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Abstract

Organophosphate (OP) nerve agents are a threat to both the military and civilians. OP exposure
causes cholinergic crisis and status epilepticus (SE) due to irreversible inhibition of
acetylcholinesterase that can be life-threatening if left untreated. OP survivors develop long-term
morbidity such as cognitive impairment and motor dysfunction because of oxidative stress and
progressive neuroinflammation and neurodegeneration (disease promoters). Current medical
countermeasures (MCM) do not mitigate these pathologies. Therefore, our goal was to target
disease promoters using diapocynin (DPO), an NADPH oxidase inhibitor, in addition to MCM, in
the rat diisopropylfluorophosphate (DFP) model. The DFP-intoxicated rats were treated with
diapocynin (300mg/kg, oral, six doses, 12h intervals) or vehicle 2h following behavioral SE
termination with diazepam. The diapocynin treatment significantly rescued DFP-induced motor
impairment, attenuated epileptiform spiking during the first 72h post-DFP in severely seizing rats
despite no difference in epileptiform spike rate between the vehicle and diapocynin groups in mild
SE rats. DPO significantly reduced DFP-induced reactive astrogliosis, neurodegeneration,
GP91PhoX glutathiolated protein, serum nitrite, or pro-inflammatory cytokines and chemokines
such as interleukins (IL) IL-1a, IL-6, IL-2, IL-17A, Leptin, IP-10 in the hippocampus.
Collectively, these data support the neuroprotective role of diapocynin in an OP-induced
neurotoxicity model.
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Introduction

Exposure to organophosphate (OP) chemical nerve agents (OPNA) is a public health
concern accounting for ~300,000 deaths annually worldwidel-2. OPNA were used in the
Iran-Iraq war and Tokyo subway3-6. Recent civilian attacks with nerve agents in Syria, UK,
and Malaysia suggest increased use of nerve agents as biochemical weapons in the
future>7:8. OPNA exposure causes irreversible inhibition of acetylcholinesterase and
exacerbates cholinergic toxidrome leading to lethal parasympathomimetic symptoms (status
epilepticus (SE) and respiratory and cardiac failure) as a result of overstimulation of
muscarinic and nicotinic receptors®10. While acute OP exposure can lead to death,
neurological problems such as epilepsy, cognitive, and motor dysfunctions may occur in
survivors!112, | ikewise, in experimental OPNA models, seizures and long-term behavioral
deficits are common features of OP intoxication due to persistent gliosis, neurodegeneration,
and oxidative stress3-18, The current medical countermeasures (MCM) for the OPNA
symptoms include atropine and oximes to control respiratory and cardiac distress and
benzodiazepines for seizures'919. These MCM may suppress peripheral effects of the
cholinergic crisis if administered in <10-15 minutes of OPNA exposure, which is unrealistic
in a real-world scenariol®. If delayed, MCMs fail to rescue systemic neuronal damage and
associated brain dysfunction. Therefore, there is a need for the development of effective
therapy to complement the existing MCM treatment regimen to counteract the long-term
consequences of OPNA exposure survivors!l,

Growing evidence has supported the role of oxidative stress as a critical mediator in the
pathology of OP toxicity and neuroinflammation observed in animal models of OP
intoxication and human OP poisoning2%-24, Both Jn vivo and in vitro studies have confirmed
that direct OP exposure, as well as subsequent seizures in animal models, facilitates
overproduction of reactive oxygen and nitrogen species (ROS/RNS) that can lead to brain
injury22-27_ One of the primary sources of ROS in neurodegenerative diseases is NADPH
oxidase, an enzyme that is capable of reducing oxygen to form superoxide (O7), which is
detrimental to the cells. NOX2, one of the isoforms of NADPH oxidase, is reported to be
highly expressed in neurons and glial cells in several brain regions2829, Moreover, elevated
MRNA and protein levels of NOX2 were observed in many neurological diseases, including
epilepsy28:30.31, Therefore, we hypothesized that targeting NOX2 may be an important
neuroprotective strategy to mitigate OPNA-induced neuronal damage and dysfunction. Some
studies have demonstrated the neuroprotective effects of NOX2 inhibition or modulation, by
reducing neuroinflammation, and improved behavioral function in chemoconvulsant-induced
epilepsy models32-34, Recently, we demonstrated the role of nitro-oxidative stress in both
kainate and diisopropylfluorophosphate (DFP)-induced epileptogenesis and cognitive and
motor dysfunctionl4:35, These studies strongly support the role of oxidative stress in brain
pathogenesis and the therapeutic potential of NOX2 inhibition.

In the present study, we used a plant-based antioxidant diapocynin (DPO), a dimeric
derivative of apocynin, to test its neuroprotective effects in a rat model of DFP-induced long-
term neurotoxicity. DFP is structurally similar to the nerve agent soman and therefore makes
a useful surrogate for nerve agents that have been used in chemical warfare scenarios 36-38,
We report here that DPO significantly suppresses DFP-induced epileptiform spiking, rescues
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motor learning deficits, attenuates reactive astrogliosis and neurodegeneration, reduces the
level of GP91PX (a membrane-associated NOX2 subunit) and glutathiolated protein
(oxidative stress markers), serum nitrite and the pro-inflammatory cytokines and chemokines
levels such as IL-1a, IL-6, IL-17A, leptin, and IP-10. Collectively, our results from the rat
DFP model of neurotoxicity demonstrates a potential neuroprotective effect of NOX2
inhibition by DPO.

Materials and Methods

Animals

Adult male Sprague-Dawley rats (Charles River) weighing approximately 200g (7-8 weeks
old) were used in these experiments. All rats were housed on a light/dark (12 hours on/12
hours off) cycle with ambient temperature 22+2°C and provided unlimited access to pelleted
food and drinking water. The rats were acclimatized for 72 hours before experimentation.
Animals were individually housed, and all animal care procedures pre and post DFP
exposure were conducted in accordance with the guidelines of National Institutes of Health
Guide for the Care and Use of Laboratory Animals and approved by the lowa State
University Institutional Animal Care and Use Committee (IACUC). The experiments
conducted for this study complies with ARRIVE guidelines3.

Experimental designs, DFP and DPO administration

As illustrated in experimental schematics (Fig. 1AB), both telemetered and non-telemetered
rats were injected with 4 mg/kg of DFP (s.c.) in cold PBS (Sigma Aldrich, USA) and
immediately co-treated with atropine sulfate (2 mg/kg, i.m.) and 2-pralidoxime (2-PAM, 25
mg/Kkg, i.m.) to reduce mortality caused by peripheral parasympathomimetic effects of
DFP40. The development of SE was quantified for two hours. During this 2h period, the
severity of behavioral SE was scored on a five-point staging scale as previously described4,
Following 2h SE, diazepam was administered (Hospira Inc., 5 mg/kg, i.m) to control
behavioral seizures. Additionally, to maintain hydration following SE, 1 mL of 5% dextrose
saline was administered subcutaneously, followed by wet pelleted food until they could eat
on their own (typically three days) and gained body weight. The degree of seizure burden
during SE was quantified and the rats were equally distributed between treatment groups
(vehicle and diapocynin (DPO)) to match the initial SE severity between groups (Fig. 1CD).
DPO was constituted in 10% ethanol and administered orally (300 mg/kg every 12 hours for
72 hours) starting at 2h post-diazepam. Vehicle group rats received an equivalent volume of
10% ethanol. The rats implanted with telemetry were subjected to a continuous video-EEG
recording for four weeks. Non-telemetry rats were used for various behavioral tests (Morris
Water Maze, Rotarod, Horizontal Bar test) beginning ten days post-exposure (Fig. 1B) and
euthanized at six weeks post-exposure.

DFP-induced behavioral seizures scoring

Seizures developed in <10 mins following DFP injection which were scored as described
previouslyl4: stage 1- excessive salivation, lacrimation, urination and defecation (SLUD),
mastication, chewing; stage 2- tremors, wet-dog shakes, head nodding, neck jerks, kyphosis,
and opisthotonus; stage 3- forelimb clonus, Straub tail, rearing and rigid extension of
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forelimbs; stage 4- rearing, forelimb clonus and loss of righting reflex; and stage 5- abducted
limbs clonus/repeated rearing and generalized seizures. Stage 1 and 2 seizures were non-
convulsive seizures (NCS) while stage 3 to 5 were considered convulsive seizures (CS)*L.
Based on the duration of CS, the severity of SE was categorized into mild-moderate (<30
mins of CS) and severe (>30 mins of CS) SE. The vehicle and DPO groups had an equal
number of animals from both mild-moderate and severe SE categories.

Electrode implantation, EEG recording, and epileptiform spikes analysis

In telemetered experiments, 17 animals were implanted with EEG radio transmitter device
CTA-F40 (PhysioTel, Data Science International)14:39 to monitor brain electrical activity
following DFP intoxication and DPO treatment. Details of the surgery and post-operative
care are included in Supplementary Materials. Baseline EEG was collected intermittently for
ten days for normalization following DFP treatment and continued for further four weeks.
The NeuroScore 3.2.0 software (DSI) was used for epileptiform spike detection and
quantification. Movement artifacts and electrical spikes were manually removed from the
EEG traces before the epileptiform spikes were quantified. The corresponding gamma, theta,
and delta powers were used to confirm epileptiform spiking from artifacts in addition to
spike duration on EEG traces.

The Morris Water Maze

Rotarod

The Morris water maze was used to test hippocampal-dependent spatial learning and
memory“2 following DFP intoxication, as previously described!4. The detailed experimental
protocol is included in Supplementary Materials. The treatment groups were blinded to the
experimenters. Baseline spatial learning and memory acquisition were collected and
analyzed for all rats before DFP administration. Following DFP on day 10, another set of
MWM test was conducted to evaluate the impact of DFP on spatial learning and memory.
The amount of time spent in each quadrant during the 60 seconds swim was recorded,
plotted, analyzed and compared between the groups and the quadrants.

All non-telemetered rats were tested for motor coordination, motor learning, and overall
locomotor function using an accelerating rotarod apparatus AccuRotor 4 channel (Omnitech
Electronics Inc.). Details about the apparatus have been previously described®. For each
trial, the rats were trained on a 6-cm-diameter grooved rod starting at 5 rpm, accelerating to
60 rpm over 2 minutes. The rats were examined for latency to fall from the accelerating rod
during each of three trials with 5 mins inter-trial intervals on training and testing days. Each
trial completed when the rats fell off (distance of 15¢cm) the rod onto a cushioned lever.
Baseline rotarod performance was acquired before DFP. Evaluation of motor learning and
coordination on rotarod were conducted on day 18 post-DFP in all groups by measuring the
amount of time spent on the rods (latency to fall) and compared with performances between
training and test days.
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Horizontal Bar Crossing Test

A horizontal bar test was performed to further test for static motor coordination, as
previously described!. Briefly, an 80cm wooden bar with a diameter of 2.5 cm was placed
spanning horizontally 58 cm above the ground between two metal rods. The rat crossed the
bar to the secure box on the other end and time to reach the box was recorded for 90
seconds. Four trials were conducted during training day and only a single attempt on test day
after 24h rest. Like other behavioral tests, baseline data were collected before DFP exposure.
The time spent reaching the box were plotted and analyzed between groups, and training and
test days.

Tissue collection and processing

For immunohistochemistry, the brains were collected after the animals euthanized at the end
of each experiment with an overdose of pentobarbital (100 mg/kg, i.p.) as described
previously3°. Trans-Cardiac perfusion with PBS, followed by 4% paraformaldehyde in PBS
was performed to fix the brain. The brains were post-fixed in 4% paraformaldehyde for
overnight at 4°C, followed by immersion in 25% sucrose for 72h at 4°C. The hemispheres
and cerebellum were separated prior to embedding with gelatin as previously described4.
Each brain block was then mounted onto a cork disk and rapidly frozen in liquid nitrogen-
cooled isopentane. Frozen brain blocks were sectioned coronally at 16 um on a cryostat
(Cryostar NX70, ThermoScientific). Brain sections were collected on gelatin-coated slides
and stored at —80°C for further analysis. For biochemical studies, brain regions were
dissected immediately after euthanasia and rapidly frozen in liquid nitrogen and stored at
-80°C.

Immunohistochemistry, FIB, and cell quantification

The brain sections were subjected to heat-induced antigen retrieval by immersing the slides
in pre-heated citrate buffer (10 mM citric acid, 0.05% Tween 20, pH 6) for 23 minutes at
90°C. Slides were mounted onto Shandon plastic cover plates (Thermoscientific) and
processed for immunostaining. The details of immunostaining protocol, reagents, and
antibodies (Table S1) used are included in Supplementary Materials.

To identify degenerating neurons, Fluoro-Jade B (FJB) staining was performed as previously
described435, Following incubation with secondary antibodies for NeuN immunostaining,
the sections were washed in PBS, immersed in distilled water (DW) for 1 min, and oxidized
with 0.006% KMnO,4 in DW for 5 mins on a shaker. Sections were washed with DW for 3
mins with gentle agitation and then incubated for 10 mins with 0.0003% FJB stock in 0.1%
acetic acid solution. Sections were then rinsed with DW, air-dried, cleared with xylene, and
mounted with Acrytol (Surgipath, Leica Biosystems, IL).

All immunostained sections were visualized with an inverted fluorescence microscope Zeiss
Axiovert 200 equipped with Hamamatsu digital camera (Model C-10600-10B).
Representative images from various brain regions were captured and processed with
HClImage 4.1.2 and analyzed using /mageJ. The immunopositive cells containing a visible
DAPI marker were counted from a minimum of three sections per animal covering rostral to
caudal regions of the hippocampus and piriform cortex, as previously described435,
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Investigators were blind to the samples assigned for cell quantification. Abercrombie
correction was used in quantification to avoid over-counting bias while considering cell
fractions as a whole-cell, as previously described*3. The adjusted cell counts were then
obtained from following equation: P =A - [M/(L + M)], P = corrected cell count, A = rough
cell count, M = thickness of the section (um), and L = mean width of 20 nuclei/section (um).

Western Blotting

Nitrite assay

The frozen hippocampal tissues were homogenized in lysis buffer containing protease and
phosphatase inhibitors (Thermo-Scientific, USA), as previously described*. The
homogenates were centrifuged at 15000 x g for 1h at 4°C. The supernatants were collected
and protein concentration was calculated using the Bradford method. In each lane, 20 pg of
concentrated proteins were loaded and separated in 8-10% SDS-PAGE gels. The separated
proteins were transferred onto a nitrocellulose membrane overnight and blocked.
Membranes were incubated with primary antibodies diluted in fluorescent blocking buffer
containing 0.05% Tween 20 overnight at 4°C. After washes with PBS, the membranes were
incubated with infrared dye-tagged secondary antibodies, either 680 nm or 800 nm for 1h.
Membranes were visualized using the Odyssey IR imaging system (LiCor, USA). /mageJ
software was used to measure intensity of proteins bands. Antibodies details are available in
Table S1. Representative results are shown in figure 7A and the full membrane blots can be
found in the Supplementary Materials.

The Griess assay was performed as previously described4. Briefly, 50 uL of undiluted
serum was plated onto a 96-well plate with a minimum of three replicates, and an equal
volume of Griess reagent (Sigma-Aldrich) was added into the wells and incubated for 10
mins. The absorbance was measured at 540nm using a Synergy 2 multi-mode microplate
reader (BioTek Instruments, USA). The readout was adjusted with sodium nitrite standard
curve and values between samples were compared and analyzed.

Multiplex immunoassays

Hippocampal cytokines and chemokines levels were analyzed in duplicate using Millipore
Multiplex Rat Cytokine/Chemokine Magnetic Bead Panel (Millipore) by Eve Technologies
(Calgary, Alberta) as per the manufacturer’s protocol, as previously described4. A panel of
multiple markers was assayed in a protein concentration of 500 pg/ml which includes,
Eotaxin, EGF, Fractalkine, IL-1a, IL-1B, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12(p70), IL-17A,
IL-18, IP-10, TNF-a, MCP-1, Leptin, LIX, RANTES, and VEGF. Each analyte was
analyzed individually to identify statistical differences between groups.

Methodological rigor and data analyses

All animals were randomized and coded before used in the experiments. All investigators
were blinded to the experimental groups until all the data were completely analyzed.
Statistical analysis was performed using Prism 8 (GraphPad) and R-Studio version 1.1.463.
The normality of data was evaluated using Shapiro-Wilk normality test, and outliers were
detected with Robust Regression and Outlier Removal Test (ROUT). When comparing
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multiple groups, data were analyzed with one-way ANOVA with Tukey’s post hoc. Data
with two factors were analyzed with repeated measures two-way ANOVA (general linear
model) or mixed-effects model with Tukey’s or Sidak’s post hoc assuming equal variability
of differences. As for two-group comparison, unpaired Student’s t-test or Mann-Whitney
were used. The summary of all statistical tests used in this study is available in Table S2
(Supplementary Materials). All data represent the mean and standard error mean (SEM)
except for mixed-effects analysis in astrogliosis, microgliosis and neurodegeneration where
the data were presented as group median with 95% of confidence interval. Differences
indicated by p<0.05 were considered statistically significant.

DPO suppresses DFP-induced epileptiform spikes during the treatment period

Subcutaneous DFP injection generated various stages of seizures in both telemetered and
non-telemetered rats. The initial SE severity was quantified based on the duration of the
stages of seizures occurred between the DFP exposure and diazepam treatment, typically
two hours, as described in our recent publication!4. The seizures were grouped as convulsive
(stage 3 and above) and non-convulsive seizures (stage 1 and 2). There were no significant
differences in the initial SE severity between the animals that received vehicle or DPO in
both telemetry and non-telemetry groups (Fig. 1C, 1D). In telemetered group, three rats from
the DFP+VEH and DFP+DPO groups developed severe SE and generated high numbers of
epileptiform spikes (Fig. 2A, 2B). Therefore, we compared the effect of DPO treatment on
epileptiform spike rate between these groups. DPO treated rats showed a significant decrease
of epileptiform spikes in the first 72h post-DFP (Fig 2B). In the telemetered rats that had
mild seizures during SE, occasional epileptiform spikes were observed which were
correlated with the increase of theta (2-4 Hz) and delta (0-4 Hz) powers (Fig. 2C)*®. Since
there was no significant increase in epileptiform spikes during SE in both vehicle and DPO
groups (Fig. 2D), we could not determine the real impact of DPO in the mild groups in
contrast to the severe groups.

The effects of DPO on DFP-induced learning and memory impairments

DFP exposure causes hippocampal neurodegeneration as early as 24h post-exposure*®
suggesting that this may affect learning and memory in the long-term. To test this, Morris
Water Maze (MWM) was performed with non-telemetered animals. Baseline data were
collected from each animal and assigned to different treatment groups after DFP exposure.
There were no differences in escape latencies between groups when the platform was placed
in the water or the probe test when the platform was removed in pre-DFP tests. The rats had
significantly less escape latencies on day 6 than on day 1 signifying the ability of rats to
learn over training periods. As expected, there were significant differences in the time spent
in the target quadrant (TQ) versus non-target quadrants (NTQs) in the probe trial (Fig. 3Ai,
ii). When the animals were tested ten days after DFP exposure, both the vehicle and DPO
groups exposed to DFP showed similar escape latencies and no significant differences were
observed between day 1 and day 6, while the animals in the control group showed
significantly shorter escape latencies (Fig. 3Bi) suggesting the impact of DFP, but not DPO,
on spatial learning. There were no significant statistical differences in the overall learning
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curves between groups. In the probe trial (at 16d post-DFP), the control rats spent a
significant amount of time in the target quadrant than in the non-target quadrants implying
memory retention. In contrast, neither the vehicle nor DPO treated DFP-exposed rats, spent
significantly longer time in the target quadrant compared to non-target quadrants suggesting
that DFP intoxication caused significant memory deficits (Fig. 3Bii). DPO, however, did not
mitigate the memory deficit. Representative probe trial traces at 16d post-DFP are illustrated
in Figure 3C.

DPO rescues DFP-induced motor learning deficit

Exposure to OP can result in reduced motor function in both animal models of OP
intoxication and OP poisoned humans?*48. Therefore, to evaluate motor function
impairments due to DFP exposure and mitigation by DPO, we employed the rotarod and
horizontal bar test (HBT). In rotarod, all rats displayed significantly longer latency to fall
after three trials before exposure to DFP, suggesting improved motor learning in all rats after
training (Fig. 4A). At 18d post-DFP, vehicle-treated group had a significantly shorter latency
to fall compared to the control group. In contrast, DPO treated rats had a significantly longer
latency to fall compared to the vehicle-treated group. Both control and DPO groups showed
significantly improved motor learning compared to the vehicle-treated group (Fig. 4A).

In HBT, all rats demonstrated significantly shorter time to reach the goal during the test day
compared to the training confirming the normal baseline motor activity in all tested rats
before DFP exposure (Fig. 4B). At 23d post-DFP, none of the groups showed any
differences in latency to reach the platform between training and test periods (Fig. 4B)
suggesting neither DFP nor DPO had any impact on linear motor function.

DPO treatment attenuates activated astrogliosis, but not microgliosis, following DFP
intoxication at six weeks post-exposure

DFP exposure in rats chronically activates astrocytes and microglial#4950, The reactive
astrogliosis and microgliosis contribute to the generation of ROS/RNS, proinflammatory
cytokines, and epileptogenesisl4>1, Immunohistochemistry of brain sections for GFAP and
IBA1 were performed to determine astrogliosis and microgliosis, respectively. To further
identify “reactive-type” astrocytes, we double-labeled GFAP with a complement marker,
C3°2, GFAP was used to mark all astrocytic phenotypes, while C3 was to probe activated
astrocytes®1:52, In the DFP-exposed vehicle-treated group, relative to control, a marked
increase of GFAP and C3 co-labeled cells were observed in the CA1, CA3, DG hippocampal
regions, and the piriform cortex (Fig. 5B, 5C). Representative images of GFAP and C3 co-
labeled cells distribution in the CA1 hippocampus from the control, vehicle, and DPO
groups are shown in Figure 5A. Linear mixed-effects analysis showed a significant global
increase of GFAP and C3 positive astrocytes in the vehicle group, in contrast to the control,
and their reduction in the DPO treated group in all brain regions compared to the vehicle
group (Fig. 5B, 5C). In all the quantified brain regions, DFP exposure caused a significant
increase in both astrogliosis (GFAP positive cells; Fig. 5Bi, ii) and reactive astrogliosis
(GFAP+C3 co-labeled cells; Fig. 5Ci, ii). In the DPO group, significantly fewer GFAP
positive cells and C3 co-labeled cells in the CAL region of the hippocampus and piriform
cortex were observed when compared to the vehicle-treated group (Fig. 5Bii, 5Cii). In the
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dentate gyrus (DG), DPO treated animals did not have significantly reduced GFAP positive
cells but, C3 co-labeled cells were significantly reduced (Fig. 5Cii).

Microgliosis was quantified from the immunostained brain sections with IBA1 and a
phagocytic marker, CD68. CD68 is a lysosomal protein reported to be increased in microglia
in the epileptic human brains and animal models of epilepsy®3. We and others have
demonstrated a significant increase in the CD68 immunopositive microglia in the rat DFP
model1449, Representative immunostained IBA1 and CD68 cells in the DG from the control,
vehicle, and DPO groups are shown in Figure 5D. IBA1 positive microglia co-labeled with
CD68 were significantly upregulated in CA1, CA3, DG, and piriform cortex (PC) in DFP
exposed vehicle-treated group when compared to the control (Fig. 5Ei, ii; 5Fi, ii). Both
linear mixed effects and regional comparison between the vehicle and DPO showed a
reduction (10-15%) in both IBA1 cells and CD68 co-labeled cells, but the differences were
not statistically significant (Fig. 5E, 5F).

DPO protects against DFP-induced neurodegeneration at six weeks post-exposure

Neurodegeneration of pyramidal cells is one of the most common consequences of DFP
induced long-term neurotoxicityl446:54, Neuronal loss is also observed as early as 24h post-
DFP 4 and persists for up to 12 weeks post-DFP1446, NeuN (a neuronal marker) coupled
with FJB (a neurodegenerative marker) was used to determine the extent of
neurodegeneration. Representative images of NeuN and FJB co-labeled cells distribution in
the piriform cortex from the control, vehicle, and DPO groups are shown in Figure 6A.
There was a significant increase of FIB positive neurons in CA1, CA3, DG and PC in the
vehicle-treated group compared to the control (Fig. 6Bi, ii). In DPO treated rats, significant
suppression of FJB positive neurons was observed in CA1, DG, and PC regions compared to
the vehicle group (Fig. 6Bi, ii).

DFP exposure increases ROS and RNS markers at six weeks post-exposure, and DPO
reduces GP91P"oX (a NOX2 subunit) and glutathiolated protein in the hippocampus, and
serum nitrite levels

OP intoxication induces excessive formation of ROS and RNS, which are known to
exacerbate neurodegeneration and neuroinflammation20-26, Western blot on hippocampal
lysates determined levels of key ROS/RNS markers. Since superoxide anion is a major
byproduct of NADPH oxidase activation, the expression of hippocampal GP91Ph°X, the
major subunit of NOX2, was investigated. There was a significant increase in GP91Phox
protein levels in the vehicle group at 6 weeks post-DFP compared to the control. DPO, in
contrast to the vehicle, significantly suppressed GP91P"°X (Fig. 7A, 7B). DFP-induced
glutathiolated protein levels (anti-GSH) was also significantly suppressed by DPO (Fig. 7A,
7B). Moreover, DPO treatment also significantly reduced the DFP-induced serum nitrite
levels measured at 6 weeks post-exposure (Fig. 7C). The other ROS/RNS markers such as
inducible nitric oxide synthase (iNOS), 3-nitrotyrosine (3-NT), and lipid peroxidation
derived 4-hydroxynoneal (4-HNE) levels were also significantly upregulated by DFP
exposure. Although DPO partly reduced iNOS and 3-NT levels in the hippocampus when
compared to the vehicle, the differences were not statistically significant (Fig. 7B).
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DPO reduces DFP-induced key pro-inflammatory cytokines and chemokines at six weeks
post-exposure

We have recently demonstrated the upregulation of key pro-inflammatory cytokines and
chemokines in the rat DFP model at 6 weeks post-exposurel4. Other studies have also shown
that exposure to DFP increases mRNA as well as protein levels of the inflammatory
mediators in the hippocampus®>:56. We determined the expression profiles of
proinflammatory (IL-1a, TNF-a, IL-1B, IL-6, IL-17A, IL-18), anti-inflammatory (IL-4,
IL-5, IL-10), pleiotropic cytokines (IL-2, IL-12), and chemotactic chemokines (MCP-1,
LIX, Eotaxin, VEGF, EGF, Leptin, Fractalkine, IP-10, RANTES) at 6 weeks post-DFP using
multiplex immunoassay of hippocampal lysates. The IL-1a, TNF-a, IL-6, IL-17A were
significantly upregulated in the DFP-exposed vehicle-treated group compared to the control
(Fig. 8A). DPO treatment significantly mitigated the elevated levels of IL-1a, IL-6, IL-17A,
suggesting the anti-inflammatory role of DPO. TNF-a was also reduced in DPO group but
not statistically significant when compared to the vehicle group. Interestingly, DPO
significantly reduced IL-18 protein levels compared to the control groups (Fig. 8A).

The anti-inflammatory cytokine, IL-10 levels were significantly lower in DFP group
compared to the control. Although the levels of IL-10 in DPO group were not different from
the control group, there was no statistical difference between the groups. IL-4 also showed a
similar trend. The pleiotropic cytokines (IL-2 and IL-12) were significantly higher in the
vehicle group compared to the control group. DPO significantly decreased the elevated
protein levels of IL-2 but not IL-12 (Fig. 8A). The chemokines Eotaxin, EGF, Leptin,
Fractalkine, IP-10, and RANTES were significantly upregulated in the vehicle group
compared to the control group. DPO significantly suppressed DFP-induced leptin and 1P-10
levels (Fig. 8B).

Discussion

We have recently demonstrated the impact of long-term neurotoxicity induced by DFP and
the role of reactive nitrogen species in the rat model of OP toxicity. In this study, we
demonstrate the role of NOX2-mediated ROS in DFP-induced epileptiform spiking,
neuroinflammation, and neurodegeneration and their impact on cognitive and motor
functions. As a proof-of-concept, diapocynin, a NOX2 inhibitor, was used to intervene in
DFP-induced changes in the brain.

DFP is chemically similar to OP nerve agents such as soman and sarin by inducing acute
clinical signs of OP poisoning3”>7. The seizure induction and subsequent brain pathology
caused by DFP are also similar to nerve agents, OP pesticides, and other
chemoconvulsants®8-61, OPNAs irreversibly inhibit acetylcholinesterase (AChE), which
clinically manifests as neurological, respiratory, and cardiac symptoms52-64, OPNA are also
potent seizurogenic neurotoxins8®. OPNA exposed subjects could develop epilepsy,
cognitive dysfunction, and other neurological disorders if not treated adequately8.7:66-70,

DFP serves as a surrogate for real OPNA-exposure scenarios to test the acute and chronic
effects in animal models. The NIH-NIAID Chemical Countermeasures Research Program
developed a protocol for animal screening models using DFP to identify and accelerate
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investigational new drugs (IND) development for OP chemical threats that target the central
nervous system. We madified the protocol to suit a civilian population scenario of OP
exposure. The military personnel are pre-medicated with pyridostigmine (PYR), a reversible
AChE inhibitor to protect from NA exposure83:64.71-73 'However, PYR is a poor blood-brain
barrier permeable MCM, does not protect the brain from long-term OP toxicity, and have
some adverse effects®471-73_ Recent reports from the rat DFP model with PYR pre-
treatment, administered 30 mins before DFP exposure, demonstrated no significant effect on
either behavioral seizures or mortality conforming its limited efficacy as a MCM’4.
Moreover, it is impractical to pre-medicate the entire world population with PYR. Therefore,
a rat model without PYR pre-treatment is appropriate to mimic a real-world scenario of
mass OP exposure to civilians to test the long-term neuroprotective effects of INDs. We have
recently published a fully characterized rat DFP model, without PYR pre-treatment!4, and a
similar approach followed in this study to test the efficacy of a novel NOX2 inhibitor,
diapocynin.

The diapocynin (5, 5’ -dehydrodiacetovanillone) is a dimer of apocynin, an effective
NADPH oxidase-2 (NOX2) inhibitor’5-81. Apocynin (acetovanillone or 4-hydroxy-3-
methoxyacetophenone), a vanilla-flavored herb derivative, is a natural antioxidant’”7°.
NOX-mediated oxidative damage to proteins in the postsynaptic density has been reported
after transient cerebral ischemia and reperfusion in the rat model®2, It has been used as an
anti-inflammatory medication for many years in Europe and Asia’®. Apocynin and
diapocynin protective effects are attributed to NADPH oxidase antagonistic properties’>6.
However, apocynin does not effectively get converted into diapocynin in vivo’881,
Therefore, diapocynin is chemically synthesized by oxidative coupling of two apocynin
monomers’980, |t is ten times more potent and selective, and 13 times more lipophilic than
apocynin’6:83, In the mouse model of Parkinson’s disease, oral administration of synthetic
diapocynin at 300mg/kg significantly suppressed ROS, RNS, reactive gliosis, and
cytokines83:84. In the present study, we tested the same dose of diapocynin but administered
twice daily for the first three days of DFP exposure to investigate its protective effects on
initial seizures, epileptiform spikes during the first four weeks, neuroinflammation and
neurodegeneration, and cognitive and motor function at six weeks post-exposure. In pilot
studies, we had tested the effects of 100, 150, 200, and 300 mg/kg diapocynin, administered
30 mins before DFP exposure, to determine the optimum concentration of the drug based on
epileptiform spiking activity. Maximum suppression of epileptiform spikes was observed
with 300 mg/kg, the dose used in the present study.

Response to DFP exposure at 4 mg/kg via the subcutaneous route in male rats, without PYR
pre-treatment, produced varying degrees of initial seizure (SE) severity as expected based on
our recent studyl4. Atropine and oxime were administered immediately (<1 min) after DFP
exposure to control peripheral effects of excessive acetylcholine and to reactivate
AChE®-87 which minimized mortality. Diazepam was administered to control behavioral
seizures. Despite MCM administration, animals developed epileptiform spiking activity
which was significantly reduced in DPO treated animals suggesting the role of ROS in
exacerbating DFP-induced hyperactivation of neurons. Previous studies in the rat DFP
model (1.25 mg/kg, s.c.) also demonstrated the upregulation of both ROS (F2-isoprostanes
and F4-neuroprostanes) and RNS (citrulline) during the first three days of DFP exposure25.
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In another rat DFP study, glutathione levels were significantly suppressed, and 3-NT levels
were increased in the brain at 24 and 48h after DFP exposure?®. Increased ROS/RNS
contributes to hyperexcitability of neurons (indicated by increased epileptiform spiking) and
the reduction by diapocynin in this study suggests the protective effects of a NOX2 inhibitor
following OP exposure.

OP exposure, whether acute or chronic, has been known to cause cognitive and motor
impairments®47-49 We and others have shown that DFP exposure causes persistent
neuronal loss and neuroinflammation1449:54.55 in various brain regions that may play a role
in motor and cognitive dysfunction. In the present study, we observed cognitive impairment
at ten days post-exposure to DFP when compared to the naive control, which is similar to
the findings in the same model that we had reported previously4. Therefore, our DFP model
is reliable, and the results are reproducible in the vehicle control animals, although the
vehicles used in the previous study (sterile distilled water, i.m.) and the present study (10%
ethanol) were different. We had also demonstrated significant neurodegeneration (FJB
+NeuN) and reactive gliosis in the hippocampus at seven days post-DFP in the rats derived
from the same cohort used for behavioral testingl4. Interestingly, although diapocynin
treatment reduced DFP-induced neurodegeneration and reactive gliosis, it did not mitigate
DFP-induced cognitive dysfunction. However, diapocynin did counteract the DFP-induced
motor dysfunction measured by rotarod (Fig. 4A). Further brain mapping studies such as
ROS biomarkers expression in the cognitive and motor pathways are required to understand
the differential effects of diapocynin on motor and cognitive functions.

We have previously demonstrated the impact of DFP-induced SE on gliosis and
neurodegeneration at both early (7 days post-DFP) and late exposure (12 weeks post-DFP).
In another DFP study, neurodegeneration and gliosis were also demonstrated at seven days
and two months post-exposurel®89.90, |n this study, six weeks post-exposure also confirmed
a significant increase in both astrogliosis and microgliosis (Fig. 5). Further, we used C3 and
CD68 as a marker for reactive astrocytes and microglia, respectively. In this study, we tested
the key complement protein C3, a complement pathway activation marker, to identify
activated/reactive astrocytes. The complement pathway is an essential signaling component
implicated in brain inflammation in neurodegenerative diseases such as Alzheimer’s
disease®L. C3 regulates neuron-astroglial homeostasis, and the release of C3 from astrocytes
may activate microglia to initiate further release of proinflammatory cytokines and
chemokines from the activated glia. Indeed, the key proinflammatory cytokines such as
TNF-a, IL-1a, IL-6, and IL-17A were significantly upregulated in DFP exposed animals
(Fig.8A). Interestingly, TNF-a promotes C3 activation and release from astrocytes and
promotes neurodegeneration®L. Therefore, blocking C3 activation either directly or by
decreasing their levels in astrocytes, may promote neuroprotective pathways%2:93. In this
study, diapocynin treatment significantly reduced C3 positive astrocytes, neurodegeneration
(measured by FJB positive neurons), and key proinflammatory cytokines and chemokines
(Fig. 5, 8) suggesting the role of NOX2 mediated brain pathogenesis in the DFP model.

Currently, there are no reports on NOX2 and C3 pathway interaction in the brain exposed to
OP nerve agents. The C3-NOX2 mediated bacteriolytic effects in neutrophils have been
reported®. Since microglia are the resident macrophages in the brain, exposure to
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neurotoxins and SE induction compromises the blood-brain-barrier integrity and promotes
the infiltration of peripheral monocytes and neutrophils®®:95, Brain infiltrated monocytes and
localized reactive gliosis are known to produce reactive oxygen and nitrogen species,
proinflammatory cytokines (neuroinflammation), and neurodegeneration4:95, We had
demonstrated persistent upregulation of iINOS and 3-NT in glia and neurons, respectively,
and serum nitrite levels in DFP exposed animals!4. In the present study, we also observed a
similar increase in RNS markers at six weeks post-exposure. Besides, we found a significant
increase in ROS markers such as GP91Pho (a membrane-associated subunit of NOX2),
glutathionylation, and 4-HNE (Fig.7). We had previously shown that SE-induced changes in
the hippocampus increase protein kinase C delta (PKC8)*4. PKC8 phosphorylates cytosolic
p47PNOX to form a functional NOX2 complex with GP91PoX to generate both ROS and RNS
through an iNOS-mediated mechanism. Moreover, glutathiolated proteins, a post-
translational modification through thiolation of proteins, were shown to be elevated
following oxidative injury98. Therefore, increased glutathiolated protein levels are indicative
of proteotoxic process that could lead to cell death%:97. Hippocampal GP91PhX and
glutathiolated protein levels, and serum nitrite levels, were significantly reduced by
diapocynin (Fig. 7A-C), suggesting the antioxidant properties of diapocynin. Moreover,
unlike in the short-term study®8, where oxime was not administered, in this study, we had
treated the animals with 2-PAM to reactivate AChE. Thus, the levels of AChE might not be
suppressed or changed at six weeks post-DFP, and therefore, the long-term pathologies are
more likely driven by the initial DFP-induced SE severity. Nonetheless, further studies will
inform whether DFP-induced long-term brain pathology can be attributed to a persistent
suppression of AChE alone.

In conclusion, diapocynin, a NOX2 inhibitor, promotes neuroprotective effects by
suppressing DFP-induced early events of epileptiform spiking, and the subsequent long-term
effects such as persistent reactive astrogliosis, ROS, and proinflammatory cytokines.
Although diapocynin decreased reactive microglia, the difference was not statistically
significant, which may imply that NOX2 mediated mechanism in the DFP model is largely
mediated by astrocytes, perhaps via C3 mediated mechanism, or a different mechanism such
as NOX1-dependent NADPH oxidase in microglia’’.
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Figure 1.

Experimental designs. A) EEG electrodes were implanted 10d before DFP administration.
Two hours after DFP, diazepam was administered and a further 2h later DPO or vehicle was
administered twice daily for three days. Video-EEG recorded for four weeks. B) Non-
telemetered animals were used for behavioral data which was collected before and after the
DFP exposure. DPO treatment was similar to the telemetry group. Animals were euthanized
and brains processed for immunohistochemistry, Western blot, and multiplex assays. C, D)
Initial SE severity quantification following acute DFP intoxication in telemetry animals and
non-telemetry animals. In both groups, SE severity was scored in real-time and verified with
video recordings. Data presented as mean + SEM. There were no significant differences in
the SE severity (convulsive or non-convulsive) between the vehicle and DPO treated groups
in both telemetry and non-telemetry groups. (n=8 in telemetry group, n=12 in non-telemetry
group, ns=non-significant).
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Figure 2.

EEG characteristics of DFP-induced seizures. A) Representative EEG traces of severe SE
rats at 72h following DFP in vehicle and DPO groups. Bi) A comparison of the average of
spikes per min from both groups within 72h of treatment period. (Bii) Cumulative data
comparison of both vehicle and DPO groups between 6h and 36h and 6h and 72h. DPO
significantly suppressed spike rate during the first 6-72h post-exposure. C) Representative
EEG traces of rats with mild to moderate SE 7 days following DFP. Di) Spike rate
comparison between vehicle and DPO groups throughout the four weeks in mild to moderate
SE rats. Dii) Pooled data comparison of average spikes between 6h and 72h and full course
of four weeks in the mild to moderate SE rats. Data presented as mean = SEM (n=3 in
Severe SE, n=5 in mild to moderate SE, ns=non-significant, *p<0.05).
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Figure 3.

Impact of DFP exposure and DPO treatment in cognition, the Morris Water Maze test. Ai, ii)
Before DFP exposure (baseline), the learning curves were normal and no differences in the
time spent in quadrants for all groups. Bi) Escape latencies at 10d post-DFP showed no
differences between groups. Bii) DFP treated animals did not spend significantly more time
in the target quadrant than non-target quadrants whereas control stayed significantly longer.
There was a significant reduction of time spent in the target quadrant in both vehicle and
DPO groups when compared to the control group. C) Representative probe trial traces at 16d
post-DFP. Data presented as mean + SEM (n=6-14, ns=non-significant, *p<0.05, **p<0.01,
***p<0.001).
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Figure 4.

DPO treatment mitigated DFP-induced motor dysfunction. A-B) During pre-DFP exposure
period (baseline), there were significant differences between the training and test periods in
all three groups, in both Rotarod and Horizontal bar tests, suggesting the animals had normal
motor function. A) Baseline vs. post-DFP performances on Rotarod test. At 18d post-DFP,
DPO-treated and the (naive) control groups showed significantly longer latency to fall
during the test period on the rotarod test when compared to the vehicle-treated DFP exposed
group. B) All groups significantly improved their performance on the Horizontal Bar test at
23d post-DFP regardless of the treatments. Data presented as mean £ SEM (n=6-14, ns=non-
significant, *p<0.05, **p<0.01, ***p<0.001).
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Figure5.
DPO attenuated DFP-induced activated astrogliosis, but not microgliosis, at six weeks post-

DFP. A-C) Representative images of brain sections (CA1 hippocampus) immunostained for
GFAP (astrocytic marker, red) and C3 (a marker for activated astrocytes, green), and the cell
guantification from the hippocampus and piriform cortex (PC) (Bi, ii, Ci, ii; linear mixed-
effect model and region-wise analysis). DPO significantly reduced DFP-induced reactive
astrogliosis. Scale bar 100um. D) Representative images of brain sections (CA1
hippocampus) immunostained for IBA1 (microglia marker, red) and CD68 (phagocytic
marker, green), and the cell quantification (E, F). Both mixed-effects model and region-wise
analysis showed significant upregulation of phagocytic microglia in the hippocampus and
PC (Ei, ii; Fi, ii). DPO appeared to show a degree of reduced microgliosis but this was
statistically insignificant. Scale bar 100um. Data presented as mean + SEM for region wise
comparison (ii) and as a group median (i) and 95% CI (n=6-7, *p<0.05, **p<0.01,
***p<0.001 vs. control; ns=non-significant, #p<0.05, ##p<0.01, ###p<0.001 vs. DFP
+vehicle).
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Figure 6.
DPO prevented DFP-induced neurodegeneration at six weeks post-exposure. A) Double

immunostaining of brain sections for a neuronal marker, NeuN (red), and FlouroJade B
(FJB, green), a marker for dying neurons. A mixed-effect analysis for neurodegeneration in
overall analyzed brain regions revealed a significant increase of FJB positive neurons in the
vehicle-treated group as compared to the controls. DPO treatment significantly mitigated the
DFP-induced neurodegeneration (Bi). Region-specific comparisons between groups are
reported in the panel (Bii). Scale bar 100 um. Data presented as mean + SEM for region
wise comparison (ii) and as a group median (i) and 95% CI (n=5-6, *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001 vs. control; ns=non-significant, #p<0.05, ###p<0.001 vs. DFP
+vehicle).
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DFP exposure caused a persistent elevation of ROS and RNS markers at six weeks post-
exposure. Representative Western blots of GP91phox, (anti-GSH) glutathiolated protein,
iNOS, 3NT, 4-HNE from control, vehicle, and DPO treated groups. B) DFP exposure
significantly increased the levels of GP91phox, glutathiolated protein, iNOS, 3NT, 4-HNE
when compared to the control. DPO treatment significantly reduced DFP-induced
GP91phox and glutathiolated protein levels, but not iNOS, 3NT, and 4-HNE. C) DPO
significantly reduced DFP-induced increased extracellular serum nitrite. Data presented as
mean = SEM (n=5-6, *p<0.05, **p<0.01, ***p<0.001 vs. control; ns=non-significant,
#p<0.05, ##p<0.01, ###p<0.001 vs. DFP+vehicle).
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DPO significantly reduced key proinflammatory cytokines and chemokines in the
hippocampus at six weeks post-DFP. A) DFP exposure upregulated IL-1a, TNF-a, IL-6,
IL-17A while DPO significantly suppressed IL-6, IL-17A and IL-1a. Exposure to DFP
significantly reduced the anti-inflammatory cytokine IL-10 level but DPO had no effect. The
pleiotropic cytokines, IL-2 and IL-12, were upregulated in the vehicle group. DPO treatment
significantly reduced IL-2 level but did not reduce the DFP-induced levels of IL-12. B) DFP
exposure significantly elevated the levels of chemokines and growth factors such as Leptin,
Eotaxin, EGF, Fractalkine, IP-10, RANTES. DPO only mitigated the increased levels of
leptin and IP-10. Data presented as mean =+ SEM (n=4-6, *p<0.05, **p<0.01 vs. control;
#p<0.05, ##p<0.01, ##1p<0.001 vs. DFP+vehicle).
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