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A B S T R A C T

Current medical countermeasures for organophosphate (OP)-induced status epilepticus (SE) are not effective in
preventing long-term morbidity and there is an urgent need for improved therapies. Rat models of acute in-
toxication with the OP, diisopropylfluorophosphate (DFP), are increasingly being used to evaluate therapeutic
candidates for efficacy in mitigating the long-term neurologic effects associated with OP-induced SE. Many of
these therapeutic candidates target neuroinflammation and oxidative stress because of their implication in the
pathogenesis of persistent neurologic deficits associated with OP-induced SE. Critical to these efforts is the
rigorous characterization of the rat DFP model with respect to outcomes associated with acute OP intoxication in
humans, which include long-term electroencephalographic, neurobehavioral, and neuropathologic effects, and
their temporal relationship to neuroinflammation and oxidative stress. To address these needs, we examined a
range of outcomes at later times post-exposure than have previously been reported for this model. Adult male
Sprague-Dawley rats were given pyridostigmine bromide (0.1 mg/kg, im) 30min prior to administration of DFP
(4mg/kg, sc), which was immediately followed by atropine sulfate (2 mg/kg, im) and pralidoxime (25mg/kg,
im). This exposure paradigm triggered robust electroencephalographic and behavioral seizures that rapidly
progressed to SE lasting several hours in 90% of exposed animals. Animals that survived DFP-induced SE
(~70%) exhibited spontaneous recurrent seizures and hyperreactive responses to tactile stimuli over the first
2 months post-exposure. Performance in the elevated plus maze, open field, and Pavlovian fear conditioning tests
indicated that acute DFP intoxication reduced anxiety-like behavior and impaired learning and memory at 1 and
2months post-exposure in the absence of effects on general locomotor behavior. Immunohistochemical analyses
revealed significantly increased expression of biomarkers of reactive astrogliosis, microglial activation and
oxidative stress in multiple brain regions at 1 and 2months post-DFP, although there was significant spatio-
temporal heterogeneity across these endpoints. Collectively, these data largely support the relevance of the rat
model of acute DFP intoxication as a model for acute OP intoxication in the human, and support the hypothesis
that neuroinflammation and/or oxidative stress represent potential therapeutic targets for mitigating the long-
term neurologic sequelae of acute OP intoxication.
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1. Introduction

Acute intoxication with organophosphate (OP) cholinesterase in-
hibitors is a significant public health concern. OP warfare agents con-
tinue to be used as weapons of war and terrorism, as exemplified by the
2013 and 2017 chemical attacks in Syria (UN, 2017; Vogel, 2013), the
2017 assassination of Korean leader Kim Jong-un's half-brother (OPCW,
2017), and the 2018 poisoning of a former Russian spy and his daughter
in Great Britain (Haley, 2018). Acute intoxication with OP pesticides is
estimated to cause> 3 million life-threatening human poisonings each
year, and over 250,000 deaths from self-poisoning, the latter ac-
counting for about one-third of the world's suicide cases (Gunnell et al.,
2007; Mew et al., 2017; Pereira et al., 2014).

The canonical mechanism of action of acute OP neurotoxicity is
inhibition of acetylcholinesterase, which triggers both peripheral and
central cholinergic effects that collectively define a clinical toxidrome
known as cholinergic crisis (Eddleston et al., 2008; Hulse et al., 2014).
Cholinergic crisis is characterized by muscle fasciculation followed by
flaccid paralysis, parasympathomimetic signs, centrally mediated sei-
zures that can quickly progress to status epilepticus (SE), and respiratory
failure. This toxidrome is frequently fatal unless rapidly treated with
atropine to block muscarinic receptors, oxime to reactivate acet-
ylcholinesterase, and benzodiazepines to reduce seizure activity (Bird
et al., 2003; Eddleston et al., 2008). Even with prompt treatment,
survivors of cholinergic crisis often face significant long-term mor-
bidity, including cognitive dysfunction, affective disorders, and elec-
troencephalographic (EEG) abnormalities (Chen, 2012; de Araujo et al.,
2012; Pereira et al., 2014). The mechanism(s) underlying the persistent
neurologic effects of acute OP intoxication are not well understood, but
neuroinflammation (Collombet, 2011; de Araujo et al., 2012; Guignet
and Lein, 2018) and oxidative stress (Pearson and Patel, 2016; Vanova
et al., 2018) are widely posited to be key pathogenic processes.

Historically, military laboratories have conducted much of the re-
search addressing the urgent need for improved medical counter-
measures for acute OP intoxication using preclinical models of SE in-
duced by OP warfare agents. With the establishment of the National
Institutes of Health (NIH) Countermeasures Against Chemical Threats
(CounterACT) program (Jett and Spriggs, 2018), increasing numbers of
laboratories outside the military are engaged in this area of research.
This has resulted in significantly increased use of preclinical models of
acute intoxication induced by OP pesticides that elicit acute neurotoxic
effects similar to those of OP warfare agents, but are more readily ac-
cessible for research use. Arguably, the most widely used OP pesticide
in this context is diisopropylfluorophosphate (DFP). DFP is itself con-
sidered a credible terrorist threat agent (Jett and Spriggs, 2018), in part
because of its similarity in structure and toxicity to the OP warfare
agents, soman and sarin (Sogorb et al., 2015). Although all seizure-
inducing OPs are potent cholinesterase inhibitors, each elicits a unique
profile of toxic effects (Costa, 2006; Pope, 1999; Rosenbaum and Bird,
2010). Moreover, there is evidence that inflammatory responses vary
between OP nerve agents and OP pesticides (Damodaran and Abou-
Donia, 2000; Grauer et al., 2008; Guignet and Lein, 2018; Liu et al.,
2012), and current therapeutic strategies are not equally effective
against different OPs (Eddleston et al., 2008; Rosenbaum and Bird,
2010). Thus, detailed characterization of the rat model of acute DFP
intoxication is critical for identifying robust, quantifiable outcomes of
human relevance for testing therapeutic candidates.

Numerous laboratories have demonstrated that the acute neurotoxic
effects observed in preclinical models of acute intoxication with OP
warfare agents (de Araujo et al., 2012; Pereira et al., 2014) are largely
recapitulated in rat models of acute DFP intoxication. These acute ef-
fects include rapid and profound inhibition of brain and peripheral
acetylcholinesterase, electroencephalographic and behavioral seizures
progressing to SE that is sustained for hours, and robust neuroin-
flammatory responses, increased expression of oxidative stress bio-
markers and extensive neurodegeneration in multiple brain regions

during the first 72 h after seizure initiation (Deshpande et al., 2010;
Hobson et al., 2017; Kim et al., 1999; Li et al., 2011; Liang et al., 2018;
Pouliot et al., 2016; Rojas et al., 2015; Siso et al., 2017; Wu et al.,
2018). However, effects at weeks to months post-exposure have not
been as extensively characterized in the rat model of acute DFP in-
toxication. We previously demonstrated that rats acutely intoxicated
with DFP exhibit learning and memory deficits at 3 weeks post-ex-
posure in the Pavlovian fear conditioning task (Flannery et al., 2016).
Other laboratories have reported cognitive impairment at 4 weeks post-
exposure in the Morris water maze (Brewer et al., 2013) and at 6 to
12 weeks post-exposure in the novel object recognition task (Rojas
et al., 2016). DFP-intoxicated rats are also reported to exhibit higher
scores on depression-relevant immobility behavior at 8 and 29 days
post-exposure (Wright et al., 2010). We have also conducted several
studies examining neuropathologic outcomes in the DFP rat at times
beyond 72 h post-exposure. Our initial study (Flannery et al., 2016)
focused on the hippocampus and cortex using FluoroJade B staining to
detect neurodegeneration and glial fibrillary acidic protein (GFAP) and
ionized calcium binding adaptor molecule 1 (IBA-1) im-
munohistochemical analyses to quantify reactive astrogliosis and mi-
crogliosis, respectively. Neuroinflammation was also measured using
positron emission tomography (PET) imaging of [11C]-(R)-PK11195, a
ligand for the 18 kD mitochondrial membrane translocator protein
(TSPO), expression of which is upregulated on activated microglia and
astrocytes (Guilarte, 2019). Acute DFP intoxication caused widespread
neurodegeneration in the hippocampus and cortex from 1 to 14 days
post-exposure, while increased neuroinflammation was detected from 1
to 21 days post-exposure (Flannery et al., 2016). A subsequent more
comprehensive histological analyses of brains from rats that survived
DFP-induced SE (Siso et al., 2017) revealed progressive neuronal cell
death, neuroinflammation, and tissue remodeling across limbic brain
regions and the cerebral cortex, with no detectable pathology in the
cerebellum. While the lesion type and progression varied by time post-
exposure and brain region, in general, neuronal necrosis peaked after
the first week post-exposure, and neuroinflammation persisted at least
2 months after intoxication. However, to date, there are no data doc-
umenting long-term effects of acute DFP intoxication on EEG or oxi-
dative stress in the rat brain. Moreover, these outcomes have yet to be
analyzed in the same animals assessed for neurobehavioral outcomes.

Therefore, the major goal of this study was to address these data
gaps by conducting a more comprehensive analysis of functional defi-
cits and neuropathologic consequences in the DFP rat during the
2months following DFP-induced SE. The results of this study are im-
portant for informing the design of experiments using the rat model of
acute DFP intoxication to evaluate the efficacy of anti-seizure ther-
apeutics in terminating seizures and mitigating the long-term neuro-
logic effects associated with OP-induced SE. Additionally, the findings
from this study have implications for nascent efforts to develop neu-
roprotective strategies that target neuroinflammation and oxidative
stress (Jett and Spriggs, 2018).

2. Materials and methods

2.1. Animals and DFP exposure paradigm

All experiments involving animals complied with the ARRIVE
guidelines and were performed in accordance with the National
Institutes of Health guide for the care and use of laboratory animals
(NIH publication No. 8023, revised 1978) following protocols approved
by the University of California-Davis Institutional Animal Care and Use
Committee. Adult male Sprague Dawley rats (8 ± 1weeks old,
225–250 g, Charles River Laboratories, Hollister, CA) were individually
housed in standard plastic shoebox cages in facilities fully accredited by
AAALAC International under controlled environmental conditions
(22 ± 2 °C, 40–50% humidity, and a 12 h light-dark cycle). Food and
water were provided ad libitum. Separate cohorts of rats were used to
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assess behavior at 1month and 2months post-exposure (Fig. 1). A third
cohort was used to examine reactive behavior at 1 week, 1month and
2months following acute DFP intoxication. All behavioral studies were
replicated using two separate cohorts at each time point to confirm
findings.

DFP was purchased from Sigma-Aldrich (St. Louis, MO, USA), and
prior to use was confirmed to be ~90 ± 7% pure as determined using
previously published 1H-, 13C, 19F and 31P NMR methods (Gao et al.,
2016). Upon opening a sealed vial, DFP was aliquoted and stored at
−80 °C; under these conditions, it has been shown that DFP is stable for
at least 400 days (Heiss et al., 2016). At the beginning of each exposure
day (~8:00 AM), rats were randomly divided into either DFP or vehicle
(VEH) groups using a random number generator. All animals were
pretreated with 0.1mg/kg pyridostigmine bromide (TCI America,
Portland, OR, USA) in sterile isotonic saline (i.m.) 30min prior to in-
jection of either DFP or VEH. DFP was prepared in sterile, ice-cold
phosphate buffered saline (PBS, 3.6 mM Na2HPO4, 1.4mM NaH2PO4,
150mM NaCl, pH 7.2) within 5min of administration at 4mg/kg, s.c.
VEH animals received an equivalent volume (300 μl) of sterile PBS.
Atropine sulfate (2 mg/kg, Sigma-Aldrich) and 2-pralidoxime (2-PAM,
25mg/kg, Sigma-Aldrich) in sterile saline were given in a combined
i.m. injection 1min following injection of DFP to prevent lethality from
peripheral cholinergic symptoms (Li et al., 2011). VEH animals were
similarly injected with atropine sulfate and 2-PAM. Seizure behavior
was continuously monitored for 4 h after DFP injection and scored as
previously described (Siso et al., 2017). At the end of the 4 h exposure
period, all DFP animals were administered 10ml of 5% dextrose in
sterile saline (s.c., Baxter Healthcare Co., Deerfield, IL, USA), returned
to their home cages and given soft chow until they resumed normal
consumption of water and solid food (Pessah et al., 2016).

2.2. Electroencephalographic recordings

A cohort of animals (n=6) not used for behavioral studies was
implanted with electrodes to monitor electric activity in the brain fol-
lowing acute DFP intoxication. Animals were anesthetized using keta-
mine (60mg/kg, i.p.) and dexmedetomidine (0.5 mg/kg, i.p.) and then
stabilized in a stereotaxic apparatus (Kopf Instruments, Tujunga, CA,
USA). Six recording screws were implanted epidurally, three on each
side of the sagittal skull suture. A 6-pin rat implant (Pinnacle 8239-SE3,
Pinnacle Technology, Lawrence, KS, USA) was connected to the screws.
The head-mount was fixed using dental acrylic cement (Lang Dental
Manufacturing Co. Inc., Wheeling, IL, USA). At least 7–10 days were

allowed for recovery from the surgical procedure. Seizure activity was
monitored using the Pinnacle 8401 data conditioning & acquisition
system (Pinnacle Technology). Rats were allowed to move freely in the
monitoring system during the recordings. Spontaneous recurrent sei-
zures (SRS) were recorded on different days after DFP-induced SE. EEG
recordings were reviewed using the Sirenia Seizure Pro software
(Pinnacle Technology) by researchers with expertise using this soft-
ware. An SRS was defined as spike wave discharges (SWD) with am-
plitude at least twice that of the background EEG activity in awake
animals with 5 Hz frequency and a duration of at least 5 s.

2.3. Home cage reactivity

The reactive behavior of subjects towards five different types of
tactile stimuli was tested at 1 week, 1month and 2month post-exposure
using a previously described test (Raffaele et al., 1987). Briefly, subjects
were transferred from the vivarium to a procedure room in their home
cage and the cage placed into an arena (48 cm×48 cm×48 cm) in the
center of a sound insulated room dedicated for behavior testing. The
cage lid was taken off and the animals were observed for 30 s before
applying five types of tactile stimuli in order from least invasive to most
invasive: (1) placing corn cob bedding material on the tail; (2) applying
light pressure with a plastic rod (30 cm long and 1.25 cm in diameter)
to the base of the tail; (3) applying light pressure to the neck; (4) ap-
plying light pressure to the tip of the nose; and (5) handling the rat with
a gloved hand. Two experimenters blinded to experimental group in-
dependently scored the reaction to these stimuli using the following
scale: 0, no response to stimuli; 1, forward or backward movement with
little reaction; 2, forward or backward movement accompanied by
enhanced alertness (erect “Straub” tail or gaze fixed on the in-
vestigator); or 3, forward or backward movement with speed and ag-
gression (flinch, flee, forelimb/hind limb bounce, vertical leap, biting at
the cage/stick/gloves). Individual scores for each stimuli were added to
obtain a total reactivity score for each subject (minimum score= 0,
maximum score= 15). The arena was cleaned with 70% ethanol before
the beginning of the first test session and after each subject rat was
tested, with sufficient time for the ethanol odor to dissipate before the
start of the next test session.

2.4. Elevated plus maze

The elevated-plus maze (EPM) is a well-established task for asses-
sing anxiety-like conflict behavior in rodents by allowing subjects to

Fig. 1. Schematic illustrating the experimental
model and study design. (a) Adult male Sprague
Dawley rats were pretreated with pyridostigmine
bromide (0.1 mg/kg, i.m.) administered 30min prior
to injection of DFP (4mg/kg, s.c.) or equivalent vo-
lume of vehicle (PBS), followed 1min later by a
combined injection of atropine sulfate (2 mg/kg,
i.m.) and 2-PAM (25mg/kg, i.m.). All animals were
assessed for reactivity to tactile stimuli at 7, 30 and
60 days post-exposure. Additional behavioral end-
points were assessed at 30 and 60 days post-exposure
using separate cohorts at each time point. (b) The
order of behavioral tasks assessed at 30 and 60 days
post-exposure. To minimize carryover effects, beha-
vioral tasks were performed in the order of least
stressful to most stressful in all cohorts. General an-
xiety-like behavior was assessed using the elevated
plus maze; general exploratory and locomotor be-
havior, the open field test; and learning and memory
function, Pavlovian fear conditioning. Upon conclu-
sion of behavior testing, all animals were euthanized,
perfused and brains collected for neuropathologic
analyses.
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choose between entering the open arms of the maze (natural ex-
ploratory drive) or staying in the safety of the closed arms. The EPM
consisted of two closed arms and two open arms, each 45 cm long x
10 cm wide, radiating from a central area (10 cm×10 cm). The entire
apparatus was 45 cm from the floor. A 0.5 cm high lip surrounded the
edges of the open arms, whereas the closed arms were surrounded by
20 cm high walls. The EPM was cleaned with 70% ethanol before the
beginning of the first test session and after each subject rat was tested,
with sufficient time for the ethanol odor to dissipate before the start of
the next test session. Room illumination was approximately 30 lx.
Subjects were acclimatized to the test room for 1 h prior to testing. At
the beginning of each 5min test session, the subject was placed in the
center of the maze facing the open arm and allowed to freely explore for
5min during which time the activity was recorded using Ethovision
video tracking system (EthoVision 10.1, Noldus Information
Technology, Leesburg, VA, USA). The total amount of time spent in the
open arms as well as the number of entries made into the open arms and
closed arms was determined using EthoVision software.

2.5. Open field test

General exploratory locomotion was assessed using the open field
test conducted using an arena (48 cm×48 cm×48 cm) in the center of
a sound insulated room dedicated for behavior testing. The light in-
tensity in the arena was approximately 30 lx. The open field arena was
monitored using a video tracking system (EthoVision 10.1, Noldus
Information Technology, Leesburg, VA, USA) positioned above the
arena. Ethovision software was used to assess locomotor behavior by
monitoring the location of the animal relative to a 3× 3 grid of equal-
sized boxes superimposed on the video image of the arena floor.
Subjects were acclimatized to the testing room for 1 h prior to being
released in the center of the arena, and their behavior was recorded for
15min. The total distance the subject traveled, the time spent moving
and the time spent in the center zone were quantified. A subject was
considered to be moving if it traveled with a velocity of ≥1 cm/s.

2.6. Pavlovian fear conditioning

Pavlovian fear conditioning was used to assess learning and memory
as previously described (Cowan and Richardson, 2018; Rajbhandari
et al., 2018). Animals were trained to associate a conditioned stimulus
(CS) with an unconditioned stimulus (UCS) in a chamber (Med-As-
sociates Inc., St. Albans, VT, USA) that was calibrated to deliver foot
shocks at 0.7 mA. Each chamber (32 cm wide×25 cm high× 25 cm
deep) had aluminum side walls, a clear polycarbonate front wall, an
opaque Plexiglas back wall and ceiling, and a floor composed of
stainless steel rods placed 1.6 cm apart. A scrambled shock to the foot
was delivered through the floor. Each conditioning chamber was sur-
rounded by a sound attenuating environmental chamber and equipped
with an overhead closed circuit television (CCTV) camera to record the
subject during each session. Chambers were thoroughly cleaned with
70% ethanol between subjects, and the ethanol odor allowed to dis-
sipate before the start of the next session.

To condition animals, each subject was placed in the chamber with
illumination set at 220 lx for 2min, then presented with an auditory CS
(80 dB white noise) for 30 s followed by the UCS, a 3-s foot shock of
0.7 mA delivered through the floor grid. An olfactory cue was added
before fear conditioning by dabbing a drop of lemon dish soap solution
on the metal tray beneath the grid floor. Each animal was given a total
of three CS-UCS pairings with 2min between each pairing during an 8-
min training session. After the training session, animals were placed
back in their home cage and returned to the vivarium for 24 h. During
conditioning, approximately 50% of the DFP animals did not freeze in
response to the stimuli and these animals were excluded from the
subsequent cue and context tests. The next day, the memory of the fear-
associated context was assessed by placing the animal in the same

chamber with identical lighting, visual, floor-texture, and olfactory cues
as the day before during tone-shock pairing. The animal's behavior was
monitored for 5min in the absence of an auditory CS and UCS foot
shock. The subject rat was then returned to its home cage. On the third
day, cued fear conditioning was assessed by placing subject rats into a
new context. The scent in the operant chamber was changed to vanilla
and the metal floor grid was covered with a transparent Plexiglas sheet
on top of a blue paper towel, and the chamber lights dimmed to 7 lx. At
the beginning of the 5-min trial, the subject rat was introduced to the
chamber and allowed to acclimatize for 2min before the auditory CS
was presented for 3min without the UCS foot shock. Time spent
freezing (defined as the absence of any movement except respiratory
movement) during both the context and cue test was manually scored
from video recordings at 10 s intervals by two independent in-
vestigators blinded to experimental group. Careful analysis of video
recordings during scoring revealed no evidence of seizure behavior in
DFP animals during the CS-US pairing or the context testing.

2.7. Immunohistochemistry

At the conclusion of all behavioral tests, animals were deeply an-
esthetized with 4% isoflurane in medical grade oxygen, and subse-
quently transcardially perfused with 100ml cold PBS (3.6 mM
Na2HPO4, 1.4mM NaH2PO4, 150mM NaCl, pH 7.2)) followed by
100ml cold 4% paraformaldehyde (PFA) solution in phosphate buffer
(0.1M Na2HPO4, 0.1M NaH2PO4, pH 7.2) at a flow rate of 15ml/min
using a Masterflex peristaltic pump (Cole Parmer, Vernon Hills, IL,
USA). Brains were removed, blocked in 2-mm thick coronal sections
and post-fixed in 4% PFA for 24 h at 4 °C before being transferred to
30% sucrose in PBS and stored at 4 °C for at least 48 h until embedded
and flash frozen in Tissue-Plus™ O.C.T. compound (Thermo Fisher
Scientific, Waltham, MA, USA). Tissue blocks were cryosectioned into
10-μm thick coronal sections and stored at −80 °C until staining.

All brain sections processed for a specific biomarker were im-
munostained at the exact same time using the same batch of reagents to
ensure comparable experimental conditions across all samples. Slides
were brought to room temperature, washed with PBS, placed in 10mM
sodium citrate buffer at pH 6.0 and heated for 30min in a rice cooker
for antigen retrieval. Following antigen retrieval, sections were in-
cubated in blocking buffer, which was 10% normal goat serum (Vector
Laboratories, Burlingame, CA, USA), 1% bovine serum albumin (Sigma-
Aldrich) and 0.3% Triton X-100 (Thermo Fisher Scientific) in PBS, for
1 h at room temperature, and then incubated with primary antibody in
blocking buffer at 4 °C overnight. Primary antibodies included rabbit
anti-IBA1 (1:1000, 019–19,741, Wako Laboratory Chemicals,
Richmond, VA, USA), mouse anti-CD68 (1:200, MCA341R, Serotec,
Hercules, CA, USA), mouse anti-GFAP (1:1000, 3670, Cell Signaling
Technology, Danvers, MA, USA), mouse anti-NeuN (1:1000, MAB377,
Millipore, Burlington, MA, USA), and rabbit anti-nitrotyrosine (3-NT,
1:200, 06–284, Millipore). Sections were washed in PBS with 0.3%
Triton X-100, and then incubated in secondary antibody in blocking
buffer for 2 h at room temperature. The secondary antibody used to
detect anti-IBA1 was goat-anti rabbit IgG conjugated to Alexa Fluor
568 nm (1:500, 997,761, Life Technologies, Carlsbad, CA, USA); to
detect anti-CD68, goat-anti mouse IgG conjugated to Alexa Fluor
488 nm (1:500, A11001, Life Technologies); to detect anti-GFAP or
anti-NeuN, goat-anti mouse IgG1(γ1) conjugated to Alexa Fluor 568 nm
(1:1000, A21124, Life Technologies); and to detect anti-3-NT, goat-anti
rabbit Ig conjugated to Alexa Fluor 488 nm (1:500, Life Technologies
A11034). As a negative control, sections were incubated with blocking
buffer rather than primary antibody, but otherwise processed identi-
cally. All sections were mounted in ProLong™ Gold Antifade Mountant
with DAPI (Invitrogen).

Fluorescent images were acquired using the ImageXpress Micro XLS
Widefield High-Content Analysis System (Molecular Devices,
Sunnyvale, CA, USA). Positive immunostaining was identified as
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fluorescence intensity that was twice the background fluorescence le-
vels in negative control samples. Images were acquired from the ba-
solateral amygdala (Bregma −3.6 to −4.2), dorsolateral thalamus
(Bregma −3.0- to −3.6), piriform cortex (Bregma −3.6 to −4.2),
hippocampus (Bregma −3.6 to −4.2) and somatosensory cortex
(Bregma −3.6 to −4.2) at the same coronal plane across all animals as
determined using the photographic atlas of the rat brain (Kruger et al.,
1995). Two serial slices were analyzed for each brain region of each
animal. Multiple overlapping tiles were stitched together to produce a
single image that encompassed an entire brain region that was then
processed using automated analysis platforms. All acquired images
were used for analysis unless specific brain regions were lost during
staining conditions (which occurred in 6 out of 150 images). GFAP
immunoreactivity was assessed using ImageJ v1.48 (NIH, USA) to de-
termine the average fluorescence area following a rolling ball back-
ground subtraction and binarization of the image. These data are pre-
sented as percent area of GFAP relative to time- and brain region-
matched samples from VEH animals. IBA-1/CD68 and NeuN/3-NT
immunoreactivity were assessed with respect to the percentage of im-
munopositive cells (identified by DAPI staining) with colocalized im-
munoreactivity using the Multi Wavelength Cell Sorting Journal within
the Custom Module Editor analysis software (MetaXpress High-Content
Image Acquisition and Analysis software, version 5.3, Molecular De-
vices) combined with a self-developed Matlab Script (Matlab 2014b,

The Mathworks Inc., Natick, Massachusetts).

2.8. Statistics

Behavior data were analyzed using student's t-test, Mann Whitney t-
test or two-way ANOVA as performed by Prism 6.0 (GraphPad
Software, La Jolla, CA, USA). For histological analysis, mixed effects
regression models, including animal-specific random effects, were used
to assess the differences in primary immunohistochemical outcomes
between DFP and VEH animals across brain regions. Exploratory ana-
lysis indicated that a natural logarithmic transformation was needed for
all outcomes to stabilize the variance and meet the underlying as-
sumptions of the mixed effects models. Outcomes that had a value of
zero were shifted by a small positive number prior to taking the natural
logarithm. Time post-exposure (1month or 2month), exposure group
(DFP or VEH), 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 to compare each brain region between DFP and VEH
groups. Results are presented as geometric mean ratios between DFP
and VEH. 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 corre-
sponds to a 50% decrease. Point estimates of the ratios and the 95%
confidence intervals are presented. When the confidence interval

Fig. 2. Acute DFP intoxication elicited robust seizure activity. (a) Representative EEG recording immediately before and following administration of DFP at time
zero. The lower trace shows the continuous EEG record (voltage scale, 350 μV). Dashed boxed areas are shown on an expanded scale above (voltage scale, 500 μV). A'
shows the dashed boxed area in A on an expanded time scale. Spike-wave activity is evident in A', B and C. (b) Scale used to score the severity of behavioral seizures.
SLUD indicates any of the following symptoms of cholinergic activation: salivation, lacrimation, urination, defecation. (c) Seizure scores according to the scheme in B
were obtained at 5min intervals during the first 120min following administration of vehicle or DFP, and at 20min intervals between 120 and 240min post-exposure.
Data points correspond to the mean seizure score (± S.E.M.) at each observation time.
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includes 1, there is no statistical evidence of a difference between the
DFP and VEH group. However, when the confidence interval does not
include 1, the estimated effect is significant at the 5% level. All analyses
were conducted using SAS software version 9.3 (SAS Institute, Inc.,
Cary, NC, USA) and graphics were created in R version 3.1.0 (R
Foundation for Statistical Computing, Vienna, Austria).

3. Results

3.1. Acute DFP intoxication triggers SE that develops into SRS and
hyperreactivity in adult male rats

To confirm that the DFP exposure paradigm used in these studies
(Fig. 1) triggered robust SE in adult male Sprague-Dawley rats, a subset
of animals were implanted with electrodes to measure electro-
encephalographic activity in the brain during the 4 h immediately fol-
lowing a single s.c. injection of DFP at 4mg/kg. Changes in normal EEG
waveform consistent with SE occurred within minutes of DFP admin-
istration and persisted through the entire recording period in all ani-
mals implanted with electrodes (Fig. 2a). All DFP-intoxicated animals
(both those implanted with electrodes, and those not surgerized for EEG
recording) were monitored for seizure behavior as previously described
(Siso et al., 2017). All DFP-exposed animals (n=41/41) exhibited
characteristic signs of cholinergic crisis (i.e. SLUD: salivation, lacri-
mation, urination, defecation) within minutes after intoxication, and
consistent with the EEG records, most DFP animals exhibited seizure
behavior during the 4 h following DFP exposure (Fig. 2b,c). A maximal
seizure score≥ 3 was observed in 90% of all DFP-exposed animals
(n=37/41). The remaining 10% of DFP-exposed animals that did not
exhibit behavioral signs of seizure activity were excluded in further
studies. Of the DFP animals that exhibited behavioral seizures, 68%
survived 24 h post-exposure, and of those, all survived until euthanized.

There is literature suggesting the development of chronic epilepsy in
humans following acute OP intoxication (Waheed et al., 2014). This
association has been corroborated in preclinical studies: acute in-
toxication with the OPs soman or paraoxon triggers the onset of
spontaneous recurrent seizures (SRS) in some exposed animals within
5–10 days following OP exposure (de Araujo et al., 2010, 2012; Shrot
et al., 2014). Consistent with these observations, we observed seizure
behavior in DFP animals at delayed times post-exposure. To determine
whether behavioral signs of seizures were indicative of electro-
encephalographic seizures, a subset of DFP animals exhibiting seizure
behavior were implanted with electrodes at ~ 2months post-exposure.
Monitoring of electrographic activity at 100 days post-intoxication in-
dicated abnormal EEG activity consistent with seizure activity (Fig. 3a).
Of the six animals instrumented for this experiment, all six exhibited
SRS by 100 days post-intoxication (Fig. 3b), although the rates at which
animals experienced SRS varied between animals (Fig. 3c).

DFP animals also exhibit hyperreactive responses to physical and
auditory stimuli. To quantify these observations, we adapted a pre-
viously described reactivity test (Raffaele et al., 1987) that uses a
ranking system of the animal's reaction to five types of stimuli from 0
(no reaction) to 3 (aggressive response) to derive a summed score
across all five stimuli. Using this test, we compared the reactivity of
DFP versus VEH animals at 1 week, 1month and 2months post-ex-
posure. DFP animals were significantly more reactive than VEH animals
beginning as early as 1 week (mean ± SD: VEH 2.55 ± 2; DFP
9.37 ± 2.22), and this difference persisted at 1 (mean ± SD: VEH
2.75 ± 2.7; DFP 7.16 ± 2.63), and 2months (mean ± SD: VEH
1.65 ± 2; DFP 4.79 ± 3.27) post-exposure (Fig. 3d).

3.2. Acute DFP intoxication induces persistent behavioral changes

Anxiety-like behavior, general locomotor and exploratory behavior,
and learning and memory were assessed in DFP and VEH animals at 1
and 2months post-exposure. Different cohorts were assessed at the two

time points, with all three behaviors assessed in each cohort. To
minimize carryover effects, behavioral tasks were performed in the
order of least stressful to most stressful in all cohorts (Fig. 1b), and
experiments were conducted in two cohorts per time point to confirm
reproducibility.

Anxiety-like behavior was assessed using the elevated plus maze
(EPM). DFP animals spent a greater percentage of time on the open
arms compared to VEH at both 1month (Fig. 4a; VEH: 5.9 ± 2.14%;
DFP: 26.5 ± 6.5%) and 2months post-exposure (Fig. 4d, VEH:
22.6 ± 5.31%; DFP: 58.7 ± 11.8%). No significant treatment effects
on the number of open arm entries or total arm entries at either 1month
(Fig. 4b, VEH: 2.4 ± 1.83; DFP: 5.14 ± 3.84; Fig. 4c, VEH:
14.3 ± 1.11; DFP: 14.7 ± 2.73) or 2months (Fig. 4e, VEH:
3.8 ± 0.63; DFP: 7.75 ± 1.99; Fig. 4f, VEH: 12.1 ± 0.77; DFP:
12.75 ± 2.29) post-exposure were observed. Greater percentage of
time on the open arms indicates low anxiety-like behavior in DFP
compared to VEH at 1 and 2months post-exposure. No effect on the
number of total entries supports that this finding is attributable to
changes in anxiety-like behavior and not a confound of low activity.

General exploratory and locomotor behavior was assessed using the
open field test. The total distance traveled, the total amount of time the
animal spent moving and the percent of time the animal spent in the
center of the open field were measured. No significant differences were
observed between VEH and DFP animals on any of these endpoints at 1
(Fig. 5a, VEH: 2.75 ± 0.42m; DFP: 3.15 ± 1.18m; Fig. 5b, VEH:
10.6 ± 1.13min; DFP: 9.42 ± 2.58min; Fig. 5c, VEH:
1.44 ± 0.85min; DFP: 1.72 ± 1.5min) or 2months post exposure
(Fig. 5d, VEH: 2.7 ± 0.49m; DFP: 3.5 ± 2.15m; Fig. 5e, VEH:
8.95 ± 0.85min; DFP: 8.85 ± 4.13min; Fig. 5f, VEH:
1.3 ± 0.81min; DFP: 1.92 ± 1.16min).

Pavlovian fear conditioning was used to assess the effect of acute
DFP intoxication on learning and memory. This task is a form of asso-
ciative learning that pairs an unconditioned stimulus (foot shock) with
a conditioned stimulus (auditory cue). Learning and memory is mea-
sured as the percentage of time the subject freezes when subsequently
exposed to the same context or cue: increased percent time freezing
indicates stronger learning and memory. On the first day of the beha-
vioral test, animals were trained to associate the unconditioned sti-
mulus with the conditioned stimulus. Of the animals included in the
analysis (see Methods section), there was a significant effect of the
training task in both the VEH and DFP animals at each time point (1 and
2months post-exposure) as determined by two-way ANOVA (1month &
2month: p < .001) (Fig. 6a, b). There were no exposure-related effects
on the freezing response during conditioning on the first day (two-way
ANOVA, 1month: p= .26, 2month: p= .2) and there was no sig-
nificant interaction between DFP exposure and training phase (two-way
ANOVA, 1month: p= .18, 2month: p= .06).

During the context test, there was no significant difference in the
percentage time spent freezing between the DFP and VEH animals at
1month post-exposure (DFP: 38 ± 8.9%; VEH: 50 ± 6.7%, t-test,
p= .34) (Fig. 6a); however, at 2 months post-exposure, DFP animals
spent significantly less time freezing than VEH animals (DFP:
19 ± 5.56%; VEH: 46 ± 6.13%, t-test, p < .05) (Fig. 6b). During the
cue test, the percentage time spent freezing was significantly less for
DFP animals relative to VEH animals at both 1month (DFP:
41 ± 10.9%; VEH: 76 ± 8.01%, t-test, p < .05) and 2months (DFP:
45 ± 13.6%; VEH: 79 ± 7.23%, t-test, p < .05) post-exposure
(Fig. 6).

3.3. DFP causes persistent neuroinflammation and oxidative stress in
multiple brain regions

Acute DFP intoxication causes substantial neurodegeneration in
multiple brain regions that begins as early as 4 h post-intoxication (Li
et al., 2011), peaks at approximately 1 week post-exposure and largely
subsides between 2 and 3weeks after exposure (Siso et al., 2017). These
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neurodegenerative consequences are accompanied by a robust neu-
roinflammatory response in the hippocampus and cortex (Li et al.,
2015; Rojas et al., 2015; Siso et al., 2017) characterized by microglial
and astrocyte activation that persists at 1 and 2months post-exposure
(Flannery et al., 2016; Siso et al., 2017). To confirm these earlier ob-
servations with more robust, non-biased quantification, we used auto-
mated image acquisition and analysis to quantify reactive astrogliosis
and microgliosis in multiple brain regions of DFP animals at 1 and
2months post-exposure. Also, while neuroinflammation and oxidative
stress often co-exist, oxidative stress has only been examined in the rat
model of acute DFP intoxication out to 72 h post-exposure (Kim et al.,

1999; Liang et al., 2018; Zaja-Milatovic et al., 2009). Therefore, we also
examined 3-NT immunoreactivity, a biomarker of oxidative stress
(Ahsan, 2013) at 1 and 2months post-exposure in the same brains ex-
amined for reactive astrogliosis and microgliosis.

Increased GFAP immunoreactivity, a biomarker of reactive astro-
cytes, was observed in multiple brain regions (Fig. 7), and these effects
were bilaterally symmetrical. Automated image acquisition and ana-
lysis was used to quantify the percent area of GFAP immunoreactivity in
the basolateral amygdala, somatosensory cortex, piriform cortex, dorsal
lateral thalamus, and hippocampus of DFP and VEH animals at 1 and
2months post-exposure. No statistically significant differences were

Fig. 3. Acute DFP intoxication caused animals to develop spontaneous recurrent seizures (SRS) and exhibit hyperreactive behavior. (a) Representative electro-
encephalogram (EEG) of SRS in a DFP rat at 100 days post-DFP exposure. The lower trace shows the continuous EEG record (voltage scale, 100 μV). Dashed boxed
areas are shown on an expanded scale above (voltage scale, 200 μV). B′ shows the dashed boxed area in B on an expanded time scale. The yellow bar in the bottom
trace depicts an episode of a SRS. (b) Raster plot depicting the number of occurrences of SRS recorded over a 6 h period in DFP rats at 100 days post-DFP exposure. (c)
A box plot illustrating the frequency of SRS that occurred per hour in DFP animals (n=same 6 animals shown in panel b). (d) Behavioral assessment of reactivity
revealed observable aggression in DFP animals beginning as early as 1 week post-exposure that persisted up to 2months post-exposure. Animals were scored for
reactions to five different tactile stimuli and the score for each stimulus was summed to determine the total score with 0 indicating negligible reactivity and 15
representing maximal reactivity. Data presented as mean ± SD. *Significantly different from time-matched vehicle control at p < .05 as determined by Mann
Whitney U test.
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found between VEH animals at 1month versus 2month post-exposure
as determined by 1 way ANOVA; therefore, animals from these two
cohorts were combined into a single VEH control group for further
histological analyses. The geometric mean ratio was calculated for the
GFAP area in each brain region of DFP animals relative to VEH animals
(Fig. 7b). Difference in the area of GFAP immunoreactivity between
DFP and vehicle animals did not differ by time post-exposure or brain

region. There was a 1.7-fold increase in the GFAP staining area in DFP
treated animals relative to vehicle animals that persisted at 1 and
2months following exposure across all the five brain regions that were
analyzed.

Early astrogliosis has been shown to accompany a period of robust
microglial activation in the hippocampus and cortex of DFP-exposed
rats (Flannery et al., 2016); therefore, we also quantified microgliosis.

Fig. 4. Acute DFP intoxication caused persistent anxiolytic effects. The performance of DFP animals in the elevated plus maze was altered relative to vehicle controls
such that the DFP animals spent significantly more time in open arms of the maze (a, d). However, acute DFP intoxication did not change the number of open arm (b,
e) or total arm entries (c, f) at either 1 or 2months post-exposure. Data presented as mean ± S.E.M. *Significantly different from vehicle control at p < .05 as
determined by student's t-test.
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IBA-1 immunoreactivity, a pan microglia biomarker, and CD68 im-
munoreactivity, a biomarker of phagocytically active microglia, were
quantified within the basolateral amygdala, somatosensory cortex,
piriform cortex, dorsal lateral thalamus and hippocampus of DFP and
VEH animals at 1month and 2months post-exposure. Bilaterally sym-
metrical increases in microgliosis were observed in multiple brain re-
gions (Fig. 8). The total percentage of cells that were IBA-1 im-
munopositive and the percentage of IBA-1 immunopositive cells that
were co-labeled for CD68 immunoreactivity were quantified in each
brain region using automated image acquisition and analysis. The
geometric mean ratio of these values from DFP animals compared to
VEH control was calculated for each brain region (Fig. 8b, c). Difference

between DFP and VEH animals with respect to the percentage of IBA-1
immunopositive cells that were immunoreactive for CD68 differed by
time post-exposure and brain region. There was a significant difference
in DFP versus VEH animals at 1month, but not at 2months post-ex-
posure in the basolateral amygdala, somatosensory cortex and hippo-
campus, and there were no significant differences between DFP and
VEH animals in the piriform cortex or thalamus at either 1 or 2months
post-exposure (Fig. 8b). The percentage of cells immunoreactive for
IBA-1 was significantly different between DFP and VEH animals in all
brain regions at 1month post-exposure; however, at 2 months post-
exposure, this difference only remained significant in the piriform
cortex (Fig. 8c).

Fig. 5. General locomotor activity and exploratory behavior were not significantly altered by acute DFP intoxication. Parameters measured in the open field test
included: (a, d) total distance traveled; (b, e) the percentage of the session time the animal spent moving; and (c, f) the percentage of time the animal spent in the
center of the testing chamber. Data presented as mean ± SD. “NS” denotes no significance from vehicle control at p= .05 as determined by unpaired student's t-test.

Fig. 6. Pavlovian fear conditioning revealed persistent learning and memory deficits in DFP-intoxicated animals. DFP animals showed decreased freezing behavior in
cued conditioning at 1 month post-exposure (a) that persisted at 2 months post exposure (b). Deficits in contextual fear conditioning were observed at 2months post-
exposure (b). Data presented as mean ± S.E.M. *Significantly different from vehicle control at p < .05 as determined by two way ANOVA. No statistically sig-
nificant treatment-related differences were identified in the training phase using two-way ANOVA (p > .05).
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It is well established that activated microglia and astrocytes increase
production of reactive oxygen and nitrogen species that positively
feedback to perpetuate a proinflammatory response (Lugrin et al.,
2014). To determine whether the persistent neuroinflammatory re-
sponse observed in multiple brain regions of the DFP animal correlated
with increased oxidative stress at these delayed times post-exposure, we
quantified 3-NT immunoreactivity. 3-NT is a well-established marker of
oxidative damage, which typically results from the reaction of perox-
ynitrite with free or protein-bound tyrosine residues within the cell
(Ahsan, 2013). Automated image acquisition and analysis of 3-NT and
NeuN, a biomarker of neurons, revealed an elevated and prolonged,
bilaterally symmetrical oxidative stress response in multiple brain re-
gions of DFP animals compared to VEH controls (Fig. 9). The geometric
mean ratio of the ratio of NeuN immunopositive cells that were also
immunoreactive for 3-NT was calculated for DFP animals compared to
the VEH group (Fig. 9b). There was a significant increase in the per-
centage of NeuN immunopositive cells that expressed 3-NT in the so-
matosensory cortex, hippocampus and dorsal lateral thalamus of DFP
versus VEH animals at 1 and 2months post-exposure (Fig. 9b). In
contrast, there was no significant effect of DFP on the percentage of 3-
NT immunoreactive neurons in either the amygdala or piriform cortex
at either time post-exposure. Global levels of oxidative stress were also
assessed by quantifying the colocalization of 3-NT immunoreactivity
with DAPI. The geometric mean ratio of 3-NT and DAPI colocalization
was calculated for DFP animals compared to the VEH group (Fig. 9c).
The percentage of 3-NT immunoreactive cells was significantly in-
creased in the somatosensory cortex, piriform cortex, hippocampus, and
dorsal lateral thalamus of DFP animals compared to VEH controls at 1
and 2months post-exposure (Fig. 9c). However, there were no sig-
nificant effects of DFP on global 3-NT expression in the basolateral
amygdala.

4. Discussion

Previous studies of adult male rats demonstrated that DFP-induced
SE triggers a robust neuroinflammatory response (Flannery et al., 2016;
Kuruba et al., 2018; Li et al., 2015; Li et al., 2011; Liu et al., 2012; Rojas
et al., 2015; Siso et al., 2017; Wu et al., 2018) and increases oxidative
stress in the brain (Kim et al., 1999; Liang et al., 2018; Zaja-Milatovic
et al., 2009) during the first few days post-exposure. We also previously
showed that increased GFAP and IBA-1 immunoreactivity persist in
multiple brain regions for up to 2months post-exposure (Flannery et al.,
2016; Siso et al., 2017). In addition, deficits in memory (Brewer et al.,
2013; Flannery et al., 2016; Rojas et al., 2016) and changes in de-
pression-relevant behavior (Wright et al., 2010) have been reported in
the weeks following acute exposure to DFP. Here, we extend these
previous observations of the rat DFP model by demonstrating coin-
cident neuroinflammation and oxidative stress in multiple brain regions
that persist at 1 and 2months post-exposure. Furthermore, DFP-in-
toxicated animals who survive SE go on to develop SRS, hyperreactivity
to tactile stimuli, cognitive deficits and anxiolytic behavior that also
persist for at least 2 months post-exposure.

Consistent with earlier reports (Deshpande et al., 2010; Li et al.,
2011; Pouliot et al., 2016; Rojas et al., 2015), we observed that a single
s.c. injection of DFP at 4mg/kg triggered SE in adult male rats within
minutes of exposure, as confirmed by both EEG and behavioral criteria.
Humans who survived acute sarin intoxication in the 1995 Tokyo
subway attacks exhibited EEG abnormalities years after exposure
(Okumura et al., 2005). Preclinical observations demonstrating that
rats develop SRS after SE induced by soman (de Araujo et al., 2010) or
paraoxon (Shrot et al., 2014) suggest these events may be causally
linked. Anecdotal evidence from our previous studies suggested that
rats acutely intoxicated with DFP similarly develop SRS (Siso et al.,
2017). Here, we confirmed these preliminary observations in a subset of
animals instrumented for EEG analyses. While SRS was detected in all
(6/6) of the animals examined, the sample size was small and biased in

Fig. 7. Acute DFP intoxication triggered persistent reactive astrogliosis in multiple brain regions.
(a) Representative micrographs of GFAP immunoreactivity in the hippocampus of adult male rats exposed to vehicle (VEH) or DFP. Brain sections were labeled with
DAPI (blue) to identify cell nuclei and immunostained for GFAP (red) to identify astrocytes. Bar= 200 μm. (b) Geometric mean ratio (dot) of the area of GFAP
immunoreactivity in DFP relative to VEH animals with 95% confidence intervals (bars) (n=14 DFP and 13 VEH). The y-axis is a log scale. Confidence intervals that
do not include 1 (identified as the grey line) indicate a significant difference between DFP and VEH groups. Amy=amygdala; SC= somatosensory cortex;
Hippo= hippocampus; Piri = piriform cortex; Thal= dorsal lateral thalamus. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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that animals were selected for this experiment because they were ex-
hibiting seizure-like behavior. Thus, additional studies with a larger
sample size are needed to determine the percentage of DFP intoxicated
rats that develop SRS and to characterize the developmental timeline of

DFP-induced SRS. Data from such studies will inform mechanistic stu-
dies to understand how SRS develops following OP-induced SE, and will
provide insights into the therapeutic window for preventing the onset of
acquired epilepsy in OP-intoxicated individuals.

Fig. 8. Acute DFP intoxication triggered microglial activation. (a) Representative micrographs of CD68 and IBA-1 immunoreactivity in the hippocampus of adult
male rats exposed to vehicle (VEH) or DFP. Brain sections were labeled with DAPI (blue) to identify cell nuclei and immunostained for both CD68 (green) and IBA-1
(red) to identify activated microglia. Bar= 200 μm. (b) Geometric mean ratio (dot) of the percentage of IBA-1 immunoreactive cells co-reactive for CD68 and IBA-1;
and (c) percentage of total cells per unit area that were IBA-1 immunoreactive in DFP relative to VEH animals with 95% confidence intervals (bars) (1month: n=6
DFP and 5 VEH; 2months: n=8 DFP and 6 VEH). The y-axis is a log-scale. Confidence intervals that do not include 1 (grey line) indicate a significant difference
between DFP and VEH groups. Amy= amygdala; SC= somatosensory cortex; Hippo= hippocampus; Piri = piriform cortex; Thal= dorsal lateral thalamus. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Acute DFP intoxication causes persistent oxidative stress in multiple brain regions. (a) Representative micrographs of 3-NT and NeuN immunoreactivity in the
hippocampus of adult male rats exposed to vehicle (VEH) or DFP. Brain sections were labeled with DAPI (blue) to identify cell nuclei and immunostained for 3-
nitrotyrosine (3-NT, green) as a biomarker of oxidative stress and NeuN (red) to identify neurons. Bar= 200 μm. (b, c) Geometric mean ratio of the percentage of
neurons (b) and of total cells (c) expressing 3-NT in DFP relative to VEH animals with 95% confidence intervals (bars) (n=15 DFP and 9 VEH). The y-axis is a log-
scale. Confidence intervals that do not include 1 (grey line) indicate a significant difference between DFP and VEH groups. Amy= amygdala; SC= somatosensory
cortex; Hippo=hippocampus; Piri = piriform cortex; Thal= dorsal lateral thalamus. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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The findings of this study indicate that with the possible exception
of effects on anxiety-like behavior, the rat model of acute DFP in-
toxication recapitulates many of the neurologic sequelae documented in
human survivors of acute OP intoxication and in preclinical models of
acute intoxication with OP warfare agents (Chen, 2012; de Araujo et al.,
2012; Pereira et al., 2014). Persistent memory impairment is one of the
most common behavioral consequences observed in humans who sur-
vive acute OP poisoning (Chen, 2012; Okumura et al., 2005). Years
after the 1995 sarin attack in the Tokyo subway, exposed rescue per-
sonnel and subway workers exhibited significant deficits on memory
tests compared to non-exposed control subjects (Miyaki et al., 2005;
Nishiwaki et al., 2001). Memory deficits have been previously reported
in the rat model of acute DFP intoxication at 1month post-exposure
using Pavlovian fear conditioning (Flannery et al., 2016) or Morris
water maze (Brewer et al., 2013) and at 3months post-exposure using
novel object recognition (Rojas et al., 2016). Our findings corroborate
these earlier studies by demonstrating that acute DFP intoxication im-
pairs memory in the Pavlovian fear conditioning task at both 1 and
2months post-exposure. These performance deficits are not secondary
to impaired motor activity since DFP animals did not show locomotor
deficits in the open field test. Interestingly, at 1 month post-exposure,
DFP animals exhibited deficits in the cue but not context test, whereas
at 2months post-exposure, DFP animals showed deficits in both the cue
and context test. The context test is predominantly hippocampal-de-
pendent whereas the cue test relies on both hippocampal and amyg-
dalar function. Thus, this observation suggests that acute DFP in-
toxication causes progressive brain damage that varies between brain
regions.

Human survivors of acute OP intoxication are reported to experi-
ence significant high levels of anxiety for years after exposure (Hayden
et al., 2010; Levin et al., 1976; Yokoyama et al., 1998). Preclinical
studies demonstrate that acute intoxication with the OP warfare agent
soman similarly results in persistent anxiety-like behavior (Coubard
et al., 2008; Prager et al., 2014). Soman-induced anxiety-like behavior
is linked to neuronal loss in the basolateral amygdala, decreased ratio of
interneurons to the total number of neurons, as well as a reduction in
background inhibitory activity (Prager et al., 2014). Acute DFP in-
toxication similarly causes significant neuronal cell loss in the amyg-
dala (Siso et al., 2017), so why DFP should cause anxiolytic as opposed
to anxiogenic effects remains uncertain. However, results from pre-
clinical models of acute intoxication with OP pesticides suggest that
effects on anxiety-like behavior vary depending on the OP and/or dose.
For example, acute intoxication with paraoxon at doses that triggered
SE caused persistent anxiogenic behavior in rodents for up to 3months
following exposure (Deshpande et al., 2014); however, studies of
chlorpyrifos suggest that exposed animals may develop anxiogenic or
anxiolytic behavior depending on the dose and time post-exposure
(Lopez-Crespo et al., 2009). Other groups have shown that exposure to
seizurogenic (Rojas et al., 2016) or non-seizurogenic (Wright et al.,
2010) doses of DFP that cause cholinergic symptoms induces short-term
anxiolytic behavior in rats. Our data extend these findings by demon-
strating that the anxiolytic effects of acute DFP intoxication persist at 1
and 2months post-exposure. These data add to the growing preclinical
literature suggesting variable effects of OP intoxication on anxiety de-
pending on the exposure paradigm. Whether this is also true in humans
has yet to be determined.

Many have posited that the SRS and neurobehavioral consequences
of OP-induced SE are mediated at least in part by neuroinflammation
(Collombet, 2011; de Araujo et al., 2012; Guignet and Lein, 2018) and/
or oxidative stress in the brain (Pearson and Patel, 2016; Vanova et al.,
2018). These hypotheses are driven in large part by preclinical data
demonstrating that OP-induced behavioral impairments are often pre-
ceded by or coincident with robust neuroinflammation (Collombet,
2011, de Araujo et al., 2012, Guignet and Lein, 2018) and upregulated
expression of oxidative stress biomarkers in the brain (Kim et al., 1999;
Liang et al., 2018; Zaja-Milatovic et al., 2009). Our previous

histological and in vivo PET imaging studies demonstrated that DFP
triggers pronounced reactive astrogliosis and microglial activation in
multiple brain regions that persist at 1 and 2months post-exposure
(Flannery et al., 2016; Siso et al., 2017). The data reported here, which
differed from these previous studies by using automated image analysis
to quantify immunoreactivity, incorporating CD68 immunoreactivity to
identify phagocytic microglia, and co-labeling for biomarkers of oxi-
dative stress, largely confirm our previous observations. As reported
previously (Siso et al., 2017), there is spatiotemporal heterogeneity of
the neuroinflammatory response triggered by acute DFP intoxication.
Here, we observed DFP-induced SE significantly increased GFAP im-
munoreactivity at both 1 and 2months post-exposure in all the brain
regions examined, which included the somatosensory cortex, piriform
cortex, hippocampus, thalamus, and amygdala. In contrast, IBA-1 im-
munoreactivity was significantly increased in all five brain regions at
1month-post-exposure, but by 2months post-exposure, had returned to
VEH control levels in all but the piriform cortex, where it remained
elevated. Analyses of the phagocytic status of microglia cells by CD68
immunoreactivity, which is thought to represent fully activated mi-
croglia (Guignet and Lein, 2018), revealed significantly increased
numbers of phagocytic microglia only in the amygdala, somatosensory
cortex and hippocampus, and only at 1month post-exposure. This
perhaps reflects the fact that in the DFP intoxicated animal, neurode-
generation has largely subsided by 14 days post-exposure (Siso et al.,
2017).

Neuroinflammation and oxidative stress are inextricably linked
processes (Guignet and Lein, 2018) and there is growing interest in the
functional relationship between these in the context of acute OP in-
toxication. The brain is particularly susceptible to oxidative stress,
which is defined as the imbalance between the production and detox-
ification of reactive oxidative species, because of its high composition
of lipids, high energy demand and lower levels of cellular antioxidant
systems (Pearson and Patel, 2016). Excessive production of reactive
oxidative species that overwhelms endogenous antioxidant processes is
associated with neuronal cell death as well as reactive astrogliosis and
microglial activation (Pearson and Patel, 2016). Activated astrocytes
and microglia also contribute to oxidative stress by secreting reactive
oxidative species (Guignet and Lein, 2018; Wilkinson and Landreth,
2006). Acute DFP intoxication has been shown to elevate levels of re-
active oxygen and nitrogen species in the brain during the first few
hours post-exposure, and this response correlates with dendritic
atrophy and neurodegeneration in the hippocampus and cortex (Kim
et al., 1999, Liang et al., 2018, Zaja-Milatovic et al., 2009). Our data
indicate that oxidative stress, as determined by 3-NT immunoreactivity,
persisted in many brain regions for as long as 2months post-DFP ex-
posure. However, the spatiotemporal pattern of oxidative stress trig-
gered by acute DFP intoxication varied from that of neuroinflammation
in that 3-NT immunoreactivity was not significantly increased in the
amygdala at either 1 or 2months post-exposure. Both neurons and non-
neuronal cells appear exhibited signs of oxidative stress in the soma-
tosensory cortex, hippocampus and thalamus, as indicated by co-loca-
lization of 3-NT and NeuN immunoreactivity. In contrast, increased
oxidative stress observed in the piriform cortex predominantly affects
non-neuronal cells.

There are few data regarding the temporal and mechanistic re-
lationships of either neuroinflammation or neurodegeneration to oxi-
dative stress in the context of acute OP intoxication. A study of the
spatiotemporal profile of the expression of oxidative stress biomarkers
(specifically, the ratio of reduced to oxidized glutathione and levels of
nitrosylated tyrosine) in rats acutely intoxicated with DFP reported
increased oxidative stress in the brain at 24 and 48 h post-exposure, but
not at 6 and 12 h post-exposure (Liang et al., 2018). Considered in light
of studies that have reported neuroinflammation in preclinical models
of acute DFP intoxication as early as 1–2 h post-exposure (Li et al.,
2015; Liu et al., 2012), these data suggest that neuroinflammation may
be driving oxidative stress. However, treatment of rats acutely
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intoxicated with DFP with a catalytic antioxidant administered at 5 or
15min post-exposure significantly attenuated (but did not completely
block) both oxidative stress and neuroinflammation, the latter de-
termined by levels of proinflammatory cytokines in the brain, and these
effects coincided with decreased neurodegeneration (Liang et al.,
2018). While acknowledging the caveat that in the current study we
only examined one measure of oxidative stress, our observation that
increased GFAP and IBA-1 immunoreactivity persisted in the amygdala
in the absence of increased 3-NT immunoreactivity suggests that oxi-
dative stress is not necessary for maintaining neuroinflammation, and
that neuroinflammation does not necessarily trigger oxidative stress.
The latter is consistent with the hypothesis that neuroinflammation is
neurotoxic early after OP-induced SE but shifts to being neuroprotective
at late time points post-exposure (Banks and Lein, 2012; Collombet,
2011; Guignet and Lein, 2018). Collectively, these observations suggest
that the functional relationships between neuroinflammation, oxidative
stress and neurodegeneration are dynamic over time post-exposure
(Guignet and Lein, 2018). Determining how these relationships change
will be important for identifying therapeutic windows.

In conclusion, we have shown persistent neurobehavioral changes
and SRS that coincide with elevated levels of oxidative stress and
neuroinflammation in the rat model of acute DFP intoxication. These
data support the relevance of the rat DFP model to acute OP intoxica-
tion in humans. One caveat is the pretreatment with pyridostigmine
used in model characterized here, which is likely not reflective of the
majority of human victims of civilian mass casualties or suicide at-
tempts involving OPs. We recently demonstrated that pyridostigmine
pretreatment does not significantly alter the 24 h survival rate, scores of
seizure behavior or inhibition of acetylcholinesterase activity in the
brain (Bruun et al., 2019). Ongoing studies in our laboratory indicate
that neuropathology, behavior, and SRS following acute DFP intoxica-
tion do not differ significantly between DFP animals pretreated with PB
or not (unpublished data). This likely reflects the fact that PB does not
cross the blood brain barrier to any appreciable extent (Lorke and
Petroianu, 2019), and suggests that there is little influence of peripheral
effects of acute DFP intoxication on outcomes in the brain.

An outstanding question not addressed in this study is whether the
persistent neurologic effects of acute DFP intoxication are due to the
chemical, acute SE or SRS. Also not addressed in this study is the causal
relationship between DFP-induced neuroinflammation/oxidative stress
and persistent neurobehavioral changes and SRS. Nonetheless, the data
presented here suggest that evaluation of anti-oxidant and anti-neu-
roinflammatory agents for efficacy in protecting against the long-term
neurologic sequelae of acute OP intoxication is warranted. Given the
similarity in changes observed in the rat model of acute DFP intoxica-
tion to those observed in human and animal models of mesial temporal
lobe epilepsy (Cavarsan et al., 2018; Janz et al., 2017; Nguyen et al.,
2018), mechanistic and therapeutic testing studies in the DFP rat may
be of translational value to this most common focal epilepsy that is
often refractory to medication.
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