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ABSTRACT

Organophosphates (OP) such as the pesticide diisopropylfluor-
ophosphate (DFP) and the nerve agent sarin are lethal chemicals
that induce seizures, status epilepticus (SE), and brain damage.
Midazolam, a benzodiazepine modulator of synaptic GABA-A
receptors, is currently considered as a new anticonvulsant for
nerve agents. Here, we characterized the time course of pro-
tective efficacy of midazolam (0.2-5 mg/kg, i.m.) in rats exposed
to DFP, a chemical threat agent and surrogate for nerve agents.
Behavioral and electroencephalogram (EEG) seizures were
monitored for 24 hours after DFP exposure. The extent of brain
injury was determined 3 days after DFP exposure by unbiased
stereologic analyses of valid markers of neurodegeneration and
neuroinflammation. Seizures were elicited within ~8 minutes
after DFP exposure that progressively developed into persistent
SE lasting for hours. DFP exposure resulted in massive neuronal

injury or necrosis, neurodegeneration of principal cells and
interneurons, and neuroinflammation as evident by exten-
sive activation of microglia and astrocytes in the hippocam-
pus, amygdala, and other brain regions. Midazolam controlled
seizures, neurodegeneration, and neuroinflammation when given
early (10 minutes) after DFP exposure, but it was less effective when
given at 40 minutes or later. Delayed therapy (=40 minutes), a
simulation of the practical therapeutic window for first responders or
hospital admission, was associated with reduced seizure protection
and neuroprotection. These results strongly reaffirm that the DFP-
induced seizures and brain damage are progressively resistant to
delayed treatment with midazolam, confirming the benzodiazepine
refractory SE after OP intoxication. Thus, novel anticonvulsants
superior to midazolam or adjunct therapies that enhance its efficacy
are needed for effective treatment of refractory SE.

Introduction

Nerve agents and organophosphate (OP) pesticides are
chemical threat agents. Nerve agents are chemical warfare
agents that have long attracted the attention of terrorists for
attacking a civilian population (Pereira et al., 2014; Reddy and
Colman, 2017). Military nerve agents (sarin, soman, tabun,
cyclosarin, and VX) directly target the nervous system and
rapidly impair neural signaling within minutes of exposure.
Sarin is one of the most widely used nerve agents, as evident
from recent attacks in Syria and Japan (Yanagisawa et al.,
2006; Dolgin, 2013; Rosman et al., 2014). OP pesticides—
diisopropylfluorophosphate (DFP), parathion, and paraoxon—
are considered credible threat agents (Bouzarth and Himwich,
1952; Baille-Le Crom et al., 1995; Kadriu et al., 2009;
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Wright et al., 2010; Liu et al., 2012; Ferchmin et al., 2014;
Li et al., 2015; Flannery et al.,, 2016). DFP is a potential
terrorist threat agent (see Sis6 et al. (2017)). In addition,
thousands of OP pesticide poisonings occur annually due to
suicides or accidents worldwide (Savage et al., 1988; Gunnell
and Eddleston, 2003; Jokanovié¢ and Kosanovié, 2010; Krause
et al., 2013). DFP is commonly used as a surrogate for nerve
agents to test the efficacy of medical countermeasures in the
National Institutes of Health (NIH) CounterACT program in
civilian laboratories (Deshpande et al., 2010; Jett and Yeung,
2010; Reddy and Kuruba, 2013; Pessah et al., 2016; Pouliot
et al., 2016; Sisé6 et al., 2017; Liang et al., 2018; Rojas et al.,
2018; Scholl et al., 2018).

Nerve agents and OP pesticides are lethal and produce
neurotoxicity via common mechanisms (Bajgar, 2004). They
primarily cause neurotoxicity due to their irreversible in-
hibition of acetylcholinesterase, leading to an excessive accu-
mulation of acetylcholine in the synaptic cleft in peripheral
and central nervous systems. OPs also bind to inhibitory
muscarinic receptors (autoreceptors), which regulate the re-
lease of acetylcholine into the synaptic cleft (Bakry et al., 1988;

ABBREVIATIONS: AMN, atropine methylnitrate; BBB, blood-brain barrier; CA, cornu ammonis; DFP, diisopropylfluorophosphate; DG, dentate
gyrus; DH, dentate hilus; EEG, electroencephalogram; FJB, fluoro-jade B; GB, [sarin] (RS)-propan-2-yl methylphosphonofluoridate; GD, [soman]
3,3-dimethylbutan-2-yl methylphosphonofluoridate; GFAP, glial fibrillary acidic protein; IBA1, ionized calcium binding adaptor molecule-1; MDZ,
midazolam; NeuN, neuronal nuclei; NIH, National Institutes of Health; OP, organophosphate; 2-PAM, pralidoxime; PBS, phosphate-buffered saline;

PV, parvalbumin; SE, status epilepticus.

302

¥20z ‘0T 1udy uo sfeulnor 134SY e Buo'seuuno fiedseed | wouy papeojumoq


https://doi.org/10.1124/jpet.117.247106
http://orcid.org/0000-0003-2735-9550
https://doi.org/10.1124/jpet.117.247106
http://jpet.aspetjournals.org/

Pittel et al., 2006, 2018). Acute exposure to OPs results in
cholinergic hyperactivation and causes a set of predictable and
well-documented toxic signs: hypersecretion, miosis, headache,
fasciculations, tremors, convulsions, respiratory distress, and
death (Bakry et al., 1988; Bajgar, 1997, McDonough and Shih,
1997; Shih et al., 1991, 2003; H4jek et al., 2004; Bajgar et al.,
2008; Sirin et al., 2012; Abou-Donia et al., 2016; Reddy and
Colman, 2017; Pittel et al., 2018).

Central nervous system manifestations after OP exposure
include convulsive seizures and status epilepticus (SE), which
can last 30 minutes or longer causing profound brain damage
that results in neuronal damage or death (Chen, 2012; Hobson
et al., 2018; Scholl et al., 2018). Brain damage is thought to
occur not only by seizure-related excitotoxicity (Shih et al.,
2003; Prager et al., 2013) but also via mechanisms inde-
pendent of seizures such as activation of glia and cellular
inflammation (Yokoyama, 2007; Banks and Lein, 2012;
Pereira et al., 2014). The effects of OP intoxication are long
lasting, and survivors suffer chronic brain damage including
the risk of neurologic and cognitive deficits (Shih et al., 2003;
Yokoyama, 2007; Liu et al., 2012; Prager et al., 2013; Li et al.,
2015; Rojas et al., 2015; Flannery et al., 2016; Sisé et al., 2017).

The current standard of care for OP intoxication includes:
1) atropine, a muscarinic receptor antagonist, 2) pralidoxime
(2-PAM), an acetylcholinesterase reactivator, and 3) diazepam,
a benzodiazepine anticonvulsant (McDonough and Shih,
1997; Bajgar, 2004; Eddleston et al., 2008; Shih et al., 2009;
McDonough et al., 2010; Reddy, 2014, 2016). Benzodiazepines
are the first-line anticonvulsants for nerve agent seizures, but
they have important limitations. Diazepam must be given
within 30 minutes, after which there is reduced protection
against seizures, and progressive neuronal damage occurs
(Hayward et al., 1990; Lallement et al., 1997; McDonough and
Shih, 1997; Shih et al., 1999; Capacio et al., 2001; Goodkin
et al., 2003; Skovira et al., 2010; Apland et al., 2014; Rogin
et al., 2014; Reddy, 2016). This time line is often not practical
in scenarios such as after a chemical attack. Moreover,
diazepam autoinjector formulation has suboptimal pharma-
cokinetics, and repeated doses of diazepam are needed to
control recurrent seizures, resulting in sedation, respiratory
depression, and tolerance in victims (Hassel, 2006; Goodkin
and Kapur, 2009; McDonough et al., 2010; Rogin et al., 2014).
After OP exposure, it is critical to control seizures at an early
stage for neuroprotection, survival, and preventing brain
dysfunction (Shih et al., 2003).
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Midazolam (MDZ) has been proposed as a replacement
anticonvulsant to diazepam for OP intoxication (Gilbert et al.,
1999; Reddy and Reddy, 2015; Glauser et al., 2016; Smith and
Brown, 2017). MDZ is an effective anticonvulsant in experimen-
tal paradigms (McDonough et al., 1999, 2009; Shih et al., 1999;
Koplovitz et al., 2001; Capacio et al., 2004; RamaRao et al.,
2014). The RAMPART (Rapid Anticonvulsant Medication Prior
to Arrival Trial, a NIH-sponsored clinical trial) study showed
that MDZ can control SE in outpatient settings (Silbergleit et al.,
2011, 2012). However, there are many reports with evidence of
seizure recurrence or resistance after an initial protection by
MDZ and especially with delayed postexposure treatment after
OP intoxication (McDonough and Shih, 1997; McDonough et al.,
1999; Kwong, 2002; Leikin et al., 2002; Chapman et al., 2015;
Reddy and Reddy, 2015).

In this study, we characterized the time course of protective
efficacy of MDZ in the DFP model of OP intoxication—induced
SE and brain injury in rats. Our results indicate that
DFP-induced SE and brain injury are progressively resistant
to delayed postexposure (40 minutes or later) MDZ therapy,
confirming the benzodiazepine refractory SE after OP
intoxication.

Material and Methods

Animals. Adult male Sprague-Dawley rats (250-300 g) (Taconic
Farms, Rockville, MD) were used in the study. The rats were
maintained in animal facility under a 12-hour light/dark cycle with
ad libitum access to food and water. All procedures were completed
under a protocol approved by the university’s institutional animal care
and use committee in compliance with the guidelines of NITH Guide for
the Care and Use of Laboratory Animals.

Experimental Approach. The study was designed to evaluate
the efficacy of MDZ as an anticonvulsant antidote for OP intoxica-
tion. The overall experimental protocol is illustrated in Fig. 1. We
rigorously tested the efficacy of MDZ in a well-characterized model of
acute OP intoxication, the DFP rat model (oral LD5o = 5 mg/kg). The
actual study design was intended to evaluate both the time course and
dose—response relationships of MDZ to efficacy.

Rats were randomly assigned to groups using the randomization
sequence generation. Table 1 summarizes the experimental design
and group size. The sample size (N) needed for each experiment was
calculated using the power analysis for obtaining statistically
significant (o« = 0.05) outcomes based on Lamorte’s power calcula-
tions, on the magnitude of effect observed and its variability in our
preliminary studies, and on published reports (Briyal and Reddy, 2008;
Apland et al., 2010; Figueiredo et al., 2011; Kuruba and Reddy, 2011).

Acute

Histology

sant efficacy of midazolam in the DFP model of organo-
phosphate intoxication. Timeline “0” is the time of chemical

Fig. 1. Experimental paradigm for evaluating anticonvul-
I exposure. Rats were pretreated with pyridostigmine bro-

exposure

-30 01 10 40 60 120

N
i

mide (PB, 0.026 mg/kg, i.m.) 30 minutes before DFP
exposure. Rats were given a standard antidote regimen

72

min

minutes hours

PB
(0.026 mg/kg, im)

AMN (2 mg/kg, im)
+

2-PAM (25 mg/kg, im)

AMN and 2-PAM after DFP (3.2 mg/kg, s.c.). Midazolam
(2 mg/kg, i.m.) was given at 10, 40, 60, or 120 minutes after
DFP exposure. Rats were monitored for behavioral and
EEG seizures for 24 hours and then perfused at 72 hours for
brain histology (see Material and Methods for details).

¥20z ‘0T 1udy uo sfeulnor 134SY e Buo'seuuno fiedseed | wouy papeojumoq


http://jpet.aspetjournals.org/

304 Wu et al.

TABLE 1

Time-course profile of midazolam (2 mg/kg, i.m.) in the DFP model in rats

Number (%) Rats Showing Response

Response Vehicle Time Point for Midazolam Administration after DFP
10 min (n = 8) 10 min (n = 8) 40 min (n = 15) 60 min (n = 15) 120 min (n = 14)
SE termination 0 (0%) 8 (100%) 3 (21%) 1 (7%) 0 (0%)
Latency for SE termination NT ~10 min NT NT NT
24-Hour mortality (%) 5/10 (50%) 0/8 (0%)" 3/15 (20%)* 5/15 (33%) 5/14 (36%)

DFP, diisopropylfluorophosphate; NT, not terminated within 2-hour period; SE, status epilepticus.

“ P < 0.05 versus vehicle control (Wilcoxon test).

The power and sample size were computed based on the proposed
statistical tests including one-way and two-way repeated measures
analysis of variance for neuropathologic results.

A sample size of 8 (N = 8) was found to be adequate for the time-
course study of MDZ in the DFP seizure model (Table 1). A sample
size of four or more was found to be sufficient for stereologic
analysis of neuroprotection outcomes. Test drugs were evaluated
in a dose-dependent and time-course fashion (see Table 1). For
efficacy determination, MDZ was given by an intramuscular (i.m.)
injection 10 minutes (early therapy), 40 minutes (critical period, i.e.,
a simulation of practical therapeutic window for first responders
and emergency care), and 1 or 2 hours after OP exposure (late
therapy) because previous studies showed refractoriness to di-
azepam at these time points (Goodkin et al., 2003; McDonough
et al., 2010; Apland et al., 2014). Behavioral and electroencephalo-
gram (EEG) seizures were recorded continuously for 24 hours.
Acute histologic outcome was assessed at 72 hours after DFP
exposure. Appropriate controls were used, including: 1) vehicle-
treated rats as controls for the test drug, and 2) electrode-implanted
rats as an additional control group.

Experimental Outcomes and Analysis. We analyzed three
outcomes of MDZ treatment effectiveness: 1) anticonvulsant efficacy,
2) neuroprotectant efficacy, and 3) prevention of neuroinflammation.
The anticonvulsant efficacy of MDZ in terminating DFP-induced SE
and seizure activity was assessed using four parameters: 1) severity of
behavioral seizures, 2) frequency of electrographic spikes, 3) cumula-
tive duration of seizure activity, and 4) latency to termination of
seizure activity. EEG data were analyzed by Mini-analysis and Origin
software. SE was considered terminated when the EEG returned to
normal baseline or showed irregular spikes of <1 spike/s. Behavioral
seizures were considered terminated when stage <2 and there was
normal behavior or inactivity.

The neuroprotectant efficacy was assessed by an immunohisto-
chemical staining and quantitative analysis of brain sections using
three specific markers: 1) neuronal injury (fluoro-jade B; FJB), 2)
principal neuronal loss (neuronal nuclei; NeuN), and 3) interneuron
loss (parvalbumin; PV) in key brain regions including the hippocam-
pus, amygdala, thalamus, entorhinal cortex, somatosensory cortex,
and piriform cortex. The antineuroinflammation efficacy was assessed
by immunohistochemically using two specific markers: 1) astrocyte
activation/injury (glial fibrillary acidic protein; GFAP), and 2) micro-
glia activation/injury (ionized calcium binding adaptor molecule-1;
IBA1) in the hippocampus subfields and other key regions.

EEG Electrode Implantation. Rats were anesthetized with an
intraperitoneal (i.p.) injection of a mixture of ketamine (100 mg/kg)
and xylazine (10 mg/kg). Rats were fixed in the stereotaxic system
(David Kopf Instruments, Tujunga, CA). Stainless steel EEG re-
cording electrodes (PlasticsOne, Roanoke, VA) were implanted on the
surface of the brain over the right frontoparietal cortex and over the
left cerebellum as a reference electrode. An intracranial depth
electrode was placed into the right dentate gyrus as per the following
coordinates with reference to the bregma: —4 mm anteroposterior,
2.3 mm mediolateral, and 3.5 mm dorsoventral. Rats were allowed to
acclimate for 1 to 2 weeks to recover from the surgery.

DFP Model of OP Intoxication. DFP was purchased from
Sigma-Aldrich (St. Louis, MO) and stored at 4°C. Dilutions were
made freshly with ice-cold phosphate-buffered saline (PBS). We
adapted a DFP protocol that was well established within the NIH
CounterACT program (Deshpande et al., 2010; Reddy and Kuruba,
2013; Pouliot et al., 2016; Heiss et al., 2016). DFP (3.2 mg/kg,
subcutaneously (s.c.)) was administered to induce persistent seizures
and SE in rats. Animals were pretreated with pyridostigmine bromide
(0.026 mg/kg, i.m.) 30 minutes before DFP injection. One minute after
DFP injection, rats were given pralidoxime chloride (2-PAM, 25 mg/kg,
i.m.) and atropine methylnitrate (AMN, 2 mg/kg, i.m.) to increase the
survival rates without affecting the severity of seizures because AMN
and 2-PAM did not significantly cross the blood—brain barrier (BBB)
(Kenley et al., 1982; Boccia et al., 2003; Sakurada et al., 2003; Shih
et al., 2010). This regimen is consistent with protocols published by
the U.S. Army Medical Research Institute of Chemical Defense
(McDonough and Shih, 1997; McDonough et al., 1999, 2000; Hobson
et al., 2017; Scholl et al., 2018).

The DFP dose was selected based on the LDsq in rats and prelim-
inary experiments conducted in accordance with previous publications
(Deshpande et al., 2010; Kadriu et al., 2011; Li et al., 2011; Sisé et al.,
2017). Moreover, this dosage induced consistent seizure activity and
SE in adult rats, a key criterion of an animal model for testing
anticonvulsants for OP intoxication. DFP is very similar in structure
to the nerve agents soman and sarin, so it is widely accepted as a
surrogate for nerve agents.

AMN and 2-PAM have poor BBB penetration. AMN is a bulky
charged molecule with inferior ability to penetrate the brain (Boccia
et al.,, 2003). 2-PAM is a charged pyridinium compound with a
quaternary ammonium ion, so it cannot effectively cross the BBB
(Kenley et al., 1982; Sakurada et al., 2003; Shih et al., 2010). They both
act in the peripheral nervous system and are lifesaving antidotes for
maintaining respiration and other vital functions.

Video EEG and Behavior Recording. Behavior and EEG
activity was monitored continuously for 24 hours after DFP to assess
the progression of seizure activity and SE after DFP. A 1-hour baseline
EEG recording was conducted before each experiment by using a
digital EEG system (Grass-Astromed, Warwick, RI). Rats were awake
and freely moving in cages fitted with swivels. DFP-induced EEG
seizure activity was observed with the appearance of high amplitude
(at least twice the amplitude of the baseline wave) and repetitive
discharges (>0.5 Hz). The severity of behavioral seizures were rated
according to the Racine scale (Racine, 1972): stage 0, normal behav-
ioral activity; stage 1, chewing and facial twitches; stage 2, head
nodding or shaking; stage 3, unilateral forelimb clonus without
rearing, straub tail, and extended body posture; stage 4, bilateral
forelimb clonus plus rearing; and stage 5, wild jumping and tonic-
clonic activity.

Midazolam Treatment. The experimental design for drug ad-
ministration and outcome measurements is summarized in Fig. 1.
MDZ was tested in a time-course and dose-response design. In the
time-course study, animals were randomized into six groups (n = 6-15
per group): control (no DFP), DFP, DFP + MDZ (10 minutes), DFP +
MDZ (40 minutes), DFP + MDZ (60 minutes), and DFP + MDZ
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(120 minutes). This design used 2 mg/kg MDZ, which is considered a
human equivalent dose for MDZ as an anticonvulsant for SE (Lee
et al., 2011; Fernandez et al., 2014; Glauser et al., 2016; Smith and
Brown, 2017).

In the dose-response study, animals were randomized into seven
groups (n = 6-15 per group): control (no DFP), DFP, and DFP + MDZ
(0.2, 1, 2, 3 or 5 mg/kg, 40 minutes after DFP). The control group
received a vehicle injection in a volume equivalent to the drug-exposure
groups.

Brain Fixation and Histology Processing. Rats were hu-
manely euthanized or perfused at 72 hours after DFP exposure. In
brain perfusion experiments, rats were anesthetized with ketamine
(100 mg/kg) and xylazine (10 mg/kg) and perfused with heparinized
saline (10 units heparin/ml saline) followed by 4% paraformaldehyde
solution in PBS (pH 7.4). For the best perfusion, the rat body was
fixed with its head down (45° angle) and perfused transcardially with
a pump speed of 35 rpm/min. First, it was perfused with 150 ml of
saline mixed with 1 ml of heparin. Then, heparinized saline solution
was replaced with 4% paraformaldehyde (300 ml), and the perfusion
was continued. The brains were excised and postfixed in 4% para-
formaldehyde overnight at 4°C and then stored in PBS for another
24 hours.

They were processed for cryoprotection serially with 10% sucrose
(48 hours), 20% sucrose (48 hours), and 30% sucrose (48 hours). Then
brain samples were stored in 30% sucrose in 0.1 M phosphate buffer
(pH 7.4) for 72 hours, rapidly frozen in precooled isopentane (—70°C),
and stored at —80°C until sectioning.

Serial coronal (30 um) sections were cut through the forebrain
containing the hippocampus and amygdala relative to the
bregma —0.24 mm to —7.44 mm (Paxinos and Watson, 2007). The
sections were collected serially in a 24-well plate with cold PBS. Every
20th section (600 wm intervals) through the entire hippocampus was
then selected from each rat (total 10 sections per animal; n = 4-11rats
per group) and processed for immunohistochemistry (Golub et al.,
2015). All sections were stored free-floating in section storage solution
at —20°C before further processing.

Immunostaining of Fluoro-Jade B (FJB+) Injured Neurons.
To evaluate the effect of MDZ on DFP-induced neuronal injury or the
number of dying neurons, brain sections were processed for FJB(+)
immunostaining as described previously elsewhere (Schmued et al.,
1997; Rao et al., 2006). Briefly, after an overnight air-dry at 22°C,
slides with brain sections were treated sequentially with the following
solutions: 100% ethyl alcohol (3 minutes), 70% ethyl alcohol (1 minute),
distilled water (1 minute), 0.06% potassium permanganate (10 minutes),
distilled water (1 minute), and 0.004% FJB (Histo-Chem, Jefferson,
AR) in 0.1% acetic acid (30 minutes) in the dark with slow shaking.
Then, the brain sections were rinsed with distilled water twice, air
dried for 4 hours in the dark, dehydrated in an ascending alcohol
concentration, cleared in xylene, and cover slipped with distyrene
plasticizer xylene.

FJB(+) counting of neurons in the hippocampus subfields was
conducted by unbiased stereology (Golub et al., 2015). Evaluation of
FJB(+) neurons in extrahippocampal regions, including the thala-
mus, hypothalamus, amygdala, piriform cortex, somatosensory cortex,
and entorhinal cortex, followed the neuropathology score rating
system (Myhrer et al., 2005; Apland et al., 2010). Briefly, the tracings
from the Nissl-stained sections were superimposed on the FJB-stained
sections. Scores were based on the severity of FJB(+) staining of
neurons and loss of neurons in other stainings: 0 = no neuropathology
(0% staining); 1 = minimal neuropathology (1%—10% staining); 2 = mild
neuropathology (11%—25% staining); 3 = moderate neuropathology
(26%—45% staining); and 4 = severe neuropathology (>45% staining).
Such assessment has been previously shown to produce results that
are in agreement with quantitative stereology assessments (Qashu
et al., 2010).

Immunohistochemistry of Principal Neurons, Interneurons,
and Cellular Neuroinflammation. The extent of neurodegenera-
tion and neuroinflammation in the brain sections was analyzed as per
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the methodology and protocols published elsewhere (Rao et al., 2006;
Kuruba et al., 2011; Golub et al., 2015). Brain sections through the
hippocampus were randomly selected in each group for various key
markers of neuronal loss, neurodegeneration, and neuroinflamma-
tion. Principal neurons and cells were identified and analyzed by
NeuN(+) immunostaining of brain sections (Mullen et al., 1992).
GABAergic interneurons were identified and analyzed by PV(+)
immunostaining. The extent of cellular neuroinflammation in the
brain was assessed by immunostaining of brain sections for GFAP(+),
a validated marker of astrocytosis, and IBA1(+), a commonly used
marker for microglia.

After preparation, slides were incubated overnight at room
temperature in mouse anti-NeuN antibody (1:1000 in PBS; Chem-
icon, Temecula, CA), mouse anti-PV antibody (1:2000 in PBS; Sigma-
Aldrich), rabbit anti-GFAP antibody (1:1000 in PBS; Dako North
America, Carpinteria, CA), or rabbit anti-IBA1 polyclonal antibodies
(1:2000 in PBS; Wako Chemicals, Richmond, VA). Biotinylated second-
ary anti-mouse IgG solution (1:200; Vector Laboratories, Burlingame,
CA) was used with the avidin-biotin complex reagent (Vector Labora-
tories) for detection (Hattiangady et al., 2011; Kuruba et al., 2011).
Diaminobenzidine was used as a chromogen for peroxidase reaction
(Vector Laboratories).

The brain sections were mounted on slides, dehydrated in alcohol,
cleared in xylene, and coverslipped with DPX Mountant (Sigma-
Aldrich). The extent of neurodegeneration was quantitated in differ-
ent regions such as cornu ammonis (CA1l, CA2, and CA3), dentate
gyrus (DG), and dentate hilus (DH) of the hippocampus 3 days after
SE. Quantification of cell numbers was performed on one randomly
selected side of the brain slices due to the overall neurodegeneration
mostly appearing symmetrical in the brain (Rao et al., 2006; Kuruba
et al., 2011; Golub et al., 2015). The absolute number of immuno-
positive neurons (NeuN, PV, or FJB) in different subfields of the
hippocampus in multiple groups were counted by unbiased stereology
via optical fractionator probe in the Visiopharm’s stereology system
(Golub et al., 2015).

Neurostereology Protocol. The total number of neurons, rela-
tive percent neuroprotection, cell density, and tissue volume in the
previously mentioned stained sections were quantified by a validated
stereology protocol published elsewhere (Golub et al., 2015). The
stereology system consists of newCAST software (version VIS 4.0;
Visiopharm, Hgrsholm, Denmark) and Olympus BX53 microscope
(Olympus, Tokyo, Japan) mounted with a color camera (DP73, Model:
DP73-1-51; Olympus) and CCD camera (ORCA-R2; Hamamatsu,
Hamamatsu City, Japan). A detailed protocol for design-based stereo-
logic quantification and analysis of neuronal injury and neurodegen-
eration, including the number of brain sections and number of fields
per brain section used for calculating the aggregate cell counts, is
described in an article by Golub et al. (2015).

Subjective bias was minimized by blinded analysis of the histology
sections and blinded compilation of the stereology data by the
counters. The number of surviving neurons were quantified at 5% of
total region area for NeuN(+), PV(+), and FJB(+) cells at magnifica-
tion 60x in the CAl, CA3, and DG subfields. The total area was
increased to 10% for NeuN(+), PV(+), and FJB(+) counts in the CA2
and DH subfields. The total area selection was based on the relative
density cells in different brain regions to ensure optimal sampling for
stereologic analysis of cell counts. The volume estimation of specific
subfields was made with at least 200 points at 10x objective lens
(Boyce et al., 2010; Dorph-Petersen and Lewis, 2011; Golub et al.,
2015).

Area Fractionation Densitometry. For quantification of neuro-
inflammation, the extent of activation of GFAP(+) astrocytes and
IBA1(+) microglial responses was assessed by area fraction densi-
tometry using NIH ImagedJ software (Shetty et al., 2004). For each
subfield, one image for each slice (at least five images for each rat) was
taken in the same anatomic position at the coordinates relative to bregma
(e.g., —3.00, —3.60, —4.20, —4.80, and —5.40 mm at anteroposterior axis),
under 20x objective lens.
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For measurements of area fraction of GFAP(+) or IBA1(+) cells in
Imaged, each image was converted to 16-bit grayscale. A threshold
value was selected to keep all the GFAP(+) or IBA1(+) expression in
brain sections, but not the background area (Shetty et al., 2004). The
area occupied by the cell structures was then evaluated by selecting
the “Analyze Particles” component in the ImagedJ using identical
particle parameters. This procedure estimated the area fraction of
particles to the total area of the cells examined.

Test Drugs. Sterile MDZ injection (5 mg/ml) was purchased from
Akorn (Lake Forest, IL). DFP, atropine, and 2-PAM were purchased
from Sigma-Aldrich. Ketamine, xylazine, heparin, and dextrose ster-
ile injection solutions were procured from Patterson Veterinary
(Houston, TX). Midazolam was diluted in sterile saline. DFP was
diluted in cold sterile PBS solution. Drug solutions were administered
intramuscularly, intraperitoneally, or subcutaneously in a volume
less than 0.1% of the animal’s body weight (0.1 ml/100 g) as appropri-
ate for the route of injection. All other reagents in this study were
purchased from Sigma-Aldrich unless otherwise noted.

Statistical Analysis. Statistical tests were performed using SAS
software (SAS Institute Inc., Cary, NC) and Macrocal Origin 8 (OriginLab
Corporation, Northampton, MA). In all statistical tests, differences
were considered statistically significant at P < 0.05. Data were
expressed as the mean = S.E.M. Sample sizes in various groups are
indicated in Table 1 and the figure legends.

First, the data were subjected to a normality test to stratify
outcomes into parametric (follows a normal distribution) and non-
parametric (does not follow a normal distribution) category. We used
the Shapiro-Wilk method to check the normality. Second, the para-
metric data were subjected to a homogeneity of variance Levene’s test
before numerous statistical analyses. Statistical comparisons of
seizure activity and neuroprotection outcomes were performed with
one-way or two-way repeated measures analysis of variance as
appropriate. Post hoc analyses were performed to identify specific
differences using Tukey’s honestly significant difference for multiple
comparisons. Nonparametric outcomes, such as mortality rate, were
compared between groups using the Wilcoxon signed rank-test.
Behavior seizure score and neuropathology score outcomes were
analyzed with the nonparametric Kruskal-Wallis test followed by
the Mann-Whitney U test.

A correlation analysis was performed to determine the relationship
between two independent variables, such as the strength of the
association between EEG seizure activity and behavioral seizure
severity or neuronal damage and seizure severity. The main neuro-
pathological outcome was the extent of neuronal damage in stained
sections across multiple regions of the brain (hippocampus, amygdala,
thalamus, frontal cortex, and piriform cortex) over time with MDZ
therapy, for each rat in four different cohorts of DFP-exposed rats.
Time of MDZ therapy after DFP exposure was treated as a continuous
variable in the model (fixed effect) to capture the pattern of neuronal
damage severity over treatment time. Multiple neuropathologic in-
dices per animal from the time course of drug therapy were included in
linear mixed-effects regression analysis with time for MDZ treatment
as a continuous predictor and a random effect for animal to evaluate
extent of neuronal protection across regions (Stroup, 2012). These
models included brain region and MDZ treatment time and the
interactions between regions as a within-animal repeated measure
and time of MDZ therapy. The estimated Spearman correlation
coefficients and corresponding 95% confidence intervals were calcu-
lated to assess the significance of interactions between neuroprotec-
tion and time for MDZ treatment.

Results

Effect of Midazolam on DFP-Induced Acute Seizures
and SE. To characterize the efficacy of MDZ as a post-
exposure anticonvulsant, we tested it at several time points.
Early therapy is defined as MDZ administration at 10 minutes

after exposure. Late therapy is defined as administration at
either 40, 60, or 120 minutes after DFP intoxication (Fig. 1).
Exposure of rats to DFP triggered rapid cholinergic crisis, which
was characterized by excessive salivation, body twitches, and
behavioral signs of chewing and head nodding (stage 2). These
events quickly progressed into SE with clonic seizures (stage 3),
and finally generalized tonic-clonic seizure activity with rearing
and falling (stage 5) at around 8-10 minutes after DFP exposure.
The 24-hour survival rate was ~50% after DFP without any
anticonvulsant treatment.

The survival rate for the groups treated with MDZ (2 mg/kg) is
listed in Table 1. A higher survival rate was evident in rats
treated with MDZ (2 mg/kg) at 10 minutes (100%) and 40 minutes
(80%) after DFP exposure. The EEG recordings from the hippo-
campus showed the progression of DFP-induced SE-like spiking
activity (Fig. 2A). The spikes began 5-10 minutes after DFP
exposure with a frequency of 0.5-15 Hz (Fig. 2A). The SE was
very intense and persistent for many hours after DFP (Fig. 2, A
and B). Differences in seizure control among the MDZ-treated
groups at various time points are outlined in Fig. 2, B and D,
and Table 1.

Administration of MDZ (2 mg/kg, i.m.) at 10 minutes after
DFP exposure resulted in a rapid termination of electrographic
SE activity (Fig. 2B) and behavioral seizures (Fig. 2C). How-
ever, there was a rebound effect as seizures returned within
2 hours (Fig. 2, A and B), indicating that while MDZ
administered at 10 minutes after DFP exposure quickly
terminates electrographic seizures, it does not completely
prevent recurrence of electrographic seizures between 2 and
6 hours after DFP exposure. MDZ administered at 40, 60, or
120 minutes after DFP exposure showed temporary reduction
in intensity of both behavioral and electrographic SE, or had
little effect as evident from continued seizures or seizure
recurrence within 30-40 minutes (Fig. 2, A-C).

These time-course results suggested that MDZ (2 mg/kg)
was relatively less effective at preventing seizures when
administered at 40 minutes or later after DFP exposure
relative to MDZ 10-minute group. The vehicle has no effect
on seizures activity.

EEG alterations were temporally correlated with behavior-
al seizure manifestations in both the DFP alone without MDZ
treatment and MDZ (40-minute) treatment groups (Fig. 2D).
The correlation between behavioral seizure score and EEG
activity was statistically significant (P < 0.05) during a 4-hour
recording after DFP exposure in both DFP alone without
MDZ and MDZ groups (Fig. 2D). The correlation between EEG
spiking levels and seizure severity was stronger during the
incidences of generalized seizures, with more intense activity
(stage 4 to 5) compared with the incidences of clonic seizures
with less intense activity (stage 2 to 3), although both were
significant (Fig. 2E).

Using 40 minutes as the critical therapeutic window, we
determined the dose-dependent effect of MDZ (0.2-5 mg/kg,
i.m.) on DFP-induced SE at 40 minutes after DFP exposure.
Higher doses of MDZ provided better protection against
seizures (Fig. 3A), but the survival rate remained unchanged
at doses 2 mg/kg or higher (Fig. 3B). There was maximal
protection at =2 mg/kg of MDZ with a survival rate of 80%
(Fig. 3B).

Overall, MDZ treatment effectively terminated seizures
when given early (10 minutes) after DFP exposure and moder-
ately reduced seizures at 40 minutes after DFP exposure.
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Fig. 2. Time-course profile of midazolam (MDZ, 2 mg/kg, i.m.) on behavioral seizures and EEG seizure activity in the DFP model in rats. (A) Traces

represent 1-minute epochs from a depth electrode in the hippocampus. Seizures began ~8-10 minutes after DFP exposure with intermittent bursts of

spikes that progressed into a persistent high amplitude spikes (frequency: 0.5-15 Hz). (B) Time-course of EEG seizure suppression by midazolam
treatment at 10-120 minutes after DFP exposure. (C) Time-course of behavioral seizure suppression by midazolam treatment at 10-120 minutes after
DFP exposure. Each point represents the mean response at 5- or 10-minute intervals (from each group). (D) Temporal correlation between EEG seizure
activity and behavioral seizure score in DFP alone and MDZ 40-minute groups. Solid lines indicate the average EEG spike activity after administration
of midazolam. Dotted lines indicate the behavioral seizure severity, measured as per the Racine scale. Values represent the mean + S.E.M. (from each
group). (E) Scatterplot depicting the relationship between the EEG seizure activity and behavioral seizure score during 4 hours after exposure to DFP in
DFP alone and MDZ 40-minute groups. Each symbol represents the data from individual animal. The relationship between increase in EEG spiking and
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However, it was largely ineffective to control SE at 60 or of MDZ is associated with significant protection against
120 minutes after DFP exposure, indicating the reduced seizure = DFP-induced neuronal injury and necrosis in the brain.
protection offered by delayed MDZ treatment. Effect of Midazolam on DFP-Induced Acute Neuro-

Effect of Midazolam on DFP-Induced Acute Neuronal nal Injury and Necrosis in Extrahippocampal Brain
Injury and Necrosis in the Hippocampus and Amygdala. Regions. The DFP-induced neuronal injury was determined
The neuroprotective effect of MDZ was tested 3 days after in other extrahippocampal brain regions, including thalamus,
exposure to DFP. The extent of neuronal injury or dying hypothalamus, amygdala, piriform cortex, somatosensory
neurons was examined by FJB(+) staining of brain sections cortex, and entorhinal cortex (Fig. 5A). Given the tedious
and stereologic quantification of injured neurons in the hippo- nature of stereology counts for numerous regions, we used a
campus subfields CA1l, CA2, CA3, and DG as well as simple neuropathology-based relative quantification of neu-
the amygdala. In FJB-stained sections, the injured neurons ronal damage in these regions using a neuropathology scoring
exhibited a bright green fluorescence in DFP groups (Fig. 4A). of 1 (low) to 4 (high).

The number of FJB(+) cells significantly increased in the As shown in Fig. 5B, after DFP exposure, extensive neuronal
hippocampus and amygdala in the DFP-exposed group (Fig. 4B).  injury was evident in the thalamus, piriform cortex, amygdala,
Normalized neuronal protection in the groups that received somatosensory cortex, hypothalamus and entorhinal cortex in
MDZ at 10, 40, 60, and 120 minutes after DFP exposure was DFP alone group. The hypothalamus had the lowest FJB(+)
determined based on comparisons with the untreated, DFP- cells compared with the other brain regions (Fig. 5B). The
exposed group (Fig. 4C). MDZ (2 mg/kg) administered 10 minutes  extent of neuronal injury was significantly lower in animals
after DFP exposure significantly reduced DFP-induced neuron treated with MDZ at 10 minutes after DFP (Fig. 5, B and C).
loss (70%—-90% protection) in the hippocampus subfields and However, there was limited or reduced protection in other
amygdala (Fig. 4B). A significant reduction in absolute FJB(+) treatment groups when MDZ was given at 40 minutes or later
cell counts was evident in the hippocampus (total and DG after DFP when compared with DFP alone and rats that
subfield), but not in the amygdala, in animals that received received MDZ at 10 minutes after DFP exposure (Fig. 5, B and
MDZ at 40 minutes, and in some cases at even later time points, C). Thus, these morphologic results suggest that early MDZ
relative to DFP alone (Fig. 4B). Nevertheless, total FJB(+) treatment (10 minutes) provides greater protection against
cell counts remained significantly higher in these groups com- DFP-induced neuronal injury in extrahippocampal regions,
pared with MDZ administered at 10 minutes after DFP exposure =~ which is consistent with the limited neuroprotection outcomes
(Fig. 4, B and C). in the hippocampus and amygdala. Moreover, even though the

Moreover, there was significantly reduced neuroprotection scoring method is suboptimal to stereology-based quantifica-
in most brain regions examined in brain sections from MDZ tion of cell loss (Fig. 4B), the percentage of neuronal injury
40-, 60-, and 120-minute subgroups as evident from the percent- assessed by neuropathology scoring system (Fig. 5C) was
age of neuroprotection (Fig. 4C) and FJB(+) cell density (Fig. 4D) somewhat consistent with quantitative unbiased stereology
relative to control and rats that received MDZ at 10 minutes after  counts in the amygdala region (Fig. 4C).

DFP exposure. The volume for hippocampus (74.5 + 0.3 mm? in Effect of Midazolam on DFP-Induced Acute Degen-
control) and its subfields of CA1, CA2, CA3, DG, and DH, as well eration of NeulN(+) Principal Neurons. To evaluate
as amygdala (22.4 * 0.7 mm?®), were not significantly different whether MDZ therapy is associated with protection of princi-
between the control and DFP-exposed groups (Fig. 4E), pal neurons in the brain, we evaluated brain sections using
indicating little change in tissue volume/size at 3 days after NeuN(+) immunostaining at 72 hours after DFP exposure
DFP exposure. (Fig. 6). The NeulN(+) staining and stereology counting of

Overall, these neuropathologic results suggest that early control rat hippocampus sections resulted in a total of

(10 minutes), but not late (40 minutes or after), administration 1.4 million neurons in the hippocampus (Fig. 6B). Massive

behavioral seizure intensity was significant for both DFP alone (RZ = 0.94, P < 0.0001) and midazolam 40-minute cohorts (R% = 0.67, P < 0.0004). The
correlation between EEG spiking levels and seizure severity was stronger during the incidences of generalized seizures with intense activity (stage 4 to
5) compared with the incidences of clonic seizures with less intense activity (stage 2 to 3), although both were significant. A summary of groups, sample
size, and outcomes is listed in Table 1.
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Fig. 4. Time-course protective profile of midazolam (2 mg/kg) on DFP-induced neuronal injury in the hippocampus (HPC) subfields and amygdala
(AMY) at 3 days after DFP exposure. (A) Representative fluoro-Jade B (FJB+) staining depicting dying neurons in brain sections from animals treated
with midazolam at 10-120 minutes after DFP exposure. (B) The bar charts depict FJB(+) neuronal counts by stereology in hippocampus subfields and
amygdala. (C) Normalized percentage of neuroprotection by midazolam with reference to FJB(+) cells in DFP group. Normalized neuroprotection was
calculated using the untreated DFP-exposed group as the baseline (0% protection). In this estimate, the control group not exposed to DFP was rated as
100% protected because of lack of any FJB(+) cells in any region. All midazolam-treated DFP-exposed rats exhibited <100% protection. (D) FJB(+) cell
density by stereology in hippocampal subfields and amygdala. (E) Brain slice thickness/volume in DFP alone and DFP + midazolam groups. Control sections (no
DFP cohort) showed no FJB(+) cells. Each bar represents the mean + S.EM. (n = 4-11 per group). *P < 0.05 versus control (no DFP); *P < 0.05 versus DFP
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bilateral degeneration of 0.6 million NeuN(+) neurons (~40%
loss) was evident in the whole hippocampus (CA1, CA2, CA3,
and DG subfields) after DFP exposure (Fig. 6B). The DFP-
induced neurodegeneration in both hemispheres of the brain
was symmetrical but highly variable within the hippocam-
pal subfields (Fig. 6B). There was minimal or little neuronal
damage in the group treated with MDZ at 10 minutes after
exposure to DFP (Fig. 6, B and C). However, late therapy
with MDZ (40, 60, or 120 minutes after DFP) provided
limited or reduced neuroprotection in the hippocampus
subfields as evident from the significant decrease in abso-
lute cell numbers (Fig. 6B), and percent of surviving neu-
rons (Fig. 6C) when compared with DFP alone and MDZ
10-minute groups. The slice thickness/volumes were similar
between all DFP groups (data not shown). A similar pattern
of decreased NeuN(+) surviving neurons was observed in
extrahippocampus regions including amygdala, thalamus,
piriform cortex, somatosensory cortex, and entorhinal cortex
using neuropathy scoring (data not shown; see Fig. 10).
Thus, these results indicate that postexposure administra-
tion of MDZ at 40 minutes or later after OP intoxication had
reduced neuroprotection of principle neurons in the brain.

Effect of Midazolam on DFP-Induced Acute Degen-
eration of PV(+) Interneurons. To test whether MDZ
therapy protects against interneuron loss, PV(+) GABAergic
interneurons in the hippocampus were quantified by stereol-
ogy (Fig. 7). The PV(+) interneurons were present in the
granule cell layer of the dentate gyrus and strata oriens, hilus,
pyramidale, and radiatum of the CA1, CA2, and CA3 subfields
(Fig. TA). The total PV(+) interneuron number in control rat
hippocampus including CA1, CA2, CA3, and DG subfields was
53,362 (Fig. 7B). DFP exposure was associated with massive
(~30%) loss of PV(+) interneurons in the hippocampus. The
extent of interneuron loss was higher in the CA1 (34%), CA3
(43%), and DG (31%) subfields.

Midazolam therapy at the early time point (10 minutes) was
associated with significant protection against DFP-induced
interneurons loss (Fig. 7, B and C). The PV(+) cell numbers
(Fig. 7B), and percentage of surviving interneurons (Fig. 7C)
were significantly lower in the MDZ subgroups (40, 60, and
120 minutes) compared with to the DFP alone and 10-minute
MDZ groups (Fig. 7C), indicating lack of protection by late MDZ
therapy. There was no change in the slice thickness/volumes
(data not shown). A significantly reduced PV(+) surviving
neuronal distribution was noted in extrahippocampus regions
including amygdala, thalamus, piriform cortex, somatosensory
cortex, and entorhinal cortex (see Fig. 10).

Thus, these results indicate that delayed therapy (40 min-
utes or later) with MDZ after OP intoxication offers limited
protection in preserving the PV(+) interneurons in the brain.

Effect of Midazolam on DFP-Induced Acute GFAP(+)
Astrogliosis and Neuroinflammation. Exposure to OP
agents such as sarin or DFP produces massive activation of
the neuroinflammatory response (Zimmer et al., 1997; Li
etal., 2015; Sis6 et al., 2017; Liang et al., 2018). It is associated
with astrocytosis and microglial activation in hippocampus,
amygdala, and many other brain regions. To examine whether
MDZ therapy protects against excessive astrocytic response,

GFAP(+) immunostaining was quantified in the hippocampus
and amygdala. Astrocytic reactions were significantly increased
(166%—205%) at 3 days after DFP exposure in the hippocampus
and amygdala (Fig. 8, A and B). A typical astrocytic reaction
includes swollen soma and shorter processes in the hippocam-
pus and amygdala regions (Fig. 8B). Early therapy with MDZ
(10 minutes after DFP exposure) was associated with significant
reduction of GFAP(+) expression in both the hippocampus and
amygdala regions (Fig. 8C). However, there was little change in
GFAP(+) expression in rats treated with MDZ at 40 minutes or
later after exposure to DFP in brain regions examined, with an
exception of the DG in MDZ 40-minute subgroup that exhibited a
significant reduction in reactive GFAP(+) astrocytes (Fig. 8, C
and D). These results indicate that late therapy (40 minutes or
later) with MDZ was not associated with limited reduction in
astrocyte inflammatory response after OP intoxication.

Effect of Midazolam on DFP-Induced Acute IBA1(+)
Microgliosis and Neuroinflammation. To examine whether
MDZ protects against DFP-induced microglial activation at
early and late therapy, IBA1(+) immunostaining was ana-
lyzed in the hippocampus and amygdala (Fig. 9, A and B).
The activated microglial response appeared as enlarged
soma as well as shorter and stouter processes than normal
microglial cells (Fig. 9B). There was a significant microglial
activation (140%—-208%) in the hippocampal CA1, CA3, and
DG subfields and amygdala at 3 days after exposure to DFP
(Fig. 9, C and D). Early therapy with MDZ (10 minutes after
DFP exposure) was associated with significant reduction in
IBA1(+) expression in the hippocampus subfields but not in
the amygdala (Fig. 9, C and D). In the rats treated with MDZ
at delayed time points (40, 60, or 120 minutes after DFP
exposure), there was limited protection against DFP-
induced IBA1(+) microgliosis (Fig. 9, C and D), except a
significant reduction in DG in MDZ 40-minute subgroup versus
DFP-alone group (Fig. 9C). Thus, these results indicate that late
therapy with MDZ was associated with minimal protection
against DFP-induced microglial inflammatory response in the
brain.

Spatiotemporal Correlation and Mixed-Effects Anal-
ysis of Early and Late Therapy with Midazolam on
DFP-Induced Neuronal Injury, Neurodegeneration,
and Neuroinflammation. To examine whether time la-
tency for MDZ administration after DFP exposure is corre-
lated with neuropathology severity (% of DFP alone) across
brain regions from the same set of animals, we performed
linear repeated mixed-effects regression models to account for
within-animal correlation (Fig. 10). Three metrics of neuro-
pathology associated with DFP intoxication were analyzed
using spatiotemporal linear correlation and mixed-effects
regression: 1) FJB(+) neuronal injury, 2) NeuN(+) and PV
(+) neurodegeneration, and 3) GFAP(+) astrogliosis and
IBA1(+) microgliosis as cellular neuroinflammation.

Unlike generalized linear models where observations are
assumed independent with fixed effects without error correc-
tions, in mixed-effects models, observations are assumed not
independent and random effects are fitted to model additional
source of variation with error corrections (Stroup, 2012). The
mixed-effects models used for such correlation included region,

alone group; ¥P < 0.05 versus DFP + MDZ 10-minute group (two-way repeated measures analysis of variance and post hoc Tukey’s honestly significant

difference test).
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Fig. 5. Time-course profile of midazolam (2 mg/kg, i.m.) on DFP-induced neuronal injury in various extrahippocampal regions at 3 days after DFP exposure.
(A) Representative FJB(+) staining depicting dying neurons in extrahippocampal regions in control and DFP subgroups. Rat brain atlas illustrating the regions
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entorhinal cortex (Ent) regions. (B) The bar charts depict neuropathology scores in these regions and represent severity level of FJB(+) staining dying neurons.
DFP exposures was associated with severe damage with high neuropathology score. (C) Normalized percent neuroprotection in extrahippocampal brain regions
from rats treated with midazolam at 10—120 minutes after DFP exposure. Normalized neuroprotection was calculated using the untreated DFP-exposed group
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versus DFP group; ¥P < 0.05 versus DFP+MDZ 10-minute group (two-way repeated measures analysis of variance and post hoc Tukey’s honestly

significant difference test).

latency time for MDZ administration, and the interactions
between regions and latency time. Using these models, the
latency time of MDZ’s median peak neuroprotection was
calculated by deriving the estimated latency time for MDZ
treatment at which the maximum neuroprotection occurred
both overall and within each brain region.

Scatterplots were generated illustrating the relation-
ship between average regional protection or sum of regional
(global) protection and the time for MDZ treatment. Boxed plots
were generated with an estimated peak effect and 95% confidence
interval for the latency time of peak neuronal damage severity.

A repeated-measures analysis of the temporal progression
of FJB(+) neuronal injury (Fig. 10, A—C) suggested that
moderate to severe damage was observed with early (10 minutes)
and late (40 minutes or later) time points in many brain
regions (Fig. 10A). Peak protection was observed in 10-minute
group with strong regional variation in the extent of neuro-
protection (Fig. 10A), especially in the amygdala, somatosen-
sory cortex, and hippocampus. A regression analysis showed
a strong association (RZ = 0.96) between the time for MDZ
therapy and global neuronal damage (Fig. 10B). The esti-
mated peak protection of FJB(+) damage was observed in the
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Fig. 7. Time-course profile of midazolam (2 mg/kg, i.m.) on DFP-induced loss of PV(+) interneurons in the hippocampus (HPC) and its subfields at 3 days
after DFP exposure. (A) Representative sections of PV(+) immunostaining in the brain sections from midazolam-treated groups. (B) The bar charts
depict stereologic quantification of absolute PV(+) cell numbers in the hippocampus subfields in the control and midazolam groups. (C) Percentage of
protection of PV(+) cell loss in various subgroups in the hippocampal subfields. Normalized neuroprotection of PV(+) surviving interneurons is calculated
using untreated DFP-exposed group as 0% protection. In this estimate, the control group not exposed to DFP was rated as 100% surviving cells because
of lack of any PV(+) interneuron loss in this group in any region. All midazolam-treated DFP-exposed rats exhibited <100% PV(+) surv1v1ng
interneurons. Values represent the mean = S.E.M. (n = 4-11 rats per group). *P < 0.05 versus control (no DFP); *P < 0.05 versus DFP group; P < 0.05
versus DFP+MDZ 10-minute group (two-way repeated measures analysis of variance and post hoc Tukey’s honestly significant difference test).

10-minute group. A progressive and significant decrease in
protection (P < 0.05) was observed with further delay in MDZ
treatment (Fig. 10C).

For correlation analysis of neurodegeneration (Fig. 10, D-F),
an average neurodegeneration protection was derived from
NeuN(+) and PV(+) cell loss. Analysis of the percentage of
protection data suggested that time of MDZ administration
influenced the extent of neurodegeneration (Fig. 10D). More-
over, animals that received MDZ at delayed time points had a
significantly lower number of surviving neurons than those
with an early (10 minutes) time point (Fig. 10E). The neuro-
degeneration severity corresponded globally to the delayed
time of drug administration (Fig. 10F).

In addition, analysis of the temporal progression of cellular
neuroinflammation (Fig. 10, G-I), as derived from the average
GFAP(+) astrogliosis and IBA1(+) microgliosis, suggested
moderate to strong protection that varies with the time
for therapy and also across brain regions (Fig. 10G). There
was a strong linear relationship (R? = 0.96) between the time
for drug therapy and global neuroinflammation severity
(Fig. 10H). A progressive decline in neuroinflammation pro-
tection was evident in proportion to the delayed time for MDZ
administration (Fig. 101).

The above three neuropathology metrics (neuronal injury,
neurodegeneration, and neuroinflammation) were evaluated
across regions using linear, mixed-effects regression analysis
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amygdala (AMY) regions at 3 days after DFP exposure. (A) Representative sections of GFAP(+) immunostaining in the hippocampus and amygdala.
(B) A typical reactive astrocyte image includes swollen soma and shorter processes with increased AF density in the hippocampal regions in the
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subfields and amygdala. (D) Percentage of protection of GFAP(+) astrogliosis in various subgroups in the hippocampus subfields. Normalized protection
of GFAP(+) neuroinflammation is calculated using untreated DFP-exposed group as 0% protection. In this estimate, the control group not exposed to
DFP was rated as 100% GFAP(+) expressing astrocytes because of lack of any damaging response in this group in any region. Values represent the mean
+ S.E.M. (n = 4-11 rats per group). *P < 0.05 versus control (no DFP); *P < 0.05 versus DFP group; “P < 0.05 versus DFP+MDZ 10-minute group
(two-way repeated measures analysis of variance and post hoc Tukey’s honestly significant difference test).

¥20z ‘0T 1udy uo sfeulnor 134SY e Buo'seuuno fiedseed | wouy papeojumoq


http://jpet.aspetjournals.org/

Midazolam-Resistant Seizures after OP Intoxication 315

A Control DFP DFP+MDZ10 DFP+MDZ40 DFP+MDZ60 DFP+MDZ120
HP CA3
bS X ) 4.l i o ) ‘
CA1 By e paf il pRet
CA3 ¥ frear ek
DG : ks TR /
AMY
Control
B ” ontro - u\g - .
§ 27 e:.»‘gj,_‘ s ! a:
i * : e 24 - ¥ o5
<,
DG “'
b & ; ‘5
P . e | 1

(@)
o

25 - I Control 140 -
[ OFP
I DFP + MDZ 10 min e
[ DFP + MDZ 40 min

20+ [ DFP + MDZ 60 min
[ DFP + MDZ 120 min 100 ~

& 80

IBA1(+) Expression (AF Densitometry)
IBA1(+) Microgliosis Protection (% DFP)

CA1 CA3 DG AMY CA1 CA3 DG AMY

Fig. 9. Time-course of protective effect of midazolam (2 mg/kg) on DFP-induced IBA1(+) microglial neuroinflammation in the hippocampus (HPC) and
amygdala (AMY) regions at 3 days after DFP exposure. (A) Representative sections of IBA1(+) immunostaining in the hippocampus and amygdala in
control and midazolam groups. (B) The activated microglial responses appear as enlarged soma as well as shorter and stouter processes than normal
microglial cells in the untreated DFP group. (C) The bar graphs depict area fractionation (AF) densitometric quantification values of IBA1(+) expression
in the hippocampus subfields and amygdala. (D) Percentage of protection of IBA1(+) microgliosis in various subgroups in the hippocampus subfields and
amygdala. Normalized protection of IBA1(+) neuroinflammation is calculated using untreated DFP-exposed group as 0% protection. In this estimate, the
control group not exposed to DFP was rated as 100% IBA1(+) expressing microglia because of lack of any glial activation response in this group in any
region. Values represent the mean = S.E.M. (n = 4-11 rats per group). *P < 0.05 versus control (no DFP); *P < 0.05 versus DFP group; *P < 0.05 versus
DFP+MDZ 10-minute group (two-way repeated measures analysis of variance and post hoc Tukey’s honestly significant difference test).

¥20z ‘0T 1udy uo sfeulnor 134SY e Buo'seuuno fiedseed | wouy papeojumoq


http://jpet.aspetjournals.org/

316 Wu et al.

A . B c
g FJB aa 00 % ‘FUB 5 ™9
c s T = 3
s 1 1 ¢ 5 4004 8 e p<0.05
5 3 v PC 5 =28
2 . ol s 70 I I I I
S 604 . + sC [ 5
% ] . 4 EC < 300+ 2 9
ol M N [ o s p<0.05
= * N A 5 a
SR - i : 4 S T 1
f_u g A & 200 4 .=
: : = —
5 204 1 e g E W 204
z . i 3 17 5 104 E
5
04 . 2 o
r . - : ‘ ; ; ' . r . . .
0 20 40 60 80 100 120 10 20 0 60 100 10 40 80 120
Time for Midazolam Therapy Post DFP (min) Time for Midazolam Therapy Post DFP (min) Time for Midazolam Therapy Post-DFP (min)

O
m
m

100 s = H 500 4 = 100
9 . NeuN & PV A A * NeuN & PV o ] p<0.05
& e 004
£ 1 L i sol T T 1
= S 400 4 o 804
3 i ¥ po g =
o - 70 -
& wd § . + SC 5 £ p<0.05
o . o 300 o 50 |_|_|
5 { d . + EC T I
2 v o . s & %A
T 40 i I b = c 404
: : 4 £ s 5 =
2 i ! s g =
2 2 : £ g —
3 2 E 5 100 i
= 4 ®a [~ I
s | @ <
2 o : - | eos |
r T T T T T T o T T = T T T T
1] 20 40 60 80 100 120 10 20 40 B0 100 =z 10 40 60 120
Time for Midazolam Therapy Post DFP (min) Time for Midazolam Therapy Post DFP (min) Time for Midazolam Therapy Post-DFP (min)
i « H
_ 1o . 500 - =ii0 p<0.05
= . GFAP & IBA1 & R . * GFAP & IBA1 [P :
= ~ o4
= .t . 5 | | | |
2 - S 400 @ 80
5] * v PC B
3 2 § 1 p<0.05
2 6o 3 + sC 5 2 :
= b . o 300 g =1
5 s 4 EC w S 504 | |
2 hd * 5 o
8 a4 ¥ H H ) c 40
; : T A g =] =
g § ¥ 5 T
T 204 CI ] E E 27 = =
[ + § S 1004 H
> . 2] = 10
Z ol . ERNE
0 20 40 80 80 100 120 10 20 40 80 100 z 10 40 60 120
Time for Midazolam Therapy Pest DFP (min) Time for Midazolam Therapy Post DFP (min) Time for Midazolam Therapy Post-DFP (min)
J 1003 O K 500 - L 100 4
H Mixed-Effects A A * Mixed all =
I =T = o 1 p<0.05
bt o - = 804
= 2 v PC g 40 o | | | I
] £ & 704
5] . + SC o =
% = g o 3004 g 604 p<0.05
o v <« EC = £
S’ v . 5 o 504 I _I
E 05 ! . 2 200 g 404
E i : g g o =
e
o ! : 2 o = =
2 E 100 <
= @ 2 104
5 p<0.05
04 5 o
T U T T T T T 0 T T T T T T
0 20 40 80 80 100 120 10 20 40 60 100 10 40 60 120

Time for Midazolam Therapy Post DFP (min) Time for Midazolam Therapy Post DFP (min) Time for Midazolam Therapy Post-DFP (min)

Fig. 10. Temporal correlation of neuropathology after midazolam treatment (2 mg/kg) in rats exposed to DFP. (A-C) Spatiotemporal correlation of the
extent of protection against FJB(+) neuronal injury in midazolam-treated cohorts after acute DFP exposure. (A) Scatterplot of average percentage of
neuroprotection in various brain regions. Each individual symbol represents data from a single animal. Each plot representing a different brain region
was fitted on data from the 17 animals that received midazolam at the time points of 10 minutes (n = 4), 40 minutes (n = 5), 60 minutes (n = 4), and
120 minutes (n = 4). (B) Scatterplot of global neuroprotection, as modeled using sum of regional protection. Each individual symbol represents data from
a single animal. The curve was fitted on data from the 17 animals that received midazolam at various time points. (C) Box plots indicating estimated
global median peak protection (horizontal black bar) and 95% confidence intervals (CI) of data in (B). (D-F) Spatiotemporal correlation of the extent of
protection against NeuN(+) and PV(+) cell loss in midazolam-treated cohorts after acute DFP exposure. (D) Scatterplot of average neurodegeneration
protection in various brain regions. Each individual symbol represents data from a single animal. Each plot representing a different brain region was
fitted on data from the 17 animals that received midazolam at various time points. (E) Scatterplot of global neurodegeneration protection, as modeled
using sum of regional protection. Each individual symbol represents data from a single animal. The curve was fitted on data from the 17 animals that
received midazolam at various time points. (F) Box plots indicating estimated global peak neurodegeneration protection and 95% CI of data in (E). (G-I)
Spatiotemporal correlation of the extent of protection against GFAP(+) and IBA1(+) neuroinflammation in midazolam-treated cohorts after acute DFP
exposure. (G) Scatterplot of average neuroinflammation protection in various brain regions. Each individual symbol represents data from a single
animal. (H) Scatterplot of global neuroinflammation protection, as modeled using sum of regional protection. Each individual symbol represents data
from a single animal. (I) Box plots indicating estimated global peak neuroinflammation protection and 95% CI of data in (H). (J-L) Spatiotemporal
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(Fig. 10, J-L). There were striking differences in the mixed
neuroprotection in various brain regions across MDZ treat-
ment times. There was a strong correlation between latency
for MDZ treatment and global neuroprotection (R? = 0.97,
P < 0.001), indicating significantly diminished neuroprotection
with late therapy at 40 minutes or later after DFP exposure
(Fig. 10K). Groups with delayed MDZ administration (40 minutes
or later) exhibited progressively significant reduction in global
neuroprotection (P < 0.05) compared with the early therapy
(10 minutes) group (Fig. 10L).

Overall, delayed MDZ administration (40, 60, or 120 minutes)
was significantly (P < 0.05) associated with more severe brain
damage, which could lead to the long-term neurologic sequelae
of acute OP intoxication.

Discussion

We used the DFP exposure model in rats to characterize
SE and brain damage after early and late MDZ therapy. It
has long been known that MDZ protects against seizures and
neuropathology in nerve agent models (McDonough and
Shih, 1997; McDonough et al., 1999). Using a common model
of OP intoxication, with a realistic therapeutic window for
drug administration in the scenario of a chemical attack
(40 minutes or later), this study found a marked reduction in
anticonvulsant efficacy of MDZ. In addition, there was a
progressive decrease in protection against DFP-induced
neuronal injury in the cortex, hippocampus, and amygdala.
Furthermore, the pattern of neurodegeneration caused by
DFP was accompanied by an astrocytic response and the
activation of microglia. Taken together these observations
confirm the refractoriness to benzodiazepines, whereby the
effectiveness of MDZ may be less at later administration
times, resulting in seizure recurrence, neuroinflammation,
and severe brain damage.

We used DFP as a surrogate chemical agent because it
replicates many features of nerve agent neurotoxicity due to its
chemical and mechanistic similarities (Deshpande et al., 2010;
Jett and Yeung, 2010; Pouliot et al., 2016; Sisé et al., 2017). DFP
(diisopropylfluorophosphate) is structurally very similar to the
phosphonofluoridate-type (G-class) nerve agents GB (sarin; (RS)-
propan-2-yl methylphosphonofluoridate) and GD (soman; 3,3-
dimethylbutan-2-yl methylphosphonofluoridate). The average
latency of 8-10 minutes for onset of seizures after DFP
exposure in rats is consistent with results from nerve agent
models such as soman and sarin (Shih and McDonough,
1999; Apland et al., 2014). The brain damage after SE is a
time-dependent process with greater injury occurring over
an elapsed time of seizure activity (McDonough et al.,
1995; Kim et al., 1999; Li et al., 2011). In the present study,
MDZ rapidly terminated EEG and behavioral seizures when
administered early. However, MDZ-treated animals exhibited
seizure recurrence after initial suppression, indicating the
time-dependent emergence of pharmacoresistant SE. These
observations reaffirm a previously described limitation of
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benzodiazepines as anticonvulsant antidotes for OP intoxica-
tion (McDonough et al., 2010; Apland et al., 2014; Kuruba
et al., 2018).

DFP induced a marked neuronal injury and neurodegener-
ation of principal cells and inhibitory interneurons in the
hippocampus, amygdala, and cortical regions. This neuropa-
thology data suggest that extensive loss of principal neurons
and interneurons is a hallmark feature of OP neurotoxicity
(Apland et al., 2010; Chen, 2012; Chen et al., 2014; Ferchmin
et al., 2014, Li et al., 2015; Rojas et al., 2015; Sisé et al., 2017).
Inhibitory interneurons are critical in regulating neuronal
network oscillations, synchronizing principal neuron networks,
and providing fidelity for synaptic transmission. PV(+) inter-
neurons, which constitute about 40% of total GABAergic inhib-
itory interneurons, play a critical role in multiple neuronal
circuits in the hippocampus and cortex.

A significant reduction in inhibitory transmission and
synaptic plasticity has been reported in the hippocampus
and amygdala after soman exposure (Aroniadou-Anderjaska
et al., 2009; Prager et al., 2014). Early administration of MDZ
is required to rescue extensive damage of principal cells and
interneurons. The OP neurotoxicity, especially when admin-
istration of MDZ is delayed, is associated with massive loss of
principal and interneurons which could lead to long-term
neurologic risk for the development of chronic epilepsy after
refractory SE and cognitive dysfunction. Moreover, there is
strong correlation between the extent of seizure activity (i.e.,
latency time for MDZ treatment after DFP exposure) and
neurodegeneration and cellular neuroinflammation (Fig. 10).
These outcomes are consistent with the hallmark hippocam-
pal sclerosis in patients with epilepsy and animal models
of chronic epilepsy (Gruber et al., 1994; André et al., 2001,
Kobayashi and Buckmaster, 2003; de Araujo Furtado et al., 2010;
Fujikawa, 1996; Lemos and Cavalheiro, 1995).

DFP induced neuroinflammation involving activation of
astrocytes and microglia response. The roles of astrocytes
and microglia in brain damage are complex, including both
beneficial and detrimental effects depending on spatiotempo-
ral pattern of cytokines release (Zimmer et al., 1997; Li et al.,
2015; McElroy et al., 2017; Sisé et al., 2017; Liang et al., 2018).
Because microglia are the main immune cells in the brain,
they have the potential to contribute to synaptic dysfunction
in acute neurotoxic insults like OP intoxication. Microglia,
which account for 10%—15% of all cells within the brain, are
highly reactive to injury or neurotoxic exposure. Activation of
microglia is believed to contribute to seizure activity after
neuronal injury (Baille-Le Crom et al., 1995; Collombet et al.,
2005; de Araujo Furtado et al., 2010; Chen, 2012). Activated
microglia release deleterious cytokines such as tumor necrosis
factor-a and interleukin, and they play a crucial role in neuronal
repair and homeostasis. Persistent activation of microglia likely
contributes to aberrant growth of basal dendrites in the
hippocampus and creation of a recurrent excitatory circuit
for seizures. The hypertrophied cells are an indication of
DFP neurotoxicity leading to gliosis and disruption of the BBB

correlation of the overall mixed neuropathology in midazolam-treated cohorts after acute DFP exposure. (J) Scatterplot of average mixed
neuropathology protection in various brain regions. Each individual symbol represents data from a single animal. (K) Scatterplot of global mixed
neuroprotection, as modeled using the sum of regional protection. Each individual symbol represents data from a single animal. (L) Box plots indicating
estimated global peak neuropathology protection and 95% CI of data in (K). A, amygdala; EC, entorhinal cortex; H, hippocampus; PC, piriform cortex;

SC, somatosensory cortex; T, thalamus.
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in the hippocampus and other regions (Petito et al., 1977,
Ribak et al., 2000; Shapiro and Ribak, 2006).

Activation of astrocytes is another hallmark feature of OP
intoxication (Zimmer et al., 1997; Chen, 2012; Rojas et al.,
2015; Sisé6 et al., 2017). Astrocytes, which account for 20%—
40% of all glial cells in the brain, provide metabolic support for
neurons and help in the maintenance of the BBB integrity.
Our experiments with GFAP and IBA1 staining indicated
significant changes in morphology and proliferation of astro-
cytes and microglial cells in many brain regions after DPF
exposure. DFP-triggered cellular neuroinflammation was
effectively prevented by early administration of MDZ. The
up-regulations of microglia and astrocytes are prominent in
delayed MDZ groups (40 minutes and later). The extent of
microglia and astrocyte activation is strongly correlated with
elapsed time for MDZ treatment (40-120 minutes) after
exposure to DFP that caused seizures and SE within 10 min-
utes (Figs. 2 and 10). Protracted cellular neuroinflammatory
response after OP intoxication may ultimately contribute to
long-term structural and neuropsychiatric dysfunction, as ob-
served in Tokyo victims exposed to sarin (Yamasue et al., 2007).

Benzodiazepines are the drugs of choice for treatment of SE
because they are easy to use, enter the brain rapidly, elicit a
quick onset of action, possess an optimal half-life, and are
available in multiple formulations (Goodkin and Kapur,
2009). MDZ has been proposed to replace diazepam in nerve
agent treatment kits. MDZ has several advantages for SE
treatment, including rapid onset of action, short half-life,
water solubility, and longer shelf-life in an injectable formu-
lation (Reddy and Reddy, 2015). MDZ has been tested in a
variety of animal models of SE (McDonough et al., 1999; Shih
etal., 1999; Capacio et al., 2004; RamaRao et al., 2014). Among
benzodiazepines, MDZ or MDZ combined with an anticholin-
ergic drug was found to be the most effective for terminating
soman-induced seizures when given early after seizure onset
in guinea pig models (McDonough et al., 1999; Koplovitz et al.,
2001). In the RAMPART clinical trial, administration of MDZ
before arrival to the emergency room had favorable SE
termination rates (Silbergleit et al., 2012). The overall efficacy
of benzodiazepines in SE depends on time of administration after
seizure onset (Alldredge et al., 2001; Silbergleit et al., 2012).

The mechanisms underlying the development of resistance
to benzodiazepines remain unclear. To uncover these poten-
tial cellular and molecular mechanisms, both electrical and
chemical models of SE exhibiting resistance to benzodiaze-
pines were used (Mazarati et al., 1998; McDonough et al.,
2010; Apland et al., 2014; Kuruba et al., 2018; Lewczuk et al.,
2018). Benzodiazepine resistance may occur due to rapid
changes in GABAergic inhibition and/or increase in glutama-
tergic excitation (Goodkin et al., 2005; Naylor et al., 2005;
Joshi et al., 2017). Reduced benzodiazepine efficacy in SE can
arise from multiple mechanisms including trafficking or inter-
nalization of synaptic GABA-A receptors or other dysfunctions in
GABAergic synaptic transmission leading to diminished inhibi-
tion (~50%) in neuronal circuits (Goodkin et al., 2003, 2005, 2007,
2008; Naylor et al., 2005; Deeb et al., 2012; Vinkers and Olivier,
2012). Concerted changes that occurs with persistent seizures—
such as trafficking or down-regulation of synaptic GABA-A
receptors, up-regulation of glutamate (N-methyl-pD-aspartate
[NMDA]/a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid
[AMPA]) receptors in the dentate gyrus, and compromise in BBB
permeability—can lead to refractory or self-sustaining SE. These

changes may also account for the apparent MDZ pharmacore-
sistance often secondary to a lack of available postsynaptic
GABA-A receptors (Goodkin and Kapur, 2009; Qashu et al.,
2010; Naylor et al., 2013; Joshi et al., 2017; Carver et al., 2014;
Carver and Reddy, 2016; Reddy et al., 2015; Wu et al., 2013).
Moreover, MDZ has a short half-life (~2 hours), so it needs
repeated injections or to be combined with other adjunct
anticonvulsants. It is likely that repeated administration or
high doses of MDZ may result in sedation, cardiovascular and
respiratory depression, and tolerance (Reddy and Reddy,
2015; Holtkamp, 2018).

In conclusion, these results are consistent with prior reports
(Deshpande et al., 2010; Pouliot et al., 2016; Sis6 et al., 2017)
demonstrating that the rat model of acute DFP intoxication
recapitulates many features of acute exposure to OP nerve
agents, including persistent SE, neurodegeneration, and
neuroinflammatory responses. This study demonstrates that
MDZ is an effective anticonvulsant for controlling DFP-induced
SE when given within 10 minutes. However, these seizures
are progressively resistant to MDZ if treatment is delayed
(40 minutes or later), indicating benzodiazepine refractory SE.
Late MDZ therapy (40 minutes or later) is associated with
significantly severe brain damage, which could lead to the
long-term neurologic dysfunction of acute OP intoxication.
Thus, there is an urgent need to develop novel anticonvulsants
and neuroprotectants superior to MDZ or adjunct drugs that
can enhance its efficacy for effective treatment of SE and
neuronal injury after OP intoxication.
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