, except the piriform cortex. In contrast, relative to VEH, DFP
high responders had significantly increased numbers of FJC-labeled cells in all four brain regions
at 1, 2, and 4 d post-exposure. By day 60 post-exposure, significantly elevated FJC staining was
only apparent in the somatosensory cortex of the DFP high responders (p=0.002). The number of
FJC-labeled cells was significantly greater in DFP high responders relative to DFP low
responders in all four brain regions on days 1 and 2 post-exposure. This difference persisted on
days 4 and 60 post-exposure in the somatosensory cortex, but not in the hippocampus, piriform
cortex, or thalamus.

DFP low and high responders show significant mineralization in the thalamus at 60 d post-

exposure
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Calcium dysregulation is known to occur following acute OP intoxication (Deshpande, Blair
et al. 2016), and calcification in the brain is associated with numerous neurologic conditions,
including chemical-induced status epilepticus (Gayoso, Al-Majdalawi et al. 2003, Aggarwal, Li
et al. 2018). Therefore, micro-CT was used to assess mineralization in the brain of DFP rats.
Significant mineralization was detected in both the medial thalamus and dorsolateral thalamus of
DFP low and high responders at 60 d post-DFP exposure (Fig. 3-6A, 3-6B). Quantification of the
percent mineralization within the region of interest confirmed significantly increased
mineralization in the thalamus of both DFP low and high responders compared to VEH animals
(Fig. 3-6C). However, there was no significant difference in the percent area of mineralization in
the thalamus of DFP high vs. low responders. Correlational analysis of all DFP-intoxicated
animals (low and high responders) failed to find a correlation between average seizure score and

percent area of mineralization (Spearmen r=0.189, p=0.43) (Fig. 3-6D).

Discussion

Previous reports have demonstrated that repeated exposure to lower doses of DFP (400
pa/kg) that do not trigger seizures can cause neuronal injury and behavioral changes in a rodent
model (Phillips and Deshpande 2016). Here, we extend these observations by demonstrating that
a single exposure to DFP at a dose that elicits robust SE in the majority of exposed animals can
also cause neurological damage independent of seizure activity. Our findings highlight the
importance of considering neuropathological consequences in both seizing and non-seizing
individuals following acute OP intoxication.

As summarized in Table 3-2, DFP low responders show little to no seizure activity, despite

>80% inhibition of brain AChE, which is well above the threshold of >65% AChHE inhibition
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presumed to be necessary for seizure initiation (Tonduli, Testylier et al. 2001). We confirmed the
lack of seizure activity in the DFP low responder subpopulation over the first 24 hours post-
exposure using both behavioral and EEG criteria. Consistent with previous reports of rats acutely
intoxicated with DFP (Deshpande, Carter et al. 2010, Guignet, Dhakal et al. 2019) or soman
(Prager, Aroniadou-Anderjaska et al. 2013), animals that did not exhibit seizure behavior were
also negative for electrographic seizure activity. The level of AChE inhibition observed in three
different brain regions associated with seizure initiation and propagation was comparable in DFP
low vs. high responders, suggesting that the differential seizure responses are not due to
differences in DFP distribution in the brain. It seems unlikely that AChE was significantly
inhibited in DFP low responders in a brain region we did not examine because DFP is lipid
soluble and rapidly penetrates all regions of the brain (Martin 1985). Moreover, it has been
previously reported that acute intoxication of rats with a seizurogenic dose of DFP results in
similar levels of AChE inhibition across multiple brain regions (Ferchmin, Andino et al. 2014).
While our study did not delineate mechanism(s) contributing to the seizure resistance of the
DFP low responders, our observations are consistent with a report demonstrating that Sprague-
Dawley rats, which are an outbred strain, exhibit more variable seizure thresholds than inbred rat
strains (Loscher, Ferland et al. 2017). Indeed, previous studies have established that genetic
background influences individual susceptibility to chemical convulsants in mice, rats, and non-
human primates (Lin, Duek et al. 2012, Matson, McCarren et al. 2017, Copping, Adhikari et al.
2019). Genetic mutations in a4 and B2 neuronal nicotinic acetylcholine receptor subunits are
implicated as determinants of seizure susceptibility in rodent models, and mutations in the Kir4.1
gene, Kcnj10, have been linked to both rodent and human forms of epilepsy (Loscher, Ferland et

al. 2017). Whether these mutations contribute to the differential susceptibility of DFP low vs.
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high responder subpopulations is a testable hypothesis. Alternatively, it may be that DFP low
responders are differentially responsive to the protective effects of atropine and/or oxime.
However, that seems unlikely because both compounds are poorly brain penetrant and primarily
protect against lethality by mitigating peripheral cholinergic symptoms (Bruun, Guignet et al.
2019). A previous transcriptomic analysis of brains from seizing vs. non-seizing animals in a rat
model of acute sarin intoxication identified increased expression of anti-inflammatory and
apoptotic genes in the brains of non-seizing animals, suggesting that seizure resistance may be
linked to differential activation of these pathways (Te, Spradling-Reeves et al. 2015).

While the DFP low responders were resistant to OP-induced seizures, this did not translate
into protection against the neuropathological consequences associated with acute OP
intoxication. The spatiotemporal pattern of neurodegeneration observed in the DFP high
responders is consistent with previous studies of acute DFP (Li, Lein et al. 2011, Siso, Hobson et
al. 2017) and soman (McDonough and Shih 1997) intoxication. Also consistent with prior
literature (Tanaka, Graham et al. 1996, McDonough and Shih 1997), the extent of
neurodegeneration was positively correlated with seizure severity as reflected by the fact that
DFP high responders exhibited earlier onset and greater magnitude of neurodegeneration
compared to DFP low responders across all the brain regions and post-exposure times that were
examined. Collectively, these finding suggest that while there is a positive correlation between
seizure severity and the extent of neuronal damage, seizure activity is not the sole pathogenic
mechanism responsible for neurodegeneration following acute OP intoxication.

The mechanism(s) contributing to neurodegeneration independent of sustained seizure
activity in the DFP low responders remain unknown. In the rat model of acute soman

intoxication, the resolution of neurodegeneration coincides temporally with the recovery of
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AChE (Prager, Aroniadou-Anderjaska et al. 2014), suggesting the possibility that persistent
ACNhE inhibition contributes to the neurodegeneration observed in DFP low responders.
However, the onset of neurodegeneration in the DFP low responders was delayed relative to the
DFP high responders despite the fact that AChE inhibition was comparable in terms of both the
level and timing of inhibition. This suggests that mechanisms other than or in addition to AChE
inhibition are driving the neuropathology observed in the DFP low responders. Reports that OPs
interact with multiple molecular targets in addition to AChE (reviewed in (Terry 2012) support
this possibility.

Additional alternative mechanisms include neuroinflammation, (Banks and Lein 2012,
Guignet and Lein 2019), oxidative stress, and disruption of axonal transport (Zaja-Milatovic,
Gupta et al. 2009, Terry 2012, Naughton and Terry 2018), all of which can be induced by
exposure to OPs at levels that do not trigger seizures. Another possible mechanism suggested by
the micro-CT data from this study is calcium dyshomeostasis. Calcium is a major constituent of
mineralized regions in the brain commonly detected in the thalamus under various chronic
neurological conditions (Valdes Hernandez Mdel, Maconick et al. 2012). Published data supports
the hypothesis that calcium dyshomeostasis not only mediates acute excitotoxic neuronal injury,
but also contributes to several comorbidities observed in survivors of acute OP intoxication,
including cognitive dysfunction and acquired epilepsy (Deshpande, Blair et al. 2016). Thus, it
has been proposed that calcium-stabilizing drugs may be effective neuroprotectants following
acute OP intoxication (Deshpande, Blair et al. 2016). Our data demonstrating significant
mineralization in the brains of non-seizing animals acutely intoxicated with DFP suggests that
calcium-stabilizing drugs may be useful in treating not only OP-intoxicated individuals with SE

but also those with minimal evidence of seizure activity.
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In summary, our findings suggest that even if seizures do not occur, neuroprotective
therapeutics may still be needed for individuals acutely intoxicated with OPs. Further study of
animals that do not exhibit seizures in response to acute OP intoxication may identify
mechanisms that confer resistance to OP-induced seizures and seizure-independent mechanisms
that contribute to OP-induced neuropathology thereby providing insight into novel therapeutic

targets.
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Figures and Fiqure Legends

Table 3-1. Summary of animal cohorts.

Cohort Endpoint(s) Evaluated Sample Size Figure
Historical Frequency of DFP low responders 62 DFP rats 1b
Seizure behavior 16/group 1d
1 Cholinesterase (ChE) activity 4-6/group used for ChE 4
FluoroJade-C (FJC) 6-10/group used for 5
FJC
2 Acute EEG (1 h post-DFP) 6-7/group 2
3 Long-term EEG (24 h post-DFP) 3-4/group 3
4 Micro-CT 3 vehicle 6

6 DFP low responders
14 DFP high responders

ChE = cholinesterase, EEG = electroencephalogram, FJC = FluoroJade C
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Table 3-2. Summary of major findings.

Grou Avg. Seizure EEG Cholinesterase FJC Brain
b Score Activity Inhibition Staining Mineralization
Vehicle 0 - - - -
DFP Low 1.7 - +++ ++ +++
(Delayed)
DFP 3.1 ™M +++ +++ +++
High (Rapid)

EEG=electroencephalogram, FIC= FluoroJade C, DFP Low=Ilow responder, DFP High=high
responder
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Figure 3-1
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Figure 3-1. The rat model of acute DFP intoxication and seizure behavior of DFP low
versus high responders. (a) Schematic illustrating the dosing paradigm used to trigger DFP-
induced seizures in adult male Sprague Dawley rats and time-line of data collection. (b)
Percentage of DFP low vs. high responders in previous studies in the Lein lab. Of 62 DFP-
intoxicated rats, 54 were high responders and 8 were low responders. (c) Scale used to score
seizure behavior in DFP-intoxicated rats. Rats with an average seizure score of < 2.5 were
identified as “DFP low responders”. (d) Temporal profile of seizure scores in VEH, DFP low

responders, and DFP high responders. Data presented as mean + SE (n=16 animals/group).
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Figure 3-2
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Figure 3-2. Behavioral seizure scores correlate with electrographic activity during the first
60 min post-DFP. (a) Representative EEG traces in high and low responding animals before
DFP injection (baseline period) and within the first 60 min post-intoxication. (b) Quantitative
assessment of spike amplitude and spike frequency in both DFP high and low responding
animals at baseline and within the first 60 min post-DFP intoxication. Group data are shown with
bars representing the mean + standard error of the mean (n=6-7 animals/group). *Significantly
different at p < 0.05. (c) Correlation analysis between seizure score and spike amplitude (left;
Spearman r=0.780, p=0.002) and between seizure score and spike frequency (right; Spearman

r=0.835, p=0.0006).
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Figure 3-3
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Figure 3-3. DFP low responders show no electrographic evidence of seizure activity during
the first 24 h post-intoxication. (a) Experimental timeline for evaluation of seizure activity in
EEG-implanted animals during the first 24 h following DFP intoxication. (b) Quantitative
assessment of the total duration of electrographic seizure activity (min) during the first 24 h post-
DFP in high responding (dark gray; n=4) and low responding (light gray; n=3) animals. Data
presented as mean = SD; p = 0.0571 as determined by Mann Whitney test. (c) Representative
EEG traces in high responding (left) and low responding (right) DFP animals at baseline, 30 min,

6 h, 12 h, 18 h and 24 h post intoxication.
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Figure 3-4
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Figure 3-4. Cholinesterase activity in the brain is significantly and similarly inhibited in
low and high responding DFP animals. The specific activity of total cholinesterase (total ChE)
and acetylcholinesterase (AChE) was measured in cortical, hippocampal, and amygdalar tissue at
1d and 4 d post-DFP injection. Group data are shown with boxes representing the 25-75
percentile; horizontal lines in the boxes, the median; and whiskers, the maximum and minimum

values (n=4-6 VEH, 5-8 DFP animals). *Significantly different from vehicle at p < 0.05.

146



Figure 3-5
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Figure 3-5. Low and high responding DFP animals exhibit significant neurodegeneration in
multiple brain regions. (a) Representative photomicrographs of FluoroJade C (FJC) staining in
the somatosensory cortex of vehicle controls, DFP low responders, and DFP high responders at
1, 4, and 60 d post-exposure. Bar = 100 um. (b) The number of FJC-labeled cells was quantified
in the somatosensory cortex (SSC), hippocampus (Hippo), piriform cortex (Piri), and thalamus
(Thal) of vehicle controls (VEH), DFP low responders, and DFP high responders at 1, 2, 4, and
60 d post-DFP injection. Data shown as the geometric mean ratio with 95% confidence intervals.
Confidence intervals entirely above 1 indicate a significant difference between the two groups

being compared at p < 0.05 (n=6-10 animals/group).
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Figure 3-6
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Figure 3-6. DFP low and high responders have significant mineralization in the thalamus at
60 days post-exposure. (a) Representative two-dimensional (2-D) whole brain micro-CT output
images. Mineralized areas were automatically detected (yellow outline). Arrows point to
representative mineral deposits. (b) 3-D micro-CT images generated from the 2-D output images
showing mineral deposits (green) in the brains of vehicle, DFP low responding, and DFP high
responding animals. (c) Quantification of the percent mineralized area relative to total brain
region volume in the medial thalamus and dorsolateral thalamus of vehicle (VEH), DFP low
responding, and DFP high responding animals. Statistical significance between groups did not
vary by brain region, so all reported differences apply to both the medial thalamus and
dorsolateral thalamus. Data are represented as the geometric mean ratio with 95% confidence
intervals. Confidence intervals entirely above 1 indicate a significant difference between the two
groups being compared at p < 0.05 (n=3 VEH, 6-14 DFP animals). (d) Correlation analysis

between seizure score and percent mineralization in the brain. Spearman r=0.189, p=0.43.
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Chapter 4

Diisopropylfluorophosphate (DFP)-Induced Seizures Cause Sex-Specific Neuropathology
and Cognitive Deficits in Juvenile Rats
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Abstract

Preclinical efforts to develop improved medical countermeasures against the highly lethal
organophosphate (OPs) chemical threat agents have largely focused on adult male models.
However, OP-induced neurotoxicity is known to differ between juveniles and adults, as well as
between males and females. Therefore, the goal of this project was to develop a juvenile model
of acute OP intoxication to better understand the role of sex and age on long-term neurological
deficits. Postnatal day 28 Sprague-Dawley male and female rats were acutely intoxicated with
the OP diisopropylfluorophosphate (DFP; 3.4 mg/kg, s.c.) or an equal volume (~80 ul) of vehicle
(saline, s.c.) followed by atropine sulfate (0.1 mg/kg, i.m.) and 2-PAM (25 mg/kg, i.m.) to
prevent death from peripheral toxic effects. DFP distribution to the brain was assessed by
measuring acetylcholinesterase (AChE) activity in cortical tissue at 1 day post-exposure; seizures
were assessed using both behavioral criteria and electroencephalographic (EEG) recordings
collected during the first 4 hours post-exposure. At 1, 7, and 28 d post-intoxication, animals were
evaluated histologically for markers of neurodegeneration and neuroinflammation. At 1 month
post-DFP, animals were analyzed for motor function, learning and memory, and hippocampal
neurogenesis. Males experienced more severe seizure behavior throughout the 4 h monitoring
period following DFP than females, but EEG recordings confirmed the presence of seizure
activity in females despite lower behavioral scores. While both sexes experienced significant
neuronal degeneration, males showed earlier onset and more severe astrogliosis compared to
females. In contrast, both sexes showed persistent microglial activation in all examined brain
regions. DFP induced pronounced memory deficits in both sexes using each assay. Sex-specific
effects of DFP were also found in hippocampal neurogenesis, which was only altered in DFP

males. These findings demonstrate that acute DFP intoxication triggers seizures in juvenile rats,

156



and that neurotoxic outcomes in juvenile rats vary by sex. The spatiotemporal patterns of
neurological damage suggest that microglial activation may be a more important factor than
astrogliosis or neurogenesis in the pathogenesis of cognitive deficits in juveniles following acute

OP intoxication.

Key Words: neurodegeneration, neurodevelopment, neuroinflammation, neurotoxicity,

organophosphate, sex differences

Abbreviations:

AChE, acetylcholinesterase; AS, atropine-sulfate; BChE, butyrylcholinesterase; ChE,
cholinesterase; CT, computed tomography; DFP, diisopropylfluorophosphate; EEG,
electroencephalogram; FJC, Fluoro-Jade C; im, intramuscular; ip, intraperitoneal; OP,
organophosphate; 2-PAM, pralidoxime; PBS, phosphate-buffered saline; ROI, region of interest;

sc, subcutaneous; SE, status epilepticus; T2w, T2-weighted; VEH, vehicle
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Highlights
e Acute DFP intoxication caused persistent sex-specific brain damage in juvenile rats

Seizure behavior and neuroinflammation were more severe in males than females

Both sexes experienced cognitive deficits at 1 month post-DFP intoxication

Acute DFP intoxication increased hippocampal neurogenesis in males but not females

Microglial activation may be a critical driver of OP-induced cognitive deficits
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Introduction

Organophosphorus cholinesterase inhibitors (OPs) are widely used pesticides that cause
hundreds of thousands of deaths each year as a result of accidental and intentional poisonings
(Pereira, Aracava et al. 2014, Mew, Padmanathan et al. 2017) . OPs have also been weaponized
for use against military and civilian targets, as evidenced by the 2017 chemical attacks in Syria
(UN 2017), as well as the assassination attempts of a former intelligence agent in 2018 (Haley
2018) and a Russian opposition leader in 2020 (OPCW 2020). Acute OP intoxication can trigger
seizures that rapidly progress to status epilepticus and ultimately death (Pope and Brimijoin
2018). Current medical countermeasures for OP-induced cholinergic crisis include atropine to
block excessive cholinergic signaling via muscarinic receptors, benzodiazepines to terminate
seizures, and pralidoxime (2-PAM) to reactivate AChE (Jett, Sibrizzi et al. 2020). These
therapeutics must be administered within minutes after SE initiation to be maximally effective
(Jett and Spriggs 2020), but even then, they do not adequately protect against the long-term
neurological deficits observed in survivors, including structural brain damage and persistent
cognitive deficits (Figueiredo, Apland et al. 2018, Jett, Sibrizzi et al. 2020). There is, therefore,
an urgent need to identify more effective medical countermeasures for treating individuals
acutely intoxicated with OPs.

In the event of a civilian mass casualty involving OPs, a diverse population varying in age
and sex will potentially be affected. However, current preclinical research to develop improved
medical countermeasures has almost exclusively used adult male models. This is a troubling gap
given a significant literature indicating that children are more susceptible than adults to the
neurotoxic effects of environmentally relevant OP levels (Mufioz-Quezada, Lucero et al. 2013,

Gonzalez-Alzaga, Lacasana et al. 2014, Sagiv, Bruno et al. 2019), and that neurotoxic outcomes

159



of OP exposures can be sex-specific (Rauh, Perera et al. 2012, Comfort and Re 2017). A recent
preclinical study suggests that juvenile rats at varying stages of neurodevelopment are
differentially susceptible to the proconvulsant activity of OP chemical threat agents (Scholl,
Miller-Smith et al. 2018). In this study, P28 was found to be the most consistent of the juvenile
ages tested. While both sexes were included, sex-specific effects were not directly compared
across an identical exposure paradigm, and no long-term endpoints were evaluated. This study
sought to address the important question of whether acute OP intoxication during juvenile
neurodevelopment has neuropathological consequences, and if so, whether these consequences
are sex-specific.

Diisopropylfluorophosphate (DFP) is considered an OP chemical threat agent by the United
States Department of Homeland Security (Jett and Spriggs 2020). DFP can induce acute seizures
as well as long-term neurological deficits in adult rodent models (Pessah, Rogawski et al. 2016,
Putra, Sharma et al. 2019, Guignet, Dhakal et al. 2020). Acute DFP intoxication also is
associated with a significant neuroinflammatory response in adult animals (Hobson, Rowland et
al. 2019, Rojas, Ganesh et al. 2020). Therefore, the goal of this study was to develop a juvenile
model of DFP intoxication and compare effects in males versus females with regard to acute

seizure responses and persistent neurological consequences.

Materials and Methods
Animal husbandry

All animals in this study were maintained in facilities fully accredited by AAALAC
International. Experimental procedures were performed under protocols approved by the UC

Davis Institutional Animal Care and Use Committee (IACUC, protocol #21954) and were
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designed to minimize pain or suffering. All studies adhered strictly to the ARRIVE guidelines
and the National Institutes of Health guide for the care and use of laboratory animals (NIH
publication No. 8023, revised 1978). Juvenile male and female Sprague-Dawley rats (Charles
River Laboratories, Hollister, CA, USA) were weaned at postnatal day 21 (P21), at which time
they were separated by sex with two animals of the same sex per cage. Animals were housed in
standard plastic shoebox cages in an environmentally controlled vivarium (22 + 2°C, 40-50%
humidity, 12 h light/dark cycle). Food (2018 Tekland global 18% protein rodent diet; Envigo,
Huntingdon, UK) and water were provided ad libitum.

DFP exposure paradigm

A dose-response assessment was conducted in P28 male and female rats to identify a dose of
DFP that caused <20% mortality. This study was conducted in accordance with the up-and-down
dosing procedure to reduce animal use (Bruce 1985). A starting dose of 6 mg/kg DFP was
selected because this dose induces seizure activity in juvenile P28 rats (Scholl, Miller-Smith et
al. 2018). The following doses were tested in both sexes: 1.9, 3.4, 6, and 19 mg/kg. A dose of 1.1
mg/kg was also tested in females, but not males because DFP at 1.9 mg/kg had no effect on
survival or seizure behavior in males.

DFP (Sigma Chemical Company, St Louis, MO, USA) was prepared in ice-cold sterile
phosphate-buffered saline (PBS, 3.6 mM NaxHPQOj4, 1.4 mM NaH2PO4, 150 mM NaCl; pH 7.2)
within 5 min of injection (s.c.). DFP purity was evaluated using previously described *H, *C, °F
and 3'P-NMR methods (Gao, Naughton et al. 2016) and found to be approximately 90 + 7%
pure. Upon receipt in the laboratory, DFP was aliquoted and stored at —80 °C, a condition under
which it retained stability for over 1 year (Heiss, Zehnder et al. 2016). Vehicle (VEH) controls

were administered a similar volume (~80 uL) of sterile PBS in place of DFP. One min after DFP
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or VEH injection, all animals were administered a combined injection of atropine-sulfate (AS,
0.1 mg/kg; Sigma; >97% purity) and pralidoxime (2-PAM, 25 mg/kg; Sigma; >99% purity).
Both compounds increase survival by protecting against peripheral cholinergic toxicity (Pessah,
Rogawski et al. 2016). Animals were randomly assigned to groups using a random number
generator.

Following DFP or VEH injection, animals were monitored for seizure behavior for 4 h
(Figure 4-1A) using seizure behavior scale (Deshpande, Carter et al. 2010) as previously
described (Guignet, Dhakal et al. 2019). At the end of the observation period, all subjects were
injected with 3 mL of 10% wi/v dextrose in sterile saline to ensure hydration and then returned to
their home cages. Rat food was softened with H>O until animals were able to resume
consumption of solid food, typically within 2-3 days. All subjects were anesthetized using
isoflurane (Western Medical Supply, Arcadia, CA, USA) at 1, 7, or 28 d post-intoxication and
euthanized by exsanguination to collect brain tissue for further analyses (Figure 4-1A).
Electroencephalography (EEG)

A separate cohort of animals not used for biochemical, histological, or behavioral analyses
was implanted with cortical electrodes and monitored for EEG activity for ~2 hours post-DFP to
confirm whether juvenile females experience electrographic seizures. EEG implants and
recordings were performed as previously described (Gonzéalez, Rindy et al. 2020). Briefly,
animals were deeply anesthetized with 1-3% isoflurane (MWI1 Animal Health, Boise, ID, USA)
in medical grade oxygen (flow rate=1L/min). Animals were restrained in a stereotaxic platform
(Stoelting, Wood Dale, IL, USA), the surgical site was thoroughly cleaned using a betadine scrub
(Purdue Products, Stamford, CT, USA) and 70% isopropyl alcohol wipes (Covidien Plc, Dublin,

Ireland), and a 1.5-inch incision made from the eyes to the base of the skull. Four stainless steel
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head mount screws (P1 Technologies, Roanoke, VA, USA) were implanted into the skull and
connected to sterile HD-X02 telemetry devices (Data Sciences International, St. Paul, MN, USA)
that were inserted between the skin and muscle layer along the flank of the animal. The incision
was sutured (Ethicon, Bridgewater, NJ, USA) and animals allowed to recover for 14 d before
being exposed to DFP.

On the day of recordings, animals were placed on PhysioTel Receivers (Data Sciences
International) and baseline EEG activity was recorded for ~1 h (Ponemah software, Data
Sciences International). Animals were then injected with DFP (3.4 mg/kg, s.c) and recorded for
~2 h post-injection. EEG traces were analyzed using NeuroScore software (Data Sciences
International) and a band-pass filter of 20-70 Hz for noise reduction as previously described
(Pouliot, Bealer et al. 2016). EEG recordings were qualitatively analyzed for abnormal spike
activity that reached >2x baseline amplitude to confirm the presence or absence of seizure
activity.

Cholinesterase activity assays

Following euthanasia at each time point, brains were immediately removed, bisected
sagittally, and the left hemisphere dissected on ice to remove the cortex. We previously showed
that cholinesterase activity in the cortex is representative of cholinesterase activity in multiple
major brain regions following acute DFP intoxication in adult rats (Gonzéalez, Rindy et al. 2020).
The cortical tissue was snap frozen on dry ice and stored at -80 °C until analyzed. The Ellman
assay (Ellman, Courtney et al. 1961, Farahat, Ellison et al. 2011) was used to measure total
cholinesterase (ChE), acetylcholinesterase (AChE), and butyrylcholinesterase (BChE) activity as
previously described (Gonzélez, Rindy et al. 2020). Briefly, samples were homogenized in lysis

buffer (0.1 M phosphate buffer, pH 8.0 with 0.1% w/v Triton) and centrifuged for 1 min (13,400
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X g) at 4 °C. Supernatant was collected, and triplicate samples of each supernatant transferred to
a 96-well plate. Samples were equilibrated for 5 min with the colorimetric reagent 5,5’-dithio-
bis(2-nitrobenzoicacid) (DTNB, Sigma), and then allowed to react with the AChE substrate
acetylthiocholine iodide (ASChl, Sigma). Enzyme activity was quantified by measuring changes
in absorbance at 405 nm over 15 min. All samples were run in the absence or presence of 100
UM of the BChE inhibitor, tetraisopropyl pyrophosphoramide (iso-OMPA, Sigma), to determine
total ChE and AChE activity, respectively. BChE activity was calculated by subtracting AChE
activity from total ChE activity in each sample. Enzyme activity of each sample was normalized
by total protein concentration n that sample, as determined using the BCA assay (Pierce,
Rockford, IL, USA).
Histologic Analyses

Following euthanasia at each time point, brains were removed and bisected sagittally. The
right hemisphere was blocked into 2 mm thick sections using a stainless-steel small rat brain
matrix (Kent Scientific, Torrington, CT, USA) and post-fixed in cold 4% paraformaldehyde
(Sigma) in PBS (pH 7.2) for 24 h at 4 °C. Tissue slices were then incubated overnight in 30%
wi/v sucrose (Thermo Fisher, Waltham, MA, USA) in PBS at 4 °C and subsequently embedded
in OCT medium (Thermo Fisher) and stored at -80 °C until processing. All brain sections were
cryosectioned at -20 °C into 10 um slices on Superfrost Plus slides (Thermo Fisher). Each
histological endpoint was examined in five brain regions using a minimum of 2 slides per region:
somatosensory cortex, hippocampus (including the CA1, CA3, and dentate gyrus subregions),
thalamus, piriform cortex, and amygdala (Figure 4-1B).

Fluoro-Jade C (FJC) staining was performed as previously described (Supasai, Gonzélez et

al. 2020). Briefly, brain sections were stained using 0.06% potassium permanganate w/v (Sigma)
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in distilled water, washed in distilled water, and incubated for 10 min in 0.0001% w/v FJC (Cat
#AG325; Millipore, Billerica, MA, USA) in 0.1% v/v acetic acid (Acros Organics, Geel,
Belgium) in distilled water. DAPI solution (1:50,000; Invitrogen, Carlsbad, CA, USA) was also
included to label all cell nuclei. Slides were then cleared in chemical grade xylene (Thermo
Fisher) and mounted in 50 pL of Permount (Thermo Fisher).

Immunohistochemistry experiments were performed as previously described (Supasai,
Gonzalez et al. 2020). Briefly, antigen retrieval was performed using 10 mM citrate buffer (pH
6.0) in distilled water at 90 °C for 20 min. To block nonspecific binding, slides were incubated in
a blocking buffer comprised of 10% w/v normal goat serum (Vector Laboratories, Burlingame,
CA, USA), 1% w/v bovine serum albumin (Sigma), and 0.03% w/v Triton X-100 (Thermo
Fisher) in PBS for 1 h at room temperature. Following blocking, slides were incubated overnight
at 4 °C with primary antibodies in blocking buffer. The following primary antibodies were used
in this study: mouse anti-glial fibrillary acidic protein (GFAP, 1:1000, Cell Signaling
Technology, Danvers, MA, USA; RRID:AB_561049), rabbit anti-S100 calcium-binding protein
B (S100B, 1:500, Abcam, Cambridge, UK; RRID:AB_2184443), rabbit anti-ionized calcium-
binding adapter molecule 1 (IBA-1, 1:1000, Wako Laboratory Chemicals, Richmond, VA, USA;
RRID:AB_839504), and mouse anti-CD68 (1:200, Serotec, Hercules, CA, USA,;
RRID:AB_2291300). Negative controls incubated in blocking buffer in place of a primary
antibody were included in each staining batch.

Following primary antibody incubation, slides were washed 3 times in PBS with 0.03% w/v
Triton X-100 for 10 min each and subsequently incubated in secondary antibody solution for 90
min at room temperature in the dark. The following secondary antibodies were used in this study:

for GFAP, Alexa Fluor 568-conjugated goat anti-mouse 1gG; (1:1000, Life Technologies,
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Carlsbad, CA, USA; RRID:AB_2535766); for S100B, Alexa Fluor 488-conjugated goat anti-
rabbit IgG (1:500, Life Technologies; RRID:AB_2576217); for IBA-1, Alexa Fluor 568-
conjugated goat anti-rabbit 1gG (1:500, Life Technologies; RRID:AB_2535730); and for CD68,
Alexa Fluor 488-conjugated goat anti-mouse 1gG (1:500, Life Technologies;
RRID:AB_2534069). Following incubation, slides were rinsed 3 times in PBS with 0.03% w/v
Triton X-100 for 10 min each and cover slipped in 50 pL ProLong Gold Antifade Mountant with
DAPI (Invitrogen).

An identical protocol was used to immunostain brain sections for biomarkers of
neurogenesis. The following primary antibodies were used: mouse anti-neuronal nuclei (NeuN,
1:500, Millipore; RRID:AB_2298772), guinea pig anti-doublecortin (DCX, 1:500, Millipore;
RRID:AB_1586992), and rabbit anti-ki67 (1:750, Abcam; RRID:AB_2756822). The following
secondary antibodies were used: for NeuN, Alexa-Fluor 647-conjugated goat anti-mouse 1gG
(1:500, Life Technologies; RRID:AB_2535809); for DCX, Alexa-Fluor 594-conjugated goat
anti-guinea pig 1gG (1:1000, Life Technologies; RRID:AB_2534120); and for ki67, Alexa-Fluor
488-conjugated goat anti-rabbit 1gG (1:500, Life Technologies; RRID:AB_2576217).

Slides were scanned at 20X magnification using a High-Content ImageXpress XL Imaging
System (Molecular Devices, Sunnyvale, CA, USA). Regions of interest were created for the
amygdala, piriform cortex, somatosensory cortex, and hippocampus [including the CA1, CAS,
and dentate gyrus subregions]) between -3.6 mm to -4.2 mm posterior to bregma, as well as the
thalamus between -3.0 mm to -3.6 mm posterior to bregma. Bregma ranges were confirmed
using a rat brain atlas (Kruger, Saporta et al. 1995). Fluorescent images were quantified as
previously described (Supasai, Gonzalez et al. 2020). The percent area of positive fluorescence

was quantified for each marker and normalized to the total area analyzed, which was held
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constant across all animals. Positive staining was defined as fluorescence that reached > 2x
background fluorescence intensity observed in negative control images. Percent area was
automatically detected on background-subtracted and binarized images using ImageJ analysis
software (version 1.48, National Institutes of Health, Bethesda, MD, USA) to eliminate user bias.
For neurogenesis analysis, the width of the granular cell layer (GCL) was measured using the
measure tool in ImageJ. All image analyses were performed by a single individual with no
knowledge of experimental group.

Neurobehavior assays

The open field assay was used to assess general locomotor function prior to learning and
memory assays. Subjects were placed into a testing arena (48 cm x 48 cm x 48 cm), allowed 20
minutes of acclimation, and recorded for 10 min under lighting conditions of ~30 lux. A 3x3 grid
of equal-sized squares was superimposed over the videos to create nine different movement
zones. Locomotor activity was quantified using the number of times an individual crossed a grid
line over the 10-minute period. The total number of crossings were quantified and compared
across experimental groups.

Learning and memory were assessed using the novel object recognition task performed as
previously described (Berg, Pedersen et al. 2020). Briefly, subjects were habituated to an empty
testing arena (48 cm x 48 cm x 48 cm) for 30 min prior to testing under lighting conditions of
~45 lux. The following day, subjects were again habituated to the arena followed by an
introduction to two identical objects. Subjects were allowed 10 min to interact with these objects
followed by an isolation period of 60 min. During the isolation period, the arena and objects
were cleaned with 70% ethanol and one object was replaced with a novel object. At the end of

the isolation period, subjects were returned to the arena and allowed 5 min to interact with the
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familiar and novel objects. The objects used were orange plastic cones and glass bell jars. All
phases were video recorded and the time spent sniffing each object was measured by
experimenters blinded to experimental group. Data were transformed to calculate % preference
for the novel object and an object discrimination index in order to correct for potential
differences in exploration time between individuals (Gulinello, Mitchell et al. 2019).

Contextual and cued fear conditioning, performed as previously described (Berg, Pedersen et
al. 2020), was used as a second assay of learning and memory. Briefly, subjects were trained to
associate a specific context and cue with a foot shock (0.7 mA). The chambers (25 cm h x 32 cm
w x 25 cm d) were brightly lit (~100 lux) with floors made of stainless-steel rods placed 1.6 cm
apart (Med-Associates Inc., St. Albans, VT, USA). Test chambers were placed into a noise
reducing chamber and a front-facing camera was used to record each session. On the first day
(training day), subjects were trained in a context that included wire flooring, aluminum walls,
and a vanilla scent (1:100 dilution of McCormick Vanilla Extract). The cue was an auditory cue
of 80 dB white noise for 30 s. On the second test day (24 h post-training), subjects were placed
back into the chambers for 5 min with the identical context but no audio cue or foot shock and
the amount of time subject froze was measured. On the third test day (48 h post-training),
subjects were placed in chambers in which the context had been altered to a smooth plastic floor,
angled black walls, and a lemon scent (1:100 dilution of McCormick Lemon Extract). Subjects
were monitored in this environment for 3 min before and 3 min after the auditory cue. The
average motion index, a comprehensive measure of overall movement, was automatically
quantified by VideoFreeze software (version 2.7; Med-Associates Inc.) to assess the movement

of each subject during both the context and cue testing periods.

168



Statistical analyses

Two different models were considered for the dose response data: 1) 2-parameter log-logistic
model; and 2) probit model. For each, we considered a model in which the slope was allowed to
differ at LDso for males and females (different shapes) as well as a model in which the slope of
the dose response curve at the LDso was constrained to be the same for males and females.
Akaike Information Criterion was used to pick the model that best fit the data. Estimates of the
LD2o and LDsp with 95% confidence intervals was determined for each sex using the delta
method. The estimated LD2o and LDso were compared between the sexes. These analyses were
conducted using the drc package in R (Ritz and Streibig 2005).

Key outcomes for the histology data included FIC (number of FJC-labeled cells/mm?),
GFAP (% area of immunoreactivity), S100pB (% area of immunoreactivity), and IBA-1 (% area of
immunoreactivity). Mixed effects models, including animal-specific random effects, were fit to
assess differences between exposure groups. Primary factors of interest included exposure (DFP,
VEH), brain region (thalamus, piriform cortex, amygdala, hippocampus, cortex), sex (male,
female), and time post-exposure (1, 7, 28 d). Interactions between the factors (exposure, brain
region, sex, and time point) were considered and the best model was chosen using Akaike
Information Criterion. Outcomes were transformed using the natural logarithm after shifting all
values by 1 to enable the calculation for samples with no positive staining to better meet the
assumptions of the model. Contrasts for exposure group and sex differences 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. Point

estimates of the ratios and 95% confidence intervals are presented in the figures. When the
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confidence interval for the GMR includes 1, there is no statistical evidence of a difference
between groups. These analyses were performed using SAS software, version 9.4 and alpha was
set at 0.05; all reported results remained significant after the FDR procedure.

Key outcomes for neurobehavior included open field (# grid crossings), novel object
familiarization (sniff time), novel object test (% novel preference and discrimination index), and
fear conditioning (average motion index). Neurogenesis outcomes included ki67 (% positive
cells), DCX (% area of immunoreactivity), NeuN (% area of immunoreactivity), and GCL width
(um). These outcomes were analyzed at 28 d and included only brain region. Open field data
were analyzed using a Mann-Whitney U test, while all other neurobehavior and neurogenesis
outcomes were analyzed using a two-way ANOVA with post-hoc Holm-Sidak test where
applicable. Each of these outcomes are presented as mean + SE with individual data points
representing individual animals. These analyses were conducted in GraphPad Prism, version

8.2.1 with alpha set at 0.05.

Results
DFP was similarly lethal to male and female juvenile rats

Male and female rats were injected with varying doses of DFP and the percent animals
surviving at 4 h post-injection was determined (Figure 4-1C). The dose-response curve for DFP-
induced mortality for females was shifted to the left of that for males (Figure 4-1D). Of the
statistical models used to fit the data, the best model considered was the 2-parameter log-logistic
model with a common slope. The estimated LD2o and LDso for males were 4.1 and 6.2 mg/kg,
respectively. For females, the estimated LD2o and LDso values were 2.9 and 4.4 mg/kg,

respectively (Figure 4-1E). While there was no statistical difference between these parameters,
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there was a trend towards increased susceptibility to lethality following acute DFP intoxication
in females (p =0.08). The ratio of effect doses at LD2o and LDsg for females to males was 0.70
(95% CI: 0.36, 1.03) indicating the dose is 30% lower in females than males at LDz and LDsq.
However, due to the lack of statistically significant differences between the LD2o and LDsg
values for each sex, DFP was used at a dose of 3.4 mg/kg in both sexes for the remainder of the
study.

DFP-induced seizure behavior was more severe in males than females

Seizure behavior were monitored for 4 h following acute DFP intoxication using a scale
(Figure 4-2A) adapted from an adult rat DFP model (Deshpande, Carter et al. 2010). Seizure
scores were plotted over time (Figure 4-2B), and the average seizure score over the 4 h period
was calculated for each animal (Figure 4-2C). Seizure behavior data were also quantified as the
total duration of convulsive seizures (scores of >3; Figure 4-2D). The average seizure scores
and convulsive seizure duration were significantly higher in males than females (p<0.05)
(Figures 4-2C, 4-2D). A seizure score of 3 or higher has been demonstrated to correspond with
SE in the adult DFP rat (Deshpande, Carter et al. 2010, Phelan, Shwe et al. 2015). The majority
of DFP males (86.6%) exhibited a seizure score > 3 at least once during the 4 h post-exposure;
whereas, only 53.3% of DFP females reached a score of 3 during the 4 h seizure monitoring
period (Figure 4-2E).

DFP-induced seizures have been confirmed by EEG in adult male (Guignet, Dhakal et al.
2020) and juvenile male rats (Scholl, Miller-Smith et al. 2018), and a recent publication
demonstrated that DFP induced electrographic seizures in adult female rats (Gage, Golden et al.
2020). To determine whether DFP induces electrographic seizures in juvenile females, a small

cohort of females was implanted with cortical electrodes 7 d prior to DFP exposure.
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Representative EEG traces from a DFP female (Figure 4-2F) show a significant increase in
electrographic spike activity relative to baseline following DFP intoxication, confirming the
ability of DFP to induce robust seizure activity in females.

To assess DFP distribution to the brain of male versus female juveniles, AChE, BChE, and
total ChE activity were measured in cortical brain samples at 1 d post-DFP. Baseline
cholinesterase levels in VEH animals were comparable between sexes, and AChE was inhibited
to the same extent in males and females following DFP exposure (Figure 4-2G). The majority of
cholinesterase activity in both sexes was driven by AChE, with minimal BChE activity detected
in either sex.

DFP caused significant neurodegeneration in male and female brains

Neurodegeneration is a well-documented consequence of acute OP intoxication in adults
(reviewed in Chen 2012). Using FJC staining to visualize degenerating neurons (Schmued,
Stowers et al. 2005) (Figure 4-3A), we observed significantly increased FJC staining in DFP
animals that varied by time post-exposure (p<.001), sex (p<.001) and by brain region (p<.001)
(Figure 4-3B). In both males and females, DFP-exposed animals had higher FJC staining than
VEH animals across days and regions (GMR>2.0, p<.042) with the exception of the female
cortex at 1 day post-exposure in (p=.19). The difference between DFP and VEH animals tended
to be higher in males than in females, which was driven by higher FJC staining in male DFP
animals compared to female DFP animals (GMR=3.4, 95% CI=2.0-5.8, p<.001).

DFP caused sex-specific changes in reactive astrogliosis

Antibodies specific to GFAP and S100p are reported to label unique astrocyte populations in

the brain, especially during neurodevelopment (reviewed in Holst, Brochner et al. 2019). GFAP

immunoreactivity (Figure 4-4A) revealed sex-specific changes in expression following DFP
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intoxication. The difference in percent positive GFAP staining area between DFP and VEH
animals varied by sex (p=.02) and both time and region (p<.001) (Figure 4-4B). Differences in
GFAP between DFP and VEH animals were limited at one day post-exposure, with the only
significant difference observed in the male hippocampus (GMR=1.4, 95% CI=1.1-1.9, p=.007).
By 7 days post-exposure, GFAP levels were significantly elevated in DFP animals compared to
VEH animals in all brain regions and both sexes (p<.02) with the exception of the female
somatosensory cortex (GMR=1.3, 95% CI1=0.9-1.8, p=.1). Elevated GFAP levels in DFP
compared to VEH persisted in males at 28 days post-exposure in all brain regions except the
somatosensory cortex (GMR=1.4, 95% CI1=1.0-2.0, p=.06). In contrast, in females, the only
significant difference between DFP and VEH at 28 days post-exposure was in the amygdala
(GMR=1.3, 95% CI=1.1-1.5, p=.01).

The difference in S100p immunoreactivity (Figure 4-5A) between DFP and VEH animals
varied by time (p=.04) and sex (p=.005) with a trend for a difference by region (p=.1) (Figure 4-
5B). At one day post-exposure, male DFP animals had increased S100p relative to male VEH
animals in the piriform cortex (GMR=1.4, 95% Cl=1.1-1.7, p=.002) and the thalamus
(GMR=1.5, 95% CI1=1.1-1.9, p=.003). There were no significant differences between DFP and
VEH females at one day post-exposure (p>.3). S100p levels were significantly increased in both
male and female DFP animals on day 7 post-exposure in the amygdala (male: GMR=1.8, 95%
Cl=1.5-2.2, p<.001; female: GMR=1.4, 95% CI=1.1-1.7, p=.004), piriform cortex (male:
GMR=1.9, 95% CI=1.6-2.3, p<.001; female: GMR=1.5, 95% CI=1.2-1.8, p<.001) and thalamus
(male: GMR=2.0, 95% CI1=1.6-2.5, p<.001; female: GMR=1.5, 95% CI|=1.2-1.8, p<.001). At 7
da post-exposure, DFP males had elevated S100B expression compared to VEH males in the

hippocampus (GMR=1.6, 95% CI=1.3-2.0, p<.001) and cortex (GMR=1.7, 95% CI=1.3-2.1,
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p<.001). By day 28 post-exposure, S100p remained elevated in all brain regions for males, but
just in the piriform cortex and thalamus for the females. Within the DFP group, there was no
significant difference in S100p immunoreactivity between males and females (GMR=1.1, 95%
Cl1=0.9-1.2, p=.4).
DFP-induced microgliosis was delayed in females relative to males

IBA-1 and CD68 immunoreactivity were used to quantify microglia in the brain (Figure 4-
6A). CD68 was not present at measurable levels in any group and was, therefore, excluded from
data analysis. The difference between DFP and VEH animals in percent area of IBA-1
immunostaining varied only by days post-exposure (p=.005) (Figure 4-6B). There was no
significant difference between groups 1 day post-exposure (GMR=1.1, 95% CI=0.9-1.3, p=.4),
but there was significantly higher IBA-1 in DFP animals compared to VEH on days 7
(GMR=1.7, 95% CI=1.4-2.1, p<.001) and 28 (GMR=1.6, 95% Cl=1.3-2.0, p<.001) post-
exposure.
Neurobehavior assays

The open field assay was used to quantify locomotor function prior to the start of learning
and memory testing. Locomotor activity was comparable between VEH and DFP groups in both
male (p=0.29) and female (p=0.33) animals (Figure 4-7A). Similarly, no differences in
locomotor activity were observed between male and female animals of either exposure group.

Novel object recognition was used to test memory function following object familiarization.
The familiarization period indicated no preexisting side preference/salience or avoidance in VEH
males (p=0.89), DFP males (p=0.7), VEH females (p=0.8), or DFP females (p=0.49) (Figure 4-
7B). Performance during the test period was analyzed using % novel preference and a

discrimination index, two variables commonly used for assessing object preference. DFP males
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showed significant deficits by both % novel preference (p<0.001) and discrimination index
(p<0.001) compared to VEH males (Figure 4-7C). Similarly, DFP females also showed
significant deficits relative to VEH females as determined using both the % novel preference
(p=0.02) and discrimination index (p=0.02) variables (Figure 4-7C).

Performance in contextual and cued fear conditioning was used to corroborate learning and
memory deficits identified in the novel object recognition task. Freezing behavior in response to
a fearful stimulus was quantified using the average motion index, a comprehensive measure of
animal movement. No significant differences in movement were detected during the baseline
period between the VEH and DFP groups of each sex. During the test periods, DFP males
showed significant impairments compared to VEH males during both the context (p=0.002) and
cue (p=0.005) tests (Figure 4-8A). DFP females showed a significant impairment compared to
VEH females in the context (p=0.005) but not cue (p=0.11) test (Figure 4-8B).

Neurogenesis biomarkers

A period of extensive neurogenesis occurs in the rodent brain during the early perinatal
period; however, it continues at a reduced rate in the subgranular zone (SGZ) of postnatal and
adult animals (Kempermann, Song et al. 2015, Toda and Gage 2018). Changes in hippocampal
neurogenesis following acute DFP intoxication were evaluated by quantifying biomarkers of
immature neurons, (DCX immunoreactivity) and proliferating cells (ki67 immunopositive cells),
in the SGZ (Kee, Sivalingam et al. 2002, Couillard-Despres, Winner et al. 2005). Structural
changes in the dentate gyrus of the hippocampus were evaluated by quantifying NeuN
immunoreactivity, a biomarker of mature neurons, and width of the granule cell layer (GCL)
(Figure 4-9A). DFP males showed a significant increase in the number of ki67" cells in the SGZ

compared to their VEH counterparts (p<0.001), while there was no difference between female
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DFP and VEH animals (p=0.8; Figure 4-9B). A similar trend was observed in DCX
immunoreactivity, where DFP males had significantly higher levels than VEH males (p=0.005;
Figure 4-9C), but no differences in DCX immunoreactivity were observed between DFP and
VEH females (p=0.13; Figure 4-9C). There were no effects of DFP on NeuN immunoreactivity
in either male (p=0.83) or female (p=0.079) subjects compared to their VEH counterparts
(Figure 4-9D). Similarly, DFP did not cause any changes in GCL width in either males (p=0.94)

or females (p=0.4) compared to their respective VEH groups (Figure 4-9E).

Discussion

Although there are a number of publications evaluating the neurotoxic effects of OP threat
agents, the majority of these studies are focused on the adult male brain. To begin to address
questions of age and sex in determining neurotoxic outcomes following acute OP intoxication,
we examined acute seizure activity and chronic neurological damage in juvenile male and female
rats and identified sex-specific neurotoxic effects of DFP. Overall, juvenile males showed more
severe seizure behavior immediately following acute DFP intoxication compared to juvenile
females, although EEG recordings indicated that DFP induced SE in juvenile females. Both
juvenile males and females presented with significant neuropathology following DFP
intoxication, although there were sex differences in the extent (number of brain regions involved)
and persistence of specific neuropathologic responses. Microglial activation was found to be the
most persistent endpoint and did not differ by sex. Both males and females exhibited cognitive
deficits but only males had significant changes in neurogenesis. The present findings highlight

endpoints of relevance to therapeutic screening and point to microglial activation as a likely
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mechanism contributing to the pathogenesis of long-term neurological deficits following acute
OP intoxication.

An initial dose-response assessment using increasing doses of DFP revealed comparable
mortality curves between male and female animals. The similarities between curves are
unsurprising in light of the steep dose-response mortality curves that are well-documented across
sex and age in OP threat agent models (Fawcett, Aracava et al. 2009). Regarding seizure
behavior, DFP elicited significantly higher seizure behavior scores in males, and while ~25% of
males had clear generalized seizures, the most severe seizure observed in a female was forelimb
clonus. However, the behavioral seizure response observed in our juvenile DFP model is notably
less severe in both males and females than previously published adult DFP models using nearly
identical seizure scales (Gage, Golden et al. 2020, Supasai, Gonzélez et al. 2020), suggesting
age-specific effects of DFP on seizure severity. This interpretation is supported by a recent
publication that found seizure susceptibility to DFP increased significantly with age, ranging
from the early postnatal period into young adulthood (Scholl, Miller-Smith et al. 2018).
Although EEG activity was only recorded from a subset of animals, it has been demonstrated
that seizure behavior is highly correlated with electrographic seizure activity in both male and
female DFP rats (Tanaka, Graham et al. 1996, McDonough and Shih 1997, Gage, Golden et al.
2020). Follow-up studies using more sensitive electrographic techniques are in progress to
further elucidate whether the electrographic seizure response in juvenile animals is truly sex-
specific following DFP intoxication.

The less severe seizure behavior observed in juvenile animals compared to adults is likely
due, at least in part, to immature neural networks that mediate OP-induced seizure activity.

Cholinergic receptors play a critical role in seizure induction following acute OP intoxication
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(Richardson, Fitsanakis et al. 2019). In the developing brain, there is an increase in muscarinic
and nicotinic cholinergic receptor expression between the post-weaning period (~P28) and early
adulthood (~P60) (Jett 1998). Similarly, expression levels of the excitatory neurotransmitter
acetylcholine also increases in the brain during young adulthood (Jett 1998). These changes can
increase susceptibility to chemical-induced seizures. Excitatory glutamate receptors, particularly
NMDA receptors, undergo similar increases in expression and significantly upregulate the NR2A
and NR2C subunits during postnatal development (Akazawa, Shigemoto et al. 1994, Monyer,
Burnashev et al. 1994), which may further contribute to increased seizure susceptibility in older
animals by allowing for increased glutamatergic signaling.

The observed sex difference in seizure behavior is consistent with several published seizure
models. Adult females have been reported to have less severe SE than males in response to
pilocarpine (Scharfman and MacLusky 2014) or DFP (Gage, Golden et al. 2020). While the
mechanistic underpinnings of this sex difference are unknown, a few hypotheses have been
proposed. One hypothesis is sex hormones (Veliskova and Desantis 2013); however, it is
unlikely that sex hormones are driving the differential seizure behavior we observed in this study
because P28 rats have yet to experience a large hormonal surge (Bell 2018). Further, it was
recently reported that estrous stage has no impact on seizure susceptibility in adult rats acutely
intoxicated with DFP (Gage, Golden et al. 2020). Rather, it is more likely that the divergent
seizure activity between males and females reflects the sexually dimorphic expression of
excitatory and inhibitory receptors throughout the brain. Males and females have differential
expression patterns of glutamatergic, cholinergic, and GABAergic receptors in the brain, each of
which plays an important role in seizure induction and maintenance (Akman, Moshé et al. 2014,

Scharfman and MacLusky 2014). Glutamate receptors, including NR1, NR2A, and GIuR1, are
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critical for seizure maintenance following OP intoxication and are reported to be expressed at
higher levels in males than females during neurodevelopment (Hsu, Hsieh et al. 2000, Bian, Zhu
et al. 2012, Damborsky and Winzer-Serhan 2012). Similarly, cholinergic receptor mRNA
expression is found at higher levels in males than in females (Potier, Sénécal et al. 2005),
increasing the likelihood of excessive cholinergic signaling following the inhibition of AChE by
OPs. Lastly, it is well-documented that females have greater expression of GABAA receptors
than males in the brain (by both mRNA and protein) throughout postnatal development (Ravizza,
Friedman et al. 2003, Li, Huguenard et al. 2007, Chudomel, Herman et al. 2009). The greater
expression of excitatory receptors and reduced expression of inhibitory receptors in males
relative to females could potentially explain the greater seizure severity in males versus females
that was observed in the present model as well as other chemical-induced seizure models
(Scharfman and MacLusky 2014, Gage, Golden et al. 2020).

Despite the difference in acute seizure response, both DFP males and females showed
significant neurodegeneration throughout the brain. This may be explained, at least in part, by
evidence that DFP can induce brain damage independent of seizure activity in adult rats
(Gonzélez, Rindy et al. 2020), and by the human literature indicating that OPs can cause
significant brain damage even at non- or subconvulsive doses (reviewed in Chen 2012). It may
also be the case that spontaneous recurrent seizures (SRS), which have been reported in adult
male rats following acute DFP intoxication (Guignet, Dhakal et al. 2020, Putra, Sharma et al.
2020), contributed to the sustained neurodegeneration observed in both sexes, but further
research is needed to address this hypothesis. Regarding regional damage, the thalamus, piriform

cortex, and hippocampus were severely damaged in both male and female juveniles, which is
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similar to the regional patterns of brain damage reported in adult animals acutely intoxicated
with DFP (Siso, Hobson et al. 2017).

Neurodegeneration is often associated with neuroinflammation, a complex set of cellular and
molecular processes triggered in response to insults within the nervous system (Guignet and Lein
2018). The regional effects of DFP on neuroinflammation in the juvenile model mirrored
neurodegeneration and were largely comparable to the adult DFP model, with some of the most
severe inflammation occurring in the piriform cortex, thalamus, and hippocampus (Siso, Hobson
et al. 2017). Two primary neuroimmune cell types, microglia and astrocytes, are known to be
activated in the adult brain for months following DFP intoxication (Gage, Golden et al. 2020,
Supasai, Gonzalez et al. 2020). This immune response typically involves overexpression of pro-
inflammatory cytokines, sustained neuronal injury, and an aberrant phagocytosis response that
may further damage healthy cells (reviewed in Guignet and Lein 2018). In our juvenile model,
DFP males exhibited significantly increased immunoreactivity for GFAP and S1008, both
biomarkers for astrocytes, throughout the brain at 7 and 28 d post-exposure, with the highest
levels of expression in the piriform cortex and thalamus. Juvenile females also showed
astrogliosis following DFP, but it was less persistent compared to DFP males. This astrocytic
response differs slightly from that of adults, which have shown a significant increase in GFAP
immunoreactivity as early as 4 h post-DFP (Liu, Li et al. 2012). The observed sex difference
likely reflects the sex differences in the severity of seizure behavior, since it has previously been
shown that seizure severity is predictive of the extent of neuroinflammation in DFP models
(Kuruba, Wu et al. 2018, Hobson, Rowland et al. 2019). Interestingly, there was no effect of sex

on microglial activation, which was increased microglial throughout the brain at 7 and 28 d post-
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DFP. This is consistent with observations of the adult DFP model that microglial activation is
more persistent than the astrocytic response (Supasai, Gonzalez et al. 2020).

Acute DFP intoxication impaired cognitive function in both sexes. No differences were
observed in locomotor function between DFP and VEH animals of either sex, eliminating a
potentially confounding variable on learning and memory assays. DFP males exhibited slightly
poorer cognitive performance than DFP females as reflected by significant deficits in both
portions of the fear conditioning. Previous literature demonstrated that neuropathology, most
notably neuronal degeneration and microglial activation, temporally coincides with behavioral
deficits following DFP intoxication in adult rats (Flannery, Bruun et al. 2016, Guignet, Dhakal et
al. 2020). Similarly, other models of acute OP intoxication have also reported positive
correlations between initial neuropathology and cognitive impairment (de Araujo Furtado,
Rossetti et al. 2012, Reddy, Wu et al. 2020). Neuroinflammation has been proposed to be a
contributing factor to cognitive dysfunction following chemical-induced seizures (Guignet and
Lein 2018). While sex differences in reactive astrogliosis and neurogenesis were observed in our
model, both sexes experienced comparable microglial activation and cognitive deficits, both of
which were present at 1 mo post-DFP. This relationship, and the congruence between sexes,
likely suggests that microglial-mediated neuroinflammation plays a role in learning and memory
impairments following acute OP intoxication.

Hippocampal neurogenesis is critical to cognitive function (Lazarov and Hollands 2016) and
known to be altered following seizures in the adult brain (reviewed in Jessberger and Parent
2015). Increased neurogenesis is well-documented following chemical-induced seizures,
particularly in models of pilocarpine-induced SE (Varodayan, Zhu et al. 2009, Wu, Hu et al.

2019, Velazco-Cercas, Beltran-Parrazal et al. 2020). These findings in adults suggest that
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neurogenesis is highly likely to be altered in the juvenile brain following chemical-induced
seizures. Our results revealed that DFP males, who experienced prolonged convulsive seizures,
exhibited increased hippocampal neurogenesis, but DFP females did not exhibit any significant
change in neurogenesis. If females indeed have less severe SE than males, the lack of neurogenic
effects in DFP females may be explained by the positive relationship that has been reported
between convulsive seizure duration and neurogenesis following chemical-induced SE (Yang,
Wang et al. 2008, Hung, Yang et al. 2012). It has also been reported that males are more
susceptible to changes in hippocampal signaling and plasticity than females during development
(Zitman and Richter-Levin 2013). The increased neurogenesis observed in males may also
contribute to the slightly more severe cognitive deficits that males displayed compared to
females, as aberrant hippocampal neurogenesis has been shown to directly contribute to
cognitive decline following acute seizures (Cho, Lybrand et al. 2015). However, given the
presence of cognitive deficits in DFP females independent of neurogenesis changes, it appears
more likely that the neurogenic response is simply a function of seizures alone and has minimal
relationship to cognition following DFP intoxication. Follow-up studies are required to further
elucidate this relationship following postnatal OP intoxication.

To conclude, the present study has developed a juvenile model of acute DFP intoxication that
can be used to test novel therapeutics being developed against chemical threats. These data also
point to microglial-mediated neuroinflammation as a likely mechanism contributing to long-term
neurological deficits following acute OP intoxication. We are the first to report that the long-
term effects of DFP on the juvenile brain are sex-specific, a finding with critical implications for
therapeutic development. Just as males and females are differentially susceptible to acute DFP

intoxication, it may also be the case that their response to medical countermeasures is sex-
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specific as well. Importantly, DFP females showed persistent microglial activation and cognitive
dysfunction despite the absence of severe convulsions. Should this translate to exposed humans,
it reinforces the need to provide medical attention and follow-ups to all exposed individuals,
regardless of behavioral response. The temporal relationship between microglial activation and
neurobehavioral deficits in both sexes, despite the sex differences observed in other endpoints,
highlights the potential for microglia to play a critical role in the long-term neurological
consequences of acute OP intoxication. Taken together, these data represent an important step in
the development of medical countermeasures that can be used to treat young individuals in the

event of a chemical emergency involving OPs.
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Figure 4-1. DFP exposure paradigm and dose-response assessment. (A) Schematic
illustrating the dosing paradigm used to intoxicate juvenile male and female P28 Sprague
Dawley rats and times post-exposure when other data points were collected. (B) Illustration of
the five brain regions examined for neuropathology following acute DFP intoxication. (C) DFP
doses tested and (D) mortality dose-response curve using varying doses of DFP. Based on these
data, 3.4 mg/kg was selected for all subsequent studies. Sample sizes range from 3-4 at the end
doses (1.1, 1.9, and 19 mg/kg) and 6-10 at the middle doses (3.4 and 6 mg/kg). (E) Statistical
models tested for dose-response analysis. Model with the smallest Akaike Information Criterion
(AIC) is the strongest statistical model. Estimated LD2o and LDso values by sex (95% confidence

interval are included in parentheses). No significant difference between sexes was observed.
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Figure 4-2
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Figure 4-2. Juvenile males exhibited more severe seizure behavior than age-matched
females following DFP. (A) Seizure behavior scale used to score seizure behavior of juvenile
male and female rats following acute intoxication with DFP at 3.4 mg/kg, s.c. (B) Temporal
profile of seizure scores from males and females during the first 4 h post-DFP exposure. (C)
Average seizure score and (D) average duration of convulsive seizures in DFP-intoxicated males
and females. Data presented as mean + SEM with individual data points per animal
(n=15/group); *p<0.05 as determined by Mann Whitney test. (E) Maximum seizure score
reached at any point during the 4 h monitoring period in DFP-intoxicated males (left) and
females (right). (F) Representative EEG traces confirming electrographic seizure activity in DFP
females. (G) The enzymatic activity of acetylcholinesterase (AChE) in cortical tissue from males
(left) and females (right) at 1 d post-exposure to VEH or DFP. Data presented as mean + SEM
with individual data points per animal (n=5-6 per group); *p<0.05 as determined by two-way

ANOVA with post hoc Holm-Sidak test.
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Figure 4-3
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Figure 4-3. DFP causes significant neurodegeneration in both male and female rats. (A)
Representative photomicrographs of Fluoro-Jade C (FJC) staining in the hippocampus, piriform
cortex, and thalamus of VEH and DFP intoxicated rats at 7 d post-intoxication. Bar=100 pm. (B)
The number of FJC-labeled cells was quantified in multiple brain regions of each sex at 1, 7, and
28 d post-DFP injection. Hippocampus includes dentate gyrus, CA1, and CA3 subregions. Data
shown as the geometric mean ratio of DFP vs. VEH with 95% confidence intervals. Confidence
intervals entirely above or below 1 are colored blue and indicate a significant difference between

the two groups being compared at p < 0.05 (n=5-7 animals/group).
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Figure 4-4
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Figure 4-4. DFP increases GFAP immunoreactivity in a time, region, and sex-dependent
manner. (A) Representative photomicrographs of GFAP immunostaining (astrocytes and radial
glia; orange) in the hippocampus of VEH and DFP rats at 7 d post-intoxication. Blue=DAPI (cell
nuclei). Bar=100 um. (B) The % area of GFAP immunoreactivity was quantified in multiple
brain regions of each sex at 1, 7, and 28 d post-DFP injection. Hippocampus includes dentate
gyrus, CAl, and CA3 subregions. Data shown as the geometric mean ratio of DFP vs. VEH with
95% confidence intervals. Confidence intervals entirely above or below 1 are colored blue and
indicate a significant difference between the two groups being compared at p < 0.05 (n=5-7

animals/group).
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Figure 4-5
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Figure 4-5. DFP increases S100p immunoreactivity in a time, region, and sex-specific
manner. (A) Representative photomicrographs of S100p immunostaining (mature astrocytes;
magenta) in the hippocampus of VEH and DFP rats at 7 d post-intoxication. Blue=DAPI (cell
nuclei). Bar=100 pum. (B) The % area of S100B immunoreactivity was quantified in multiple
brain regions of each sex at 1, 7, and 28 d post-DFP injection. Hippocampus includes dentate
gyrus, CA1, and CA3 subregions. Data shown as the geometric mean ratio of DFP to VEH with
95% confidence intervals. Confidence intervals entirely above or below 1 are colored blue and
indicate a significant difference between the two groups being compared at p < 0.05 (n=5-7

animals/group).

194



Figure 4-6
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Figure 4-6. DFP-induced persistent microgliosis in both males and females. (A)
Representative photomicrographs of IBA1 immunostaining (microglia; orange) in the
hippocampus of VEH and DFP rats at 7 d post-intoxication. Blue=DAPI (cell nuclei). Bar=100
pum. (B) The % area of IBA-1 immunoreactivity was quantified in multiple brain regions of each
sex at 1, 7, and 28 d post-DFP injection. No effects of sex or brain region were observed, so data
were collapsed across those variables. Data are shown as the geometric mean ratio of DFP to
VEH with 95% confidence intervals. Confidence intervals entirely above or below 1 are colored
blue and indicate a significant difference between the two groups being compared at p < 0.05

(n=5-7 animals/group).

196



Figure 4-7
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Figure 4-7. Acute DFP intoxication impaired recognition memory in both males and
females at 1 month post-exposure. (A) Open field data showing locomotor activity in male and
female rats as measured by the number of grids crossed in an open arena (48 cm?®) with a 3x3
grid overlay. Novel object recognition data showing sniff time with each object during the
familiarization (B) and test (C) phases of the assay. The familiarization phase compares left vs
right objects to ensure there are no inherent biases in object preference. Data from the test phase
were analyzed to represent both the novel preference (%) and the discrimination index between
VEH and DFP rats of each sex. Data presented as mean + SEM with individual data points per
animal (n=10-12/group); *p<0.05 as determined by Mann-Whitney U test or two-way ANOVA.

NOR=novel object recognition.
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Figure 4-8
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Figure 4-8. DFP males show more pronounced fear-associated memory deficits than DFP
females. Movement patterns of VEH and DFP male (A) and female (B) rats as measured by the
average motion index during the baseline, context, and cue periods. Gray shading highlights test
periods where subjects were expected to freeze or reduce motion. Data presented as mean + SEM
with individual data points per animal (n=10-12/group); *p<0.05 as determined by two-way

ANOVA with post hoc Holm-Sidak test.
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Figure 4-9
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Figure 4-9. DFP increases neurogenesis markers in males but shows no evidence of
structural changes in the hippocampus at 28 d post-intoxication. (A) Representative
photomicrographs of ki67 (proliferating cells), doublecortin (DCX; immature neurons), and
NeuN (mature neurons) in the hippocampus of VEH vs DFP male rats. No differences between
VEH and DFP were observed in female rats. Newly born cells were quantified using the % ki67*
cells (B) and the % area of DCX™ staining (C). Mature neurons were quantified using the % area
of NeuN" staining (D) and the width of the hippocampal granule cell layer (GCL; E). Data
presented as mean = SEM with individual data points per animal (n=6-8/group); *p<0.05 as

determined by two-way ANOVA with post hoc Holm-Sidak test.
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Chapter 5

Conclusion
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Based on the historical use of chemical threat agents (Haines and Fox 2014, Bajgar, Fusek et
al. 2015, Worek, Wille et al. 2016), recent chemical attacks (YYamasue, Abe et al. 2007, OPCW
2017, UN 2017, Haley 2018) and startlingly high numbers of global poisonings (Dharmani and
Jaga 2005, Patel, Ramasundarahettige et al. 2012, Mew, Padmanathan et al. 2017) it is clear that
the legacy of chemical weapons is unlikely to change in the near future. In addition to the
original organophosphate (OP) nerve agents developed during World War 11, a number of similar
OPs now pose risks to public health (Jett and Spriggs 2018). For these reasons, there is a
worldwide effort to develop more effective medical countermeasures than those currently
available to combat chemical threats. The diversity of chemical threats and severity of the
resulting health outcomes has made it challenging to identify a universal antidote that is effective
against all chemical threats. Even within the context of acute OP intoxication, numerous
mechanisms have been implicated in the complex neurological consequences observed in those
acutely intoxicated individuals that survive (reviewed in Figure 5-1). The current standard of
care, which includes atropine to block muscarinic receptors, an oxime to reactivate AChE, and
benzodiazepines to terminate seizures, provides protection against lethality and can attenuate
acute seizures following acute OP exposures but does not mitigate the chronic neuropathologic,
electroencephalographic, or cognitive responses that are known to occur (reviewed in de Araujo
Furtado, Rossetti et al. 2012, Figueiredo, Apland et al. 2018). This has led researchers to
investigate more efficacious antiseizure therapeutics as well as neuroprotectants that target
seizure-independent mechanisms of disease with the goal of improving chronic neurological

outcomes.

A currently outstanding question in the field is whether more effective seizure termination

following acute OP intoxication will also more effectively mitigate downstream neurological
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deficits. The standard of care antiseizure drug, the benzodiazepine diazepam, was recently
replaced by the benzodiazepine midazolam due to the latter’s superior bioavailability and seizure
termination (Silbergleit, Lowenstein et al. 2013, FDA 2018), but whether it also affords
increased neuroprotection remains unclear. In particular, prior to the present studies, there was
little data available to indicate whether either benzodiazepine protected against chronic
neuropathology outcomes. While a relationship between seizure severity and neuropathology has
been demonstrated in OP models (McDonough and Shih 1997, Hobson, Siso et al. 2017), it is
also known that OPs can cause neurological damage via diverse mechanisms independent of
seizures (reviewed in Guignet and Lein 2018, Naughton and Terry 2018). This raises questions
as to whether treatment with a single antiseizure medication, either diazepam or midazolam, is
sufficient to offer long-term neuroprotection, and whether midazolam is superior to diazepam in

providing neuroprotection.

To further address this question, it is helpful to better understand the relative contribution of
seizures versus alternative, seizure-independent mechanisms to chronic brain damage. This
research question is also relevant in light of the variable human responses that are observed
following OP intoxication, which can range from negligible seizure activity to severe SE
(Okumura, Takasu et al. 1996, Peter, Sudarsan et al. 2014). This variability was highlighted
during the 2005 Tokyo sarin attack, in which humans with roughly equivalent exposures
exhibited different susceptibility to seizures and other cholinergic symptoms (Yanagisawa,
Morita et al. 2006). Although research has suggested a strong correlation between seizure
severity and the extent of subsequent neurological damage (McDonough, Dochterman et al.
1995, Hobson, Rowland et al. 2017), it remains unclear to what extent additional mechanisms are

involved.
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As therapeutic development against chemical threats advances, it is important to consider
which relevant biological variables will be needed to thoroughly evaluate safety and efficacy. To
date, much of the preclinical research in this field has focused on the adult male brain. However,
even the best therapeutic candidates will have major data gaps if they are not rigorously tested in
diverse models. This is especially true given the literature suggesting that chronic exposure to
OPs can have both age-specific (Bouchard, Chevrier et al. 2011, Mufioz-Quezada, Lucero et al.
2013, Gonzalez-Alzaga, Lacasana et al. 2014) and sex-specific (Rauh, Perera et al. 2012,
Comfort and Re 2017) neurotoxic outcomes. However, the roles of sex and age have not been as
rigorously addressed in the context of acute OP intoxication, particularly in terms of chronic
neurological outcomes. It has recently been reported that acute DFP intoxication differentially
affects juvenile rats in the days post-intoxication (Scholl, Miller-Smith et al. 2018), and that DFP
causes sex-specific neurotoxicity in adults for weeks post-intoxication (Gage, Golden et al.
2020). These studies provide the rationale for investigating whether DFP causes persistent
neurological damage in developing rats, and whether these effects are sex-specific. The results
presented within this dissertation sough to evaluate each of these data gaps and better understand

the long-term neurotoxic effects of acute OP intoxication.

Overview of Dissertation Findings

Seizure-independent mechanisms contribute to long-term effects of acute OP intoxication

Each of the data chapters provides evidence that seizure-independent mechanisms contribute
to chronic OP-induced neurological outcomes. In chapter 2, both diazepam and midazolam
significantly reduced seizure scores below 3, a threshold that is consistent with the induction of

status epilepticus (SE) (Deshpande, Carter et al. 2010, Phelan, Shwe et al. 2015). However,
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neither benzodiazepine was effective at preventing chronic neurodegeneration or
neuroinflammation following DFP intoxication. Regarding neuronal degeneration, diazepam had
no protective effect and midazolam offered only transient neuroprotection at 3 but not 6 months
post-DFP, which emphasizes the need for including late time points in studies of therapeutic
efficacy. Treatment with each benzodiazepine partially protected against reactive astrogliosis and
mineralization but had no effect on microglial activation. These observations that neither
diazepam nor midazolam fully protected against long-term neuropathology, despite significant
reductions in seizure activity, suggest that acute SE alone is unlikely the cause of all the adverse
consequences observed following DFP intoxication. These data are consistent with the reports of
limited neuroprotective efficacy by benzodiazepines in the days following OP intoxication
(Kuruba, Wu et al. 2018, Wu, Kuruba et al. 2018, Spampanato, Pouliot et al. 2019), and expand
on these studies to suggest that seizure-independent mechanisms are particularly important in the

case of chronic neurological outcomes.

Chapter 3 supports this finding in greater detail by taking advantage of a seizure-resistant
model to better understand the mechanisms underlying long-term neurological damage. The
presence of a subpopulation of rats that did not develop seizures (low responders) in response to
a dose of DFP that causes prolonged SE in the majority of rats (high responders) was confirmed
by cholinesterase assays and electroencephalogram (EEG) recordings. DFP low responders
showed significant neuronal degeneration in multiple brain regions, although it was delayed in
onset, less severe, and less persistent than that of high responders. This divergent pattern of
neurological damage between populations suggests that seizure severity influences the extent of
neurological damage following OP intoxication, which is consistent with prior reports of this

relationship (McDonough and Shih 1997, Hobson, Siso et al. 2017). Perhaps more important is
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the observation that neuronal degeneration in the piriform cortex and thalamic mineralization at
2 months post-DFP in acute seizure-resistant rats was comparable to that observed in high
responders. The presence of such severe phenotypes in the absence of seizures strongly supports
the hypothesis that acute DFP intoxication can induce chronic neurotoxicity via seizure-
independent mechanisms. In humans, this likely suggests that neuroprotective therapeutics (as

opposed to antiseizure therapies) will be even more critical for non- or low-seizing patients.

Lastly, findings from Chapter 4 also support this interpretation. As discussed above, the
presence of long-term cognitive deficits in juvenile females despite a muted seizure response
compared to males supports the conclusion that chronic neurological outcomes can be triggered
by DFP independent of severe or prolonged seizure activity. Taken together, these strong
indications of seizure-independent mechanisms have important therapeutic implications for the
field of medical countermeasures. The current standard of care consists only of immediate
anticholinergic and antiseizure therapies but fails to address other mechanisms that may
contribute to the long-term neurologic consequences of acute OP intoxication (Jett and Spriggs
2018). It has been a subject of debate whether enhanced neuroprotection can be achieved using
more effective antiseizure therapy alone or whether additional mechanism(s) need to be targeted.
The data presented in these chapters strongly suggest that seizure-independent mechanisms play
critical roles in the chronic neurological outcomes that are known to occur following acute OP
intoxication (Figueiredo, Apland et al. 2018, Guignet and Lein 2018), which likely means that
even highly effective antiseizure therapy alone is insufficient to provide complete
neuroprotection. With this in mind, preclinical research should focus on the identification of

novel targets for neuroprotection and the therapeutic efficacy associated with such targets. A
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closer evaluation of the data presented in this thesis can inform therapeutic approaches that may

be promising for protecting against chronic outcomes following acute OP intoxication.

Sex and age are biological variables that influence the pathogenesis of acute OP intoxication

Chapter 4 sought to address the lack of diverse models of acute OP intoxication that are
available for therapeutic testing and to determine whether sex and/or age influences chronic
outcomes following acute OP intoxication. The juvenile DFP model described in Chapter 4
revealed sex-specific effects immediately following DFP injection, with DFP females displaying
significantly lower seizure behavior scores than DFP males, although EEG recordings confirmed
the presence of seizure activity in females. Both sexes experienced robust neurodegeneration in
all brain regions examined (amygdala, hippocampus, piriform cortex, somatosensory cortex, and
thalamus), but males had greater raw numbers of degenerating neurons than females. Likewise,
males experienced an earlier onset of reactive astrogliosis (1 d post-DFP) compared to females (7
d post-DFP), and had persistent astrogliosis in a greater number of brain regions. As both OPs
and seizures have been associated with altered neurogenesis (reviewed in Jessberger and Parent
2015, Rossetti, Stoker et al. 2020), markers of hippocampal neurogenesis were also evaluated at
1 month post-intoxication. DFP males showed increased cellular proliferation and numbers of
immature neurons while DFP females did not. Each of the aforementioned outcomes provides
evidence that sex is a biological variable influencing both the seizurogenic and long-term

pathologic response to acute OP intoxication of the juvenile brain.

In contrast, there were no sex differences in microglial activation. Both sexes showed
microglial activation at 7 and 28 d post-DFP, and the persistence of microglial activation in both

sexes suggests that it may explain, at least in part, the observation that both DFP males and
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females showed significant learning and memory deficits at 1 month post-DFP. Both DFP males
and DFP females experienced peak microgliosis at 7 d in several major brain regions, including
the hippocampus and piriform cortex. Given the important role of microglia in juvenile cognitive
refinement (Hong, Dissing-Olesen et al. 2016, Salter and Stevens 2017), this observed damage is
likely a contributing factor to the learning and memory deficits observed in each sex. This
hypothesis is supported by preclinical and clinical studies linking persistent microglial activation
and cytokine expression to cognitive decline during aging (reviewed in Simen, Bordner et al.
2011). A perhaps surprising finding was that DFP females show clear cognitive deficits relative
to their VEH counterparts at 1 month post-DFP but do not show corresponding changes in
hippocampal neurogenesis. If seizure activity in males is confirmed to be more severe than
females as our data have suggested, it may suggest that DFP-induced neurogenesis changes are
primarily a function of seizure severity, as it has been well-established that seizures can promote
increased neuronal growth within the hippocampus (Varodayan, Zhu et al. 2009, Wu, Hu et al.

2019, Velazco-Cercas, Beltran-Parrazal et al. 2020).

The data presented in Chapter 4 also provides evidence that age is an important biological
variable to consider following acute OP intoxication. The seizure response of juveniles to DFP is
less severe than that reported in adults (Guignet, Dhakal et al. 2019), which may have important
implications for the use of antiseizure medications, many of which have adverse side effects
(Uzun, Kozumplik et al. 2010, Choi, Kim et al. 2020). This suggests that caution should be used
in younger animals, and that the use of lower doses than adults may be more appropriate.
Juveniles may also be uniquely susceptible to adverse cognitive outcomes following acute OP
intoxication, as both sexes were shown to develop significant learning and memory deficits

despite having lower seizure behavior scores than previously published adult models (Gage,
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Golden et al. 2020, Guignet, Dhakal et al. 2020). However, a direct comparison of juvenile and
adult animals is needed to determine whether developing animals are indeed more susceptible to
cognitive deficits. Another important distinction is that juveniles show almost no
neuroinflammation at 1 d post-DFP, which is in contrast to the pronounced inflammation,
evidenced as robust microgliosis and astrogliosis, that has been reported in adult rats at 1 d after
acute DFP intoxication (Li, Lein et al. 2015, Flannery, Bruun et al. 2016). The causal
relationship between neuroinflammation and neurodegeneration following acute OP intoxication
has been a subject of debate in recent years (Guignet and Lein 2018). The earlier onset of
neuronal degeneration compared to microglial activation and reactive astrogliosis suggest that
neurodegeneration may be a trigger of neuroinflammation in the juvenile brain. Optimal
therapeutic strategies following acute OP intoxication may differ between young and adult
individuals, particularly in the case of neuroinflammation. If microglia are indeed playing a
significant role in cognitive deficits, a more detailed temporal pattern of activation within the
hours and immediate days following intoxication will likely inform therapeutic windows of
administration that will be most effective. Should the juvenile pattern of microglial activation be
significantly delayed compared to adults, later administration of anti-inflammatory therapies may

be more beneficial for younger populations.

Insights regarding novel targets for neuroprotection

Several therapeutic targets are currently being researched for efficacy against OP chemical
threats (Figure 5-2). Our findings suggest that neuroinflammatory responses, particularly those
mediated by microglia, represent promising therapeutic targets for mitigating long-term
neurological consequences of acute OP intoxication. In the comparative study of diazepam vs.

midazolam (Chapter 2), microglial activation was found to be more severe and resistant to

218



treatment than the astrocytic response, which was significantly mitigated by each
benzodiazepine. This observation that microglial activation is relatively unaffected by antiseizure
therapy may suggest a relationship with cognitive function, as this endpoint has also been
reported to persist despite standard of care treatment in both humans (Chen 2012, Figueiredo,
Apland et al. 2018) and animal models (de Araujo Furtado, Rossetti et al. 2012, Guignet and
Lein 2018). Persistent microglial activation has also been linked to cognitive decline in non-
pathological aging models (Simen, Bordner et al. 2011). A similar parallel between microglial
activation and cognitive deficits was observed in the juvenile DFP model (Chapter 4). DFP
females did not experience prolonged seizures, and by 1 month post-DFP, they showed little to
no alterations in reactive astrogliosis or hippocampal neurogenesis. However, DFP females did
exhibit persistent microglial activation that preceded and coincided with cognitive deficits. While
it is possible that early pathological changes may have triggered cognitive dysfunction later in
life, the persistence of microglial activation and temporal relationship to cognitive outcomes

increases the likelihood that the two are related.

This interpretation is supported by, and expands on, prior literature that has demonstrated
reduced microglial activation, reduced cytokine mRNA expression, and increased neuronal
survival following anti-inflammatory administration in OP-induced seizure models (Finkelstein,
Kunis et al. 2012, Li, Lein et al. 2015). However, none of these studies evaluated therapeutic
efficacy at late time points (>1 month post-intoxication) or neuroprotection against long-term
cognitive deficits. Only recently has it been reported that administration of an anti-inflammatory
EP2 antagonist, TG6-10-1, provided neuroprotection against DFP-induced memory deficits in
the novel object recognition task (Rojas, Ganesh et al. 2020). However, only a single task of

learning and memory was evaluated, and the precise mechanisms driving the cognitive deficits
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remain unknown. Nonetheless, our findings have contributed important long-term data to a
growing body of literature suggesting a possible relationship between neuroinflammation and
cognitive impairment following acute OP intoxication (Guignet and Lein 2018). Our findings
also provide evidence that microglia may be more critical drivers of chronic OP-induced

neurological damage than other cell types.

Micro-CT data revealed persistent mineral deposits, likely comprised largely of calcium
(\Valdes Hernandez Mdel, Maconick et al. 2012), in the thalamus of both high and low seizing
animals (Chapter 3), and data from Chapter 2 indicated that these mineral deposits were resistant
to benzodiazepine treatment. While the functional consequences of such deposits are largely
unknown, calcium dysregulation is associated with altered connectivity in the brain and impaired
cognition (Kirkland, Sarlo et al. 2018, Lerdkrai, Asavapanumas et al. 2018, Muller, Ahumada-
Castro et al. 2018). As calcium is known to be dysregulated following OP intoxication
(Deshpande, Blair et al. 2016), it may be the case that stabilizing calcium signaling confers
neuroprotection in acute OP models. Pharmacological inhibition of excess calcium release using
dantrolene, a ryanodine receptor antagonist, protected against paraoxon-induced neuronal
degeneration at 2 d post-intoxication (Deshpande, Blair et al. 2016). A rat model of repeated,
low-dose DFP exposure revealed that treatment with levetiracetam, which blocks intracellular
calcium release through RyR and IP3R receptors, reversed excess intracellular calcium release
and hippocampal neuronal damage at 6 months post-exposure (Phillips and Deshpande 2018),
suggesting therapeutic potential for calcium stabilizing compounds. However, further research is
needed to determine whether compounds of this nature protect against cognitive deficits

following acute OP intoxication.
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Future Directions and Concluding Remarks

Outstanding research questions

The presented data strongly suggest that there is a dynamic response to acute OP intoxication
that differs in severity over the weeks to months post-intoxication. This has important treatment
implications, highlighting the distinction between early treatment during SE and long-term
treatment that may offer improved neuroprotection once the pathologies underlying chronic
neurological damage have been triggered. The data across each chapter support the need to
broaden the therapeutic windows following acute OP intoxication and consider ongoing

therapies in patients.

In addition to contributing novel data to the field, the data presented in this dissertation have
raised important questions. Follow-up studies on chapter 2 would be beneficial to identify
whether early antiseizure treatment has any impact on long-term cognitive function. The seizure-
resistant model in chapter 3 can be further studied to better understand whether differences in
neurotransmission-related endpoints, such as ACh release, glutamate neurotransmission, or
calcium buffering, explain the divergent seizure responses. The precise mechanisms underlying
the sex-specific seizurogenic and neuropathologic responses to acute OP intoxication observed in
chapter 4 remain unknown. The question of whether these mechanisms change throughout
neurodevelopment also requires further research. Additionally, it is unknown whether males and
females, or juveniles and adults, differ in their response to treatment for acute OP intoxication.
Elucidation of the mechanisms underlying these differences will likely aid in developing

appropriate therapeutic strategies for different subpopulations.
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A better understanding of the role of microglial-mediated neuroinflammation in the
pathogenesis of long-term cognitive outcomes is warranted. Follow-up studies further detailing
the inflammatory profile of microglia following acute OP intoxication will likely reveal novel
therapeutic targets. Relevant endpoints to investigate include the temporal patterns of microglial
polarization, cytokine release profiles, or changes in receptor/ion channel expression following
injury. The identification of increased hippocampal neurogenesis following acute DFP
intoxication of juvenile males raises questions as to the functional consequences of such changes.
Given the suggested relationship between seizure severity and aberrant neurogenesis in
chemical-induced seizure models (Hung, Yang et al. 2012, Wu, Hu et al. 2019, Velazco-Cercas,
Beltran-Parrazal et al. 2020), it would also be beneficial to understand whether adults experience

the same neurogenic changes following acute OP intoxication.
Concluding Remarks

The data presented in this dissertation suggest that antiseizure therapy alone is largely
insufficient to protect against chronic OP-induced neuropathology, and that inflammation
mediated by microglia represents a promising therapeutic target. Given the urgent need for
improved therapies, these results will aid in the prioritization of therapeutic candidates for further
studies. These data have also identified the important role of both sex and age as biological
variables that influence OP-induced neuropathology, particularly at late time points post-
intoxication. The development of a juvenile DFP model using both males and females will allow
for more comprehensive therapeutic testing and better representation of the diverse human

populations affected by chemical threats.
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Figures and Figure Legends

Figure 5-1
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Figure 5-1. Schematic outlining the general pathway leading from acute organophosphate
intoxication to long-term neurological damage, including learning & memory deficits, structural

brain damage, and seizure disorders.
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Figure 5-2.
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Figure 5-2. Diagram summarizing four major therapeutic classes (antiseizure, anti-
inflammatories, antioxidants, and calcium stabilizers) currently being researched to combat

chemical threat agents.
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