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Preclinical efforts to improve medical countermeasures against organophosphate (OP) chemical threat agents
have largely focused on adult male models. However, age and sex have been shown to influence the neurotox-
icity of repeated low‐level OP exposure. Therefore, to determine the influence of sex and age on outcomes asso-
ciated with acute OP intoxication, postnatal day 28 Sprague‐Dawley male and female rats were exposed to the
OP diisopropylfluorophosphate (DFP; 3.4 mg/kg, s.c.) or an equal volume of vehicle (∼80 µL saline, s.c.) fol-
lowed by atropine sulfate (0.1 mg/kg, i.m.) and pralidoxime (2‐PAM; 25 mg/kg, i.m.). Seizure activity was
assessed during the first 4 h post‐exposure using behavioral criteria and electroencephalographic (EEG) record-
ings. At 1 d post‐exposure, acetylcholinesterase (AChE) activity was measured in cortical tissue, and at 1, 7, and
28 d post‐exposure, brains were collected for neuropathologic analyses. At 1 month post‐DFP, animals were
analyzed for motor ability, learning and memory, and hippocampal neurogenesis. Acute DFP intoxication trig-
gered more severe seizure behavior in males than females, which was supported by EEG recordings. DFP
caused significant neurodegeneration and persistent microglial activation in numerous brain regions of both
sexes, but astrogliosis occurred earlier and was more severe in males compared to females. DFP males and
females exhibited pronounced memory deficits relative to sex‐matched controls. In contrast, acute DFP intox-
ication altered hippocampal neurogenesis in males, but not females. These findings demonstrate that acute DFP
intoxication triggers seizures in juvenile rats of both sexes, but the seizure severity varies by sex. Some, but not
all, chronic neurotoxic outcomes also varied by sex. The spatiotemporal patterns of neurological damage sug-
gest that microglial activation may be a more important factor than astrogliosis or altered neurogenesis in the
pathogenesis of cognitive deficits in juvenile rats acutely intoxicated with OPs.
osphate;
region of

9 VM3B,

. Tang),
Harvey),

http://crossmark.crossref.org/dialog/?doi=10.1016/j.crtox.2021.09.002&domain=pdf
https://doi.org/10.1016/j.crtox.2021.09.002
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:azgonzalez@ucdavis.edu
mailto:jcalsbeek@ucdavis.edu
mailto:yihtsai@ucdavis.edu
mailto:mytang@ucdavis.edu
mailto:pandrew@ucdavis.edu
mailto:jopvu@ucdavis.edu
mailto:lizberg@ucdavis.edu
mailto:nhsaito@ucdavis.edu
mailto:djharvey@ucdavis.edu
mailto:ssupasai@ucdavis.edu
mailto:gggurkoff@ucdavis.edu
mailto:jsilverman@ucdavis.edu
mailto:pjlein@ucdavis.edu
https://doi.org/10.1016/j.crtox.2021.09.002
https://doi.org/10.1016/j.crtox.2021.09.002
http://www.sciencedirect.com/science/journal/2666027X
http://www.elsevier.com/locate/crtox


E.A. González et al. Current Research in Toxicology 2 (2021) 341–356
1. Introduction

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

In the event of a civilian mass casualty involving OPs, it is likely
that a diverse population varying in age and sex will be affected. How-
ever, current preclinical research to develop improved medical coun-
termeasures has almost exclusively used adult male models. This is a
troubling gap given an extensive literature indicating that children
are more susceptible than adults to the neurotoxic effects of environ-
mentally relevant OP levels (Muñoz‐Quezada et al., 2013; González‐
Alzaga et al., 2014; Sagiv et al., 2019), and that neurotoxic outcomes
of repeated low‐level OP exposures can be sex‐specific (Rauh et al.,
2012; Comfort and Re, 2017). A recent preclinical study demonstrated
that rats at varying stages of neurodevelopment are differentially sus-
ceptible to the proconvulsant activity of OP chemical threat agents,
and postnatal day (PND) 28 was found to be the youngest age at which
OPs consistently elicited seizures (Scholl et al., 2018). While both
sexes were included in this earlier study, sex‐specific effects were
not directly addressed, and no long‐term outcomes were evaluated.
Therefore, we sought to determine whether acute OP intoxication dur-
ing early‐life brain development has neurological consequences, and if
so, whether sex differences were identifiable.

Diisopropylfluorophosphate (DFP), which is considered an OP
chemical threat agent by the United States Department of Homeland
Security (Jett and Spriggs, 2020), can induce acute seizures as well
as long‐term neurological deficits in adult rodent models (Pessah
et al., 2016; Putra et al., 2019; Guignet et al., 2020). Acute DFP intox-
ication also is associated with a significant neuroinflammatory
response in adult animals (Hobson et al., 2019; Guignet et al., 2020;
Rojas et al., 2020). Therefore, the goal of this study was to develop
and characterize a juvenile model of acute DFP intoxication to evalu-
ate seizure responses and persistent neurological consequences in male
vs. female rats.
2. Materials and methods

2.1. Animal husbandry

All animal studies adhered strictly to the ARRIVE guidelines and
the National Institutes of Health guide for the care and use of labora-
tory animals (NIH publication No. 8023, revised 1978), and were con-
ducted in accordance with a protocol approved by the UC Davis
Institutional Animal Care and Use Committee (IACUC, protocol
#21954) designed to minimize pain and suffering. All animals in this
study were maintained in facilities fully accredited by AAALAC Inter-
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national. Juvenile male and female Sprague‐Dawley rats born to
timed‐pregnant dams (Charles River Laboratories, Hollister, CA,
USA) were weaned at PND 21, at which time they were separated
by sex with two animals of the same sex per cage. Animals were
housed in standard plastic shoebox cages in an environmentally con-
trolled vivarium (22 ± 2 °C, 40–50% humidity, 12 h light/dark cycle).
Food (2018 Teklad global 18% protein rodent diet; Envigo, Hunting-
don, UK) and water were provided ad libitum.

2.2. DFP exposure paradigm

A dose range finding study was conducted in PND 28 male and
female rats using the up‐and‐down dosing procedure (Bruce, 1985)
to identify a dose of DFP that caused ≤ 20% mortality. A starting dose
of 6 mg/kg DFP was selected because this dose had been reported to
induce seizure activity in juvenile PND 28 rats (Scholl et al., 2018).
The following doses were tested in both sexes: 1.9, 3.4, 6, and
19 mg/kg. A dose of 1.1 mg/kg was also tested in females, but not
males because DFP at 1.9 mg/kg had no effect on survival or seizure
behavior in males.

DFP (Sigma Chemical Company, St. Louis, MO, USA) was prepared
in ice‐cold sterile phosphate‐buffered saline (PBS, 3.6 mM Na2HPO4,
1.4 mM NaH2PO4, 150 mM NaCl; pH 7.2) within 5 min of injection
(s.c.). DFP purity was evaluated using previously described
1H, 13C, 19F and 31P NMR methods (Gao et al., 2016) and found to
be approximately 90 ± 7% pure. Upon receipt in the laboratory,
DFP was aliquoted and stored at –80 °C, a condition under which it
retains stability for over 1 year (Heiss et al., 2016). Vehicle (VEH) con-
trols were administered a similar volume (∼80 µL) of sterile PBS in
place of DFP. One min after DFP or VEH injection, all animals were
administered a combined injection (i.m.) of atropine‐sulfate (AS,
0.1 mg/kg; Sigma; >97% purity) and pralidoxime (2‐PAM, 25 mg/
kg; Sigma; >99% purity). Both compounds increase survival by pro-
tecting against peripheral cholinergic toxicity (Pessah et al., 2016).
Animals were randomly assigned to groups using a random number
generator.

Following DFP or VEH injection, animals were monitored for sei-
zure behavior for 4 h (Fig. 1A) as previously described (Guignet
et al., 2020) using a previously published scale of seizure behavior
severity (Deshpande et al., 2010). At the end of the observation period,
all subjects were injected (s.c.) with 3 mL of 10% w/v dextrose in ster-
ile saline to replace fluids lost due to cholinergic crisis, and then
returned to their home cages. Rat food was softened with H2O until
animals were able to resume consumption of solid food, typically
within 2–3 d. Subjects were anesthetized using 1–3% isoflurane
(MWI Animal Health, Boise, ID, USA) in medical grade oxygen (flow
rate = 1 L/min) at 1, 7, or 28 d post‐intoxication and euthanized by
exsanguination to collect brain tissue for further analyses (Fig. 1A).

2.3. Electroencephalography (EEG)

A separate cohort of animals not used for biochemical, histological,
or behavioral analyses was implanted with cortical electrodes and
monitored for EEG activity for ∼ 2 h post‐DFP to confirm seizure activ-
ity. EEG implantations and recordings were performed as previously
described (González et al., 2020). Briefly, PND 22 animals were deeply
anesthetized with 1–3% isoflurane (MWI Animal Health) in medical
grade oxygen (flow rate = 1 L/min). Animals were secured in a stereo-
taxic platform (Stoelting, Wood Dale, IL, USA), the surgical site was
thoroughly cleaned using a betadine scrub (Purdue Products, Stam-
ford, CT, USA) and 70% isopropyl alcohol wipes (Covidien Plc, Dublin,
Ireland), and a 1‐inch incision made along the top of the skull. Four
stainless steel head mount screws (P1 Technologies, Roanoke, VA,
USA) were implanted into the skull and connected to sterile HD‐X02
telemetry devices (Data Sciences International, St. Paul, MN, USA) that
were inserted between the skin and muscle layer along the flank of the



Fig. 1. DFP exposure paradigm and dose–response assessment. (A) Schematic illustrating the dosing paradigm used to intoxicate juvenile male and female
PND 28 Sprague Dawley rats and times post-exposure when other data points were collected. (B) Illustration of the five brain regions examined for neuropathology
following acute DFP intoxication. (C) DFP doses tested and (D) mortality dose–response curve using varying doses of DFP. Based on these data, 3.4 mg/kg was
selected for all subsequent studies. Sample sizes range from 3 to 4 at the end doses (1.1, 1.9, and 19 mg/kg) and 6–10 at the middle doses (3.4 and 6 mg/kg). (E)
Statistical models tested for dose–response analysis. Model with the smallest Akaike Information Criterion (AIC) is the strongest statistical model. Estimated LD20

and LD50 values by sex (95% confidence interval are included in parentheses). No significant difference between sexes was observed.
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animal. A second 1‐inch incision was made along the anterior flank to
enable telemeter insertion. The incision was sutured (Ethicon, Bridge-
water, NJ, USA) and animals were allowed to recover for 6 d before
being exposed to DFP at PND 28.

On the day of recordings, animals were placed on PhysioTel Recei-
vers (Data Sciences International) and baseline EEG activity was
recorded for ∼ 1 h (Ponemah software, Data Sciences International).
Animals were then injected with DFP (3.4 mg/kg, s.c) and recorded
for ∼ 2 h post‐injection. EEG traces were analyzed using NeuroScore
software (Data Sciences International) and a band‐pass filter of
20–70 Hz for noise reduction as previously described (Pouliot et al.,
2016). Root mean squared (RMS) values were automatically extracted
from the filtered traces using epochs of 1 s and used to quantify spike
amplitude. Spikes in the data that reached > 2x baseline were
extracted to quantify spike frequency (# spikes/s above baseline).
Each of these quantified metrics were averaged over a 1 h baseline
recording (pre‐DFP) and a 2 h seizure period (post‐DFP).

2.4. Cholinesterase activity assays

Following euthanasia, brains were immediately removed, bisected
sagittally, and the left hemisphere dissected on ice to remove the cor-
tex. We previously showed that cholinesterase activity in the cortex is
representative of cholinesterase activity in multiple major brain
regions following acute DFP intoxication in adult rats (González
et al., 2020). The cortical tissue was snap frozen on dry ice and stored
at −80 °C until analyzed. The Ellman assay (Ellman et al., 1961) was
used to measure total cholinesterase (ChE), acetylcholinesterase
(AChE), and butyrylcholinesterase (BChE) activity as previously
described (González et al., 2020). Briefly, samples were homogenized
in lysis buffer (0.1 M phosphate buffer, pH 8.0 with 0.1% w/v Triton
X‐100) and centrifuged for 1 min (13,400 × g) at 4 °C. Supernatant
was collected, and triplicate samples of each supernatant transferred
to a 96‐well plate. Samples were equilibrated for 5 min with the colori-
metric reagent 5,50‐dithio‐bis(2‐nitrobenzoicacid) (Sigma), and then
allowed to react with the AChE substrate acetylthiocholine iodide
(Sigma). Enzyme activity was quantified by measuring changes in
absorbance at 405 nm over 15 min. All samples were run in the
absence or presence of 100 µM of the BChE inhibitor, tetraisopropyl
pyrophosphoramide (Sigma), to determine total ChE and AChE activ-
343
ity, respectively. BChE activity was calculated by subtracting AChE
activity from total ChE activity in each sample. Enzyme activity of
each sample was normalized by total protein concentration of that
sample, as determined using the BCA assay (Pierce, Rockford, IL,
USA).

2.5. Neuropathologic analyses

The remaining right hemisphere was blocked into 2 mm thick sec-
tions using a stainless‐steel small rat brain matrix (Kent Scientific, Tor-
rington, CT, USA) and post‐fixed in cold 4% w/v paraformaldehyde
(Sigma) in PBS (pH 7.2) for 24 h at 4 °C. Tissue sections were then
incubated overnight in 30% w/v sucrose (Thermo Fisher, Waltham,
MA, USA) in PBS at 4 °C and subsequently embedded in OCT medium
(Thermo Fisher) and stored at −80 °C until processing. All brain sec-
tions were cryosectioned at −20 °C into 10 µm slices on Superfrost
Plus slides (Thermo Fisher). Each endpoint was examined in five brain
regions using a minimum of 2 slides per region as previously described
(Guignet et al., 2020): somatosensory cortex, hippocampus (including
the CA1, CA3, and dentate gyrus subregions), thalamus, piriform cor-
tex, and amygdala (Fig. 1B). All endpoints were assessed in sequential
10 µm thick brain sections.

Fluoro‐Jade C (FJC) staining was performed as previously
described (Supasai et al., 2020). Briefly, brain sections were stained
using 0.06% w/v potassium permanganate (Sigma) in distilled water,
washed in distilled water, and incubated for 10 min in 0.0001% w/v
FJC (Cat #AG325; Millipore, Billerica, MA, USA) in 0.017 M acetic
acid (Acros Organics, Geel, Belgium) in distilled water. DAPI solution
(0.1 µg/mL in water; Invitrogen, Carlsbad, CA, USA) was also included
to label all cell nuclei. Slides were then cleared in chemical grade
xylene (Thermo Fisher) and mounted in 50 µL of Permount (Thermo
Fisher).

Immunohistochemistry experiments were performed as previously
described (Supasai et al., 2020). All primary and secondary antibodies
used in this study are listed in Table 1. Briefly, antigen retrieval was
performed using 10 mM citrate buffer (pH 6.0) in distilled water at
90 °C for 20 min. To block nonspecific binding, slides were incubated
in a blocking buffer comprised of 10% v/v normal goat serum (Vector
Laboratories, Burlingame, CA, USA), 1% w/v bovine serum albumin
(Sigma), and 0.03% w/v Triton X‐100 (Thermo Fisher) in PBS for



Table 1
Primary and secondary antibodies used in this study.

Primary Antibodies

Antibody Dilution RRID Source

IBA-1 Rabbit anti-ionized calcium-binding adapter molecule 1 1:1000 RRID:AB_839504 Wako Laboratory Chemicals (Richmond, VA)
CD68 Mouse anti-CD68 1:200 RRID:AB_2291300 Serotec (Hercules, CA)
GFAP Mouse anti-glial fibrillary acidic protein 1:1000 RRID:AB_561049 Cell Signaling Technologies (Danvers, MA)
S100β Rabbit anti-S100 calcium-binding protein β 1:500 RRID:AB_2184443 Abcam (Cambridge, UK)
DCX Guinea pig anti-doublecortin 1:500 RRID:AB_1586992 Millipore (Billerica, MA)
Ki67 Rabbit anti-ki67 1:750 RRID:AB_2756822 Abcam (Cambridge, UK)
NeuN Mouse anti-neuronal nuclei 1:500 RRID:AB_2298772 Millipore (Billerica, MA)

Secondary Antibodies
Antibody Dilution RRID Source

IBA-1 Alexa Fluor 568-conjugated goat anti-rabbit IgG 1:500 RRID:AB_2535730 Life Technologies (Carlsbad, CA)
CD68 Alexa Fluor 488-conjugated goat anti-mouse IgG 1:500 RRID:AB_2534069 Life Technologies (Carlsbad, CA)
GFAP Alexa Fluor 568-conjugated goat anti-mouse IgG1 1:1000 RRID:AB_2535766 Life Technologies (Carlsbad, CA)
S100β Alexa Fluor 488-conjugated goat anti-rabbit IgG 1:500 RRID:AB_2576217 Life Technologies (Carlsbad, CA)
DCX Alexa-Fluor 594-conjugated goat anti-guinea pig IgG 1:1000 RRID:AB_2534120 Life Technologies (Carlsbad, CA)
Ki67 Alexa-Fluor 488-conjugated goat anti-rabbit IgG 1:500 RRID:AB_2576217 Life Technologies (Carlsbad, CA)
NeuN Alexa-Fluor 647-conjugated goat anti-mouse IgG 1:500 RRID:AB_2535809 Life Technologies (Carlsbad, CA)
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1 h at room temperature. Following blocking, slides were incubated
overnight at 4 °C with primary antibodies in blocking buffer. Negative
controls incubated in blocking buffer in place of a primary antibody
were included in each staining batch.

Following primary antibody incubation, slides were washed 3
times in PBS with 0.03% w/v Triton X‐100 for 10 min each and subse-
quently incubated in secondary antibody solution for 90 min at room
temperature in the dark. Following incubation, slides were rinsed 3
times in PBS with 0.03% w/v Triton X‐100 for 10 min each and cover
slipped in 50 µL ProLong Gold Antifade Mountant with DAPI
(Invitrogen).

Slides were scanned at 20X magnification using a high‐content
ImageXpress XL imaging system (Molecular Devices, Sunnyvale, CA,
USA). Regions of interest (ROI) were created for the amygdala, piri-
form cortex, somatosensory cortex, and hippocampus, including the
CA1, CA3, and dentate gyrus subregions, between −3.6 mm to
−4.2 mm posterior to bregma, as well as the thalamus between
−3.0 mm to −3.6 mm posterior to bregma. Bregma ranges were con-
firmed using a rat brain atlas (Kruger et al., 1995). Fluorescent images
were quantified as previously described (Supasai et al., 2020). The per-
cent area of positive fluorescence was quantified for each marker and
normalized to the total area analyzed, which was held constant across
all animals. Positive staining was defined as fluorescence that
reached ≥ 2x background fluorescence intensity observed in negative
control images. Percent area of immunostaining was automatically
detected on background‐subtracted and binarized images using Ima-
geJ analysis software (version 1.48, National Institutes of Health,
Bethesda, MD, USA) to eliminate user bias. For neurogenesis analysis,
the width of the granular cell layer (GCL) was measured using the
measure tool in ImageJ. All image analyses were performed by a single
individual with no knowledge of experimental group.

2.6. Neurobehavior assays

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

Learning and memory were assessed using the novel object recog-
nition task performed as previously described (Berg et al., 2020).
Briefly, subjects were habituated to an empty testing arena
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(48 cm × 48 cm × 48 cm) for 30 min prior to testing under lighting
conditions of ∼ 45 lx. The following day, subjects were again habitu-
ated to the arena followed by an introduction to two identical objects.
Subjects were allowed 10 min to interact with these objects followed
by an isolation period of 60 min. During the isolation period, the arena
and objects were cleaned with 70% ethanol and one object was
replaced with a novel object. At the end of the isolation period, sub-
jects were returned to the arena and allowed 5 min to interact with
the familiar and novel objects. The objects used were orange plastic
cones and glass bell jars. The location and selection of novel objects
within each trial was randomized. All phases were video recorded
and the time spent sniffing each object was measured by experi-
menters blinded to experimental group. Data were transformed to cal-
culate % preference for the novel object and an object discrimination
index in order to correct for potential differences in exploration time
between individuals (Gulinello et al., 2019).

Contextual and cued fear conditioning, performed as previously
described (Berg et al., 2020), were used as a second assay of learning
and memory. Briefly, subjects were trained to associate a specific con-
text and cue with a foot shock (0.7 mA). The chambers
(25 cm h × 32 cm w × 25 cm d) were brightly lit (∼100 lx) with
floors made of stainless‐steel rods placed 1.6 cm apart (Med‐
Associates Inc., St. Albans, VT, USA). Test chambers were placed into
a noise reducing chamber and a front‐facing camera was used to
record each session. On the first day (training day), subjects were
trained in a context that included wire flooring, aluminum walls,
and a vanilla scent (1:100 dilution of McCormick Vanilla Extract).
The cue was an auditory cue of 80 dB white noise for 30 s. On the sec-
ond test day (24 h post‐training), subjects were placed back into the
chambers for 5 min with the identical context but no audio cue or foot
shock and the amount of time subject froze was measured. On the third
test day (48 h post‐training), subjects were placed in chambers in
which the context had been altered to a smooth plastic floor, angled
black walls, and a lemon scent (1:100 dilution of McCormick Lemon
Extract). Subjects were monitored in this environment for 3 min before
and 3 min after the auditory cue. The average motion index, a compre-
hensive measure of overall movement (Anagnostaras et al., 2000), was
automatically quantified by VideoFreeze software (version 2.7; Med‐
Associates Inc.) to assess the movement of each subject during both
the context and cue testing periods.

2.7. Statistical analyses

Two different models were considered for the dose‐response data:
1) 2‐parameter log‐logistic model; and 2) probit model. For each, we
considered a model in which the slope was allowed to differ at LD50



E.A. González et al. Current Research in Toxicology 2 (2021) 341–356
for males and females (different shapes) as well as a model in which
the slope of the dose response curve at the LD50 was constrained to
be the same for males and females. Akaike Information Criterion
was used to pick the model that best fit the data. Estimates of the
LD20 and LD50 with 95% confidence intervals were determined for
each sex using the delta method. The estimated LD20 and LD50 were
compared between the sexes. These analyses were conducted using
the drc package in R (Ritz and Streibig, 2005).

Key outcomes for the histology data included FJC (number of FJC‐
labeled cells/mm2), GFAP (% area of immunoreactivity), S100β (%
area of immunoreactivity), and IBA‐1 (% area of immunoreactivity).
Mixed‐effects models, including animal‐specific random effects, were
fit to assess differences between exposure groups. Primary factors of
interest included exposure (DFP, VEH), brain region (thalamus, piri-
form cortex, amygdala, hippocampus, cortex), sex (male, female),
and time post‐exposure (1, 7, 28 d). Interactions between the factors
(exposure, brain region, sex, and time point) were considered and
the best model was chosen using Akaike Information Criterion. Out-
comes were transformed using the natural logarithm after shifting all
values by 1 to enable the calculation for samples with no positive
staining to better meet the assumptions of the model. Contrasts for
exposure group and sex differences were constructed and tested using
a Wald test. The Benjamini‐Hochberg false discovery rate (FDR) was
used within an outcome measure to account for multiple comparisons.
Results are presented as geometric mean ratios (GMR) between expo-
sure groups for the log‐transformed outcomes. Point estimates of the
ratios and 95% confidence intervals are presented in the figures. When
the confidence interval for the GMR includes 1, there is no statistical
evidence of a difference between groups. These analyses were per-
formed using SAS software, version 9.4 and alpha was set at 0.05;
all reported results remained significant after the FDR procedure.

Key outcomes for neurobehavior included open field (# grid cross-
ings), novel object familiarization (sniff time), novel object test
(% novel preference and discrimination index), and fear conditioning
(average motion index). Neurogenesis outcomes included (% Ki67
immunopositive cells of total cells determined by DAPI staining),
DCX (% area of immunoreactivity), NeuN (% area of immunoreactiv-
ity), and GCL width (µm). These outcomes were analyzed at 28 d
and included only one brain region. Open field data were analyzed
using a Mann-Whitney U test, while all other neurobehavior and
neurogenesis outcomes were analyzed using a two-way ANOVA with
post-hoc Holm-Sidak test where applicable. Each of these outcomes
are presented as mean± SEM with individual data points representing
individual animals. These analyses were conducted in GraphPad
Prism, version 8.2.1 with alpha set at 0.05.
3. Results

3.1. Acute effects of acute DFP intoxication in juvenile rats

Male and female rats were injected with varying doses of DFP at
PND 28 and the percent animals surviving at 4 h post‐injection was
determined (Fig. 1C). The dose–response curve for DFP‐induced mor-
tality for females was shifted to the left of that for males (Fig. 1D). Of
the statistical models used to fit the data, the best model considered
was the 2‐parameter log‐logistic model with a common slope. The esti-
mated LD20 and LD50 for males were 4.1 and 6.2 mg/kg, respectively.
For females, the estimated LD20 and LD50 values were 2.9 and 4.4 mg/
kg, respectively (Fig. 1E). While there was no statistical difference
between these parameters, there was a trend towards increased sus-
ceptibility to acute DFP‐induced lethality in females (p = .08). The
ratio of effect doses at LD20 and LD50 for females to males was 0.70
(95% CI: 0.36, 1.03) indicating the dose is 30% lower in females than
males at LD20 and LD50. However, due to the lack of statistically signif-
icant differences between the LD20 and LD50 values for each sex, DFP
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was used at a dose of 3.4 mg/kg in both sexes for the remainder of the
study.

Seizure behavior was monitored for 4 h following acute DFP intox-
ication using a seizure severity scale (Fig. 2A) adapted from an adult
rat DFP model (Deshpande et al., 2010). Seizure scores were plotted
over time (Fig. 2B), and the average seizure score over the 4 h period
was calculated for each animal (Fig. 2C). Seizure behavior data were
also quantified as the total duration of convulsive seizures (scores
of ≥ 3; Fig. 2D). The average seizure scores and convulsive seizure
duration were significantly higher in males than females (p < .05)
(Fig. 2C, 2D). A seizure score of 3 or higher has been demonstrated
to correspond with SE in the adult DFP rat (Deshpande et al., 2010;
Phelan et al., 2015). The majority of DFP males (86.6%) exhibited a
seizure score ≥ 3 at least once during the 4 h post‐exposure; whereas,
only 53.3% of DFP females reached a score of 3 during the 4 h seizure
monitoring period (Fig. 2E).

To confirm that differences in seizure behavior were not due
to sex differences in DFP disposition in the brain of male versus
female juvenile rats, AChE, BChE, and total ChE activity were
measured in cortical brain samples at 1 d post‐DFP. Baseline cho-
linesterase levels in VEH animals were comparable between sexes,
and AChE was inhibited to the same extent in males and females
following DFP exposure (Fig. 2F). The majority of cholinesterase
inhibition in both sexes was driven by inhibition of AChE, as min-
imal BChE activity was detected in either sex in the absence or
presence of DFP.

EEG recordings obtained from a different cohort of animals were
used to confirm epileptiform activity in both sexes. EEG traces illus-
trate increased brain activity in juvenile males and females following
DFP intoxication, as measured by increased amplitude and frequency
of the spike events (Fig. 3A). Quantitative analyses of EEG recordings
from males and females for 2 h post‐DFP support the onset of sustained
seizure activity following DFP intoxication and are consistent with the
behavioral seizure data in demonstrating a greater seizure response in
males compared to females (Fig. 3B).

3.2. Sex-specific neuropathologic effects of acute DFP intoxication in
juvenile rats

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

Antibodies specific to GFAP and S100β are reported to label unique
astrocyte populations in the brain, especially during neurodevelop-
ment (reviewed in Holst et al., 2019). GFAP immunoreactivity
(Fig. 5A) revealed sex‐specific changes in expression following DFP
intoxication. The difference in percent positive GFAP staining area
between DFP and VEH animals varied by sex (p = .02) and both time
and region (p < .001) (Fig. 5B). Differences in GFAP between DFP and
VEH animals were limited at 1 d post‐exposure, with the only signifi-
cant difference observed in the male hippocampus (GMR = 1.4, 95%
CI = 1.1–1.9, p = .007). By 7 d post‐exposure, GFAP levels were sig-
nificantly elevated in DFP animals compared to VEH animals in all
brain regions and both sexes (p < .02) with the exception of the
female somatosensory cortex (GMR = 1.3, 95% CI = 0.9–1.8,
p = .1). Elevated GFAP levels in DFP compared to VEH animals



Fig. 2. Juvenile males exhibit more severe seizure behavior than age-matched females following DFP. (A) Seizure behavior scale used to score seizure
behavior of juvenile male and female rats following acute intoxication with DFP at 3.4 mg/kg, s.c. (B) Temporal profile of seizure scores from males and females
during the first 4 h post-DFP exposure. (C) Average seizure score and (D) average duration of convulsive seizures in DFP-intoxicated males and females. Data
presented as mean ± SEM with individual data points per animal (n = 15/group); *p < .05 as determined by Mann Whitney test. (E) Maximum seizure score
reached at any point during the 4 h monitoring period in DFP-intoxicated males (left) and females (right). (F) The enzymatic activity of acetylcholinesterase
(AChE) in cortical tissue from males (left) and females (right) at 1 d post-exposure to VEH or DFP. Data presented as mean ± SEM with individual data points per
animal (n = 5–6 per group); *p < .05 as determined by two-way ANOVA with post hoc Holm-Sidak test.
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persisted in males at 28 d post‐exposure in all brain regions except the
somatosensory cortex (GMR = 1.4, 95% CI = 1.0–2.0, p = .06). In
contrast, in females, the only significant difference between DFP and
VEH at 28 d post‐exposure was in the amygdala (GMR = 1.3, 95%
CI = 1.1–1.5, p = .01).

The difference in S100β immunoreactivity (Fig. 6A) between DFP
and VEH animals varied by time (p = .04) and sex (p = .005) with
a trend for a difference by region (p = .1) (Fig. 6B). At 1 d post‐
exposure, male DFP animals had increased S100β relative to male
VEH animals in the piriform cortex (GMR = 1.4, 95% CI = 1.1–1.7,
p = .002) and the thalamus (GMR = 1.5, 95% CI = 1.1–1.9,
p = .003). There were no significant differences between DFP and
VEH females at 1 d post‐exposure (p > .3). S100β levels were signifi-
cantly increased in both male and female DFP animals on d 7 post‐
exposure in the amygdala (male: GMR = 1.8, 95% CI = 1.5–2.2,
p < .001; female: GMR = 1.4, 95% CI = 1.1–1.7, p = .004), piriform
cortex (male: GMR = 1.9, 95% CI = 1.6–2.3, p < .001; female:
GMR = 1.5, 95% CI = 1.2–1.8, p < .001) and thalamus (male:
GMR = 2.0, 95% CI = 1.6–2.5, p < .001; female: GMR = 1.5,
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95% CI = 1.2–1.8, p < .001). At 7 d post‐exposure, DFP males had
elevated S100β expression compared to VEH males in the hippocam-
pus (GMR = 1.6, 95% CI = 1.3–2.0, p < .001) and cortex
(GMR = 1.7, 95% CI = 1.3–2.1, p < .001). By d 28 post‐exposure,
S100β remained elevated in all brain regions for males, but just in
the piriform cortex and thalamus for the females. Within the DFP
group, there was no significant difference in S100β immunoreactivity
between males and females (GMR = 1.1, 95% CI = 0.9–1.2, p = .4).

IBA‐1 and CD68 immunoreactivity were used to quantify microglia
and phagocytosis, respectively, in the brain (Fig. 7A). CD68 was not
present at measurable levels in any group and was, therefore, excluded
from data analysis. The difference between DFP and VEH animals in
percent area of IBA‐1 immunostaining varied only by d post‐
exposure (p = .005), and data were, therefore, pooled across sexes
(Fig. 7B). There was no significant difference between groups 1 d
post‐exposure (GMR = 1.1, 95% CI = 0.9–1.3, p = .4), but there
was significantly higher IBA‐1 in DFP animals compared to VEH on
d7 (GMR = 1.7, 95% CI = 1.4–2.1, p < .001) and 28 (GMR = 1.6,
95% CI = 1.3–2.0, p < .001) post‐exposure.



Fig. 3. Electroencephalographic (EEG) seizure activity appears greater in males than females following acute DFP intoxication. (A) Representative EEG
traces during the baseline (pre-DFP) and seizure (post-DFP) periods in a male and female animal. (B) Quantitative EEG data showing spike amplitude and
frequency in 3 males and 2 females during the baseline and the first 2 h post-DFP.
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3.3. Neurobehavioral effects of acute DFP intoxication

The open field assay was used to quantify motor abilities prior to
the start of learning and memory testing. Locomotor activity was com-
parable between VEH and DFP groups in both male (p = .29) and
female (p = .33) animals (Fig. 8A). Novel object recognition was used
to test memory function following object familiarization. The familiar-
ization period indicated no preexisting side preference/salience or
avoidance in VEH males (p = .89), DFP males (p = .7), VEH females
(p = .8), or DFP females (p = .49) (Fig. 8B), as previously shown for
these objects in rats (Berg et al., 2020). Performance during the test
period was analyzed using % novel preference and a discrimination
index, two transformations of raw data that account for investigation
time (Gulinello et al., 2019). DFP males showed significant deficits
by both % novel preference (p < .001) and discrimination index
(p < .001) relative to their VEH controls (Fig. 8C). Similarly, DFP
females also showed significant deficits relative to VEH females as
determined using both the % novel preference (p = .02) and discrim-
ination index (p = .02) metrics (Fig. 8C). While both sexes showed
statistically significant deficits, the magnitude of change between
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VEH and DFP animals was greater in males than females with respect
to novel object preference and discrimination index.

Performance in contextual and cued fear conditioning was used to
corroborate learning and memory deficits identified in the novel
object recognition task. Freezing behavior in response to a fearful stim-
ulus was quantified using the average motion index, a comprehensive
measure of animal movement. No significant differences in movement
were detected during the baseline period (pre‐training) between the
VEH and DFP groups of each sex. During the test periods, DFP males
showed significantly increased motion compared to VEH males during
both the context (p = .002) and cue (p = .005) tests (Fig. 9A). DFP
females showed significantly increased motion compared to VEH
females in the context (p = .005) but not cue (p = .11) test (Fig. 9B).

3.4. Acute DFP intoxication alters neurogenesis in a sex-specific manner

A period of extensive neurogenesis occurs in the rodent brain dur-
ing the early perinatal period; however, it continues at a reduced rate
in the subgranular zone (SGZ) of postnatal and adult animals
(Kempermann et al., 2015; Toda and Gage, 2018). Changes in hip-



Fig. 4. DFP causes significant neurodegeneration in both male and female rats. (A) Representative photomicrographs of Fluoro-Jade C (FJC) staining in the
hippocampus, piriform cortex, and thalamus of VEH and DFP intoxicated rats at 7 d post-intoxication. Bar = 100 µm. (B) The number of FJC-labeled cells was
quantified in multiple brain regions of each sex at 1, 7, and 28 d post-DFP injection. Hippocampus includes dentate gyrus, CA1, and CA3 subregions. Data shown as
the geometric mean ratio of DFP vs. VEH with 95% confidence intervals. Confidence intervals entirely above or below 1 are colored blue and indicate a significant
difference between the two groups being compared at p < .05 (n = 5–7 animals/group). (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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pocampal neurogenesis following acute DFP intoxication were evalu-
ated by quantifying biomarkers of immature neurons (DCX immunore-
activity) and proliferating cells (Ki67 immunoreactivity) in the SGZ
(Kee et al., 2002; Couillard‐Despres et al., 2005). Structural changes
in the dentate gyrus of the hippocampus were evaluated by quantify-
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ing NeuN immunoreactivity, a biomarker of mature neurons, and the
width of the granule cell layer (GCL) (Fig. 10A). DFP males showed
a significant increase in the number of Ki67+ cells in the SGZ com-
pared to their VEH counterparts (p < .001), while there was no differ-
ence between female DFP and VEH animals (p = .8; Fig. 10B). A



Fig. 5. DFP increases GFAP immunoreactivity in a time, region, and sex-dependent manner. (A) Representative photomicrographs of GFAP immunostaining
(astrocytes and radial glia; orange) in the hippocampus of VEH and DFP rats at 7 d post-intoxication. Blue = DAPI (cell nuclei). Bar = 100 µm. (B) The % area of
GFAP immunoreactivity was quantified in multiple brain regions of each sex at 1, 7, and 28 d post-DFP injection. Hippocampus includes dentate gyrus, CA1, and
CA3 subregions. Data shown as the geometric mean ratio of DFP vs. VEH with 95% confidence intervals. Confidence intervals entirely above or below 1 are colored
blue and indicate a significant difference between the two groups being compared at p < .05 (n = 5–7 animals/group). (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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similar trend was observed in DCX immunoreactivity, where DFP
males had significantly higher levels than VEH males (p = .005;
Fig. 10C), but no differences in DCX immunoreactivity were observed
between DFP and VEH females (p = .074; Fig. 10C). There were no
effects of DFP on NeuN immunoreactivity in either male (p = .83)
or female animals (p = .13) subjects compared to their VEH counter-
parts (Fig. 10D). Similarly, DFP did not cause any changes in GCL
width in either males (p = .94) or females (p = .4) compared to their
respective VEH groups (Fig. 10E).
4. Discussion

The majority of published studies on the neurotoxicity of acute
intoxication with OP threat agents are focused on the adult male brain.
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Here, we characterized the acute and chronic neurotoxic effects in
male and female rats acutely intoxicated with DFP at PND 28. With
respect to brain development and sexual maturation, rats at PND 28
– PND 56, the age range over which we examined neurotoxic outcomes
in this study, correspond to 4–11 year old humans (Semple et al.,
2013; Zhang et al., 2019). Our quantification of acute seizure activity
and mortality, as well as chronic neurological damage, in juvenile
male and female rats identified sex‐specific neurotoxic effects of
DFP. Overall, juvenile males showed more severe behavioral seizure
and brain epileptiform activity immediately following acute DFP
intoxication compared to juvenile females, despite having comparable
AChE levels. Both juvenile male and female rats presented with signif-
icant neuropathology following DFP intoxication, although males had
greater brain damage with respect to the extent (number of brain
regions involved) and persistence of neurodegeneration and astroglio-



Fig. 6. DFP increases S100β immunoreactivity in a time, region, and sex-specific manner. (A) Representative photomicrographs of S100β immunostaining
(mature astrocytes; magenta) in the hippocampus of VEH and DFP rats at 7 d post-intoxication. Blue = DAPI (cell nuclei). Bar = 100 µm. (B) The % area of S100β
immunoreactivity was quantified in multiple brain regions of each sex at 1, 7, and 28 d post-DFP injection. Hippocampus includes dentate gyrus, CA1, and CA3
subregions. Data shown as the geometric mean ratio of DFP to VEH with 95% confidence intervals. Confidence intervals entirely above or below 1 are colored blue
and indicate a significant difference between the two groups being compared at p < .05 (n = 5–7 animals/group). (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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sis. In contrast, microglial activation, which was found to be the most
persistent outcome, did not differ by sex. Both males and females
exhibited cognitive deficits but only males had significant changes in
neurogenesis.

An initial dose‐range finding study revealed comparable mortality
curves between male and female animals. The similarities between
curves are unsurprising in light of the steep dose–response relationship
of OP lethality that is well‐documented in OP threat agent models
(Fawcett et al., 2009). Regarding seizure activity, DFP elicited signifi-
cantly higher seizure behavior scores in males, with ∼ 25% of males
exhibiting clear generalized seizures. In contrast, the most severe sei-
zure observed in females was forelimb clonus. EEG recordings from a
separate cohort of animals confirmed DFP‐induced neurological hyper-
activity and increased spiking events in each sex and supported the
observations of more severe behavioral seizures in males relative to
females. Notably, the behavioral seizure response observed in our
juvenile rat DFP model is less severe than has been previously reported
for adult rat DFP models using nearly identical seizure scales (Gage
et al., 2020; Supasai et al., 2020), suggesting age‐specific seizure
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responses to DFP. This interpretation is supported by a recent publica-
tion that found seizure susceptibility to DFP increased significantly
with age, ranging from the early postnatal period into young adult-
hood (Scholl et al., 2018). This is consistent with literature demon-
strating increased expression of cholinergic and glutamatergic
receptors between the post‐weaning period (∼PND 28) and early
adulthood (∼PND 60) in rats (Akazawa et al., 1994; Monyer et al.,
1994; Jett, 1998). Although EEG activity was only recorded from a
small cohort of animals that were not scored for seizure behavior, it
has been demonstrated that seizure behavior is highly correlated with
electrographic seizure activity in both male and female models of
acute OP intoxication (Tanaka et al., 1996; McDonough and Shih,
1997; Gage et al., 2020).

The observed sex difference in seizure activity in juvenile rats after
acute OP intoxication is consistent with other models of chemical‐
induced seizures. For example, adult female rats have been reported
to have less severe SE than male rats in response to pilocarpine
(Scharfman and MacLusky, 2014) or DFP (Gage et al., 2020). While
the mechanistic underpinnings of this sex difference are unknown, a



Fig. 7. DFP induces persistent microgliosis in both males and females. (A) Representative photomicrographs of IBA1 immunostaining (microglia; orange) in
the hippocampus of VEH and DFP rats at 7 d post-intoxication. Blue = DAPI (cell nuclei). Bar = 100 µm. (B) The % area of IBA-1 immunoreactivity was quantified
in multiple brain regions of each sex at 1, 7, and 28 d post-DFP injection. No effects of sex or brain region were observed, so data were collapsed across those
variables. Data are shown as the geometric mean ratio of DFP to VEH with 95% confidence intervals. Confidence intervals entirely above or below 1 are colored
blue and indicate a significant difference between the two groups being compared at p < .05 (n = 5–7 animals/group). (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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few hypotheses have been proposed. One hypothesis involves sex hor-
mones (Velíšková and Desantis, 2013); however, it is unlikely that sex
hormones are driving the differential seizure behavior we observed in
this study because PND 28 rats have yet to experience a hormonal
surge (Bell, 2018). Further, it was recently reported that estrous stage
has no impact on seizure susceptibility in adult rats acutely intoxicated
with DFP (Gage et al., 2020). Rather, it is more likely that the diver-
gent seizure activity between males and females reflects the sexually
dimorphic expression of excitatory and inhibitory receptors in the
brain. Males and females have differential expression patterns of glu-
tamatergic, cholinergic, and GABAergic receptors in the brain, each
of which plays an important role in seizure induction and maintenance
(Akman et al., 2014; Scharfman and MacLusky, 2014). Glutamate
receptors, including NR1, NR2A, and GluR1, are critical for seizure
maintenance following OP intoxication (Barker‐Haliski and White,
2015; Hanada, 2020) and are reported to be expressed at higher levels
in males than females during neurodevelopment (Hsu et al., 2000;
Bian et al., 2012; Damborsky and Winzer‐Serhan, 2012). Similarly,
cholinergic receptor mRNA expression is higher in males than in
females (Potier et al., 2005). Lastly, it is well‐documented that females
have greater expression of GABAA receptor mRNA and protein than
males throughout postnatal brain development (Ravizza et al., 2003;
Li et al., 2007; Chudomel et al., 2009). The greater expression of exci-
tatory receptors and reduced expression of inhibitory receptors in
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males relative to females likely contributes to observed sex differences
in seizure severity.

Despite the difference in acute seizure response, both DFP males
and females showed significant neurodegeneration throughout the
brain. This is consistent with recent evidence that acute DFP intoxica-
tion can induce brain damage independent of seizure activity in adult
rats (González et al., 2020), and with the human literature indicating
that acute intoxication with OPs can cause significant brain damage
even at non‐ or subconvulsive doses (reviewed in Chen, 2012). It
may also be the case that spontaneous recurrent seizures (SRS), which
have been reported in adult male rats following acute DFP intoxication
(Guignet et al., 2020; Putra et al., 2019), contributed to the sustained
neurodegeneration observed in both sexes, but further research to con-
firm that acute OP intoxication causes SRS in juvenile rats is needed to
address this hypothesis. Regarding regional damage, the thalamus, pir-
iform cortex, and hippocampus were severely damaged in both male
and female juveniles, which is similar to the regional patterns of brain
damage reported in adult rats acutely intoxicated with DFP (Siso et al.,
2017).

Neurodegeneration is often associated with neuroinflammation,
which is a complex set of cellular and molecular processes triggered
in response to insults within the nervous system (Guignet and Lein,
2018). The regional effects of DFP on neuroinflammation in the juve-
nile rat model mirrored the regional effects of DFP on neurodegenera-



Fig. 8. Acute DFP intoxication impairs recognition memory in both males and females at 1 month post-exposure. (A) Open field data showing locomotor
activity in male and female rats as measured by the number of grids crossed in an open arena (48 cm3) with a 3x3 grid overlay. Novel object recognition data
showing sniff time with each object during the familiarization (B) and test (C) phases of the assay. The familiarization phase compares left vs right objects to
ensure there are no inherent biases in side preference. Data from the test phase were analyzed to represent both the novel preference (%) and the discrimination
index between VEH and DFP rats of each sex. Data presented as mean ± SEM with individual data points per animal (n = 10–12/group); *p < .05 as determined
by Mann-Whitney U test or two-way ANOVA. NOR = novel object recognition.

Fig. 9. DFP males show more pronounced fear-associated memory deficits than DFP females. Movement patterns of VEH and DFP male (A) and female (B)
rats as measured by the average motion index during the baseline, context, and cue periods. Gray shading highlights test periods where subjects were expected to
freeze or reduce motion. Data presented as mean ± SEM with individual data points per animal (n = 10–12/group); *p < .05 as determined by two-way ANOVA
with post hoc Holm-Sidak test.
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tion and were largely comparable to the adult DFP model (Siso et al.,
2017), with some of the most severe inflammation occurring in the pir-
iform cortex, thalamus, and hippocampus. Two primary neuroimmune
cell types, microglia and astrocytes, are known to be activated in the
adult brain for months following acute DFP intoxication (Gage et al.,
2020; Supasai et al., 2020). This response typically coincides with
increased levels of pro‐inflammatory cytokines, sustained neuronal
injury, and an aberrant phagocytic response that may further damage
healthy cells (reviewed in Guignet and Lein, 2018). In our experimen-
tal juvenile model, DFP males exhibited significantly increased
immunoreactivity for GFAP and S100β, both biomarkers of astrocytes,
throughout the brain at 7 and 28 d post‐exposure, with the highest
levels of expression in the piriform cortex and thalamus. Juvenile
females also showed astrogliosis following DFP, but it was less persis-
tent compared to DFP males. This astrocytic response differs slightly
from that of adults, which have shown a significant increase in GFAP
immunoreactivity as early as 4 h post‐DFP (Liu et al., 2012). The
observed sex difference likely reflects sex differences in the severity
of seizure activity, since it has previously been shown that seizure
severity is predictive of the extent and persistence of neuroinflamma-
tion in adult models of acute DFP intoxication (Kuruba et al., 2018;
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Hobson et al., 2019). Interestingly, there was no effect of sex on micro-
glial activation, which was increased throughout the brain at 7 and 28
d post‐DFP. This is consistent with observations of the adult DFP
model that microglial activation is more persistent than the astrocytic
response (Supasai et al., 2020).

Acute DFP intoxication impaired cognitive function in both sexes.
No differences were observed in locomotor function between DFP
and VEH animals of either sex, eliminating a potentially confounding
variable on learning and memory assays. DFP males exhibited slightly
poorer cognitive performance than DFP females as reflected by signif-
icant deficits in both cue and context fear conditioning. Previous liter-
ature demonstrated that neuropathology, most notably
neurodegeneration and microglial activation, temporally coincided
with behavioral deficits following acute DFP intoxication in adult rats
(Flannery et al., 2016; Guignet et al., 2020). Similarly, other models of
acute OP intoxication have reported positive correlations between ini-
tial neuropathology and subsequent cognitive impairment (de Araujo
Furtado et al., 2012; Reddy et al., 2020). Neuroinflammation has been
proposed to be a contributing factor to cognitive dysfunction following
chemical‐induced seizures (Guignet and Lein, 2018). While sex differ-
ences in reactive astrogliosis and neurogenesis were observed in our



Fig. 10. DFP increases neurogenesis markers in males but does not elicit obvious structural changes in the hippocampus at 28 d post-intoxication. (A)
Representative photomicrographs of Ki67 (proliferating cells), doublecortin (DCX; immature neurons), and NeuN (mature neurons) in the hippocampus of VEH vs
DFP male rats. No differences between VEH and DFP were observed in female rats. Proliferating cells were quantified using the % Ki67+ cells (B) and the % area of
DCX+ staining (C). Mature neurons were quantified using the % area of NeuN+ staining (D) and the width of the hippocampal granule cell layer (GCL; E). Data
presented as mean ± SEM with individual data points per animal (n = 6–8/group); *p < .05 as determined by two-way ANOVA with post hoc Holm-Sidak test.
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model, both sexes experienced comparable microglial activation and
cognitive deficits, both of which were present at 1 month post‐DFP.
This congruence between sexes suggests microglial‐mediated neuroin-
flammation plays a more predominant role in learning and memory
impairments following acute OP intoxication.

Hippocampal neurogenesis is critical to cognitive function (Lazarov
and Hollands, 2016) and increased neurogenesis is well‐documented
following pilocarpine‐induced SE (Varodayan et al., 2009; Wu et al.,
2019; Velazco‐Cercas et al., 2020). Our results revealed that DFP
males, who experienced prolonged convulsive seizures, exhibited
increased hippocampal neurogenesis, but DFP females did not exhibit
any significant change in neurogenesis. If females indeed have less sev-
ere SE than males, the lack of neurogenic effects in DFP females sup-
port the previously reported positive relationship between
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convulsive seizure duration and neurogenesis following chemical‐
induced SE (Yang et al., 2008; Hung et al., 2012). It has also been
reported that males are more susceptible to changes in hippocampal
signaling and plasticity than females during development (Zitman
and Richter‐Levin, 2013). The increased neurogenesis observed in
males may also contribute to the slightly more severe cognitive deficits
that males displayed compared to females, as aberrant hippocampal
neurogenesis has been shown to directly contribute to cognitive
decline following acute OP‐induced seizures (Cho et al., 2015). How-
ever, given the presence of cognitive deficits in DFP females indepen-
dent of changes in neurogenesis, it appears more likely that the
neurogenic response is determined by seizure severity and has mini-
mal relationship to cognitive deficits associated with acute DFP
intoxication.
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To conclude, the present study describes a juvenile rat model of OP‐
induced SE that identified sex differences in both acute and chronic
responses to acute DFP intoxication. Our findings motivate future stud-
ies to characterize whether the sex‐specific effects of acute DFP intox-
ication primarily reflect biological sex, initial seizure severity, or some
combination of the two. These data also point to microglial‐mediated
neuroinflammation as a likely mechanism contributing to long‐term
cognitive deficits following acute OP intoxication in juvenile animals.
The temporal relationship between microglial activation and neurobe-
havioral deficits in both sexes, despite the sex differences observed in
other endpoints, highlights the potential for microglia to play a critical
role in the long‐term neurological consequences of acute OP intoxica-
tion. Taken together, these data represent an important step in the
development of experimental models to test candidate medical coun-
termeasures for treatment of children in the event of a chemical emer-
gency involving OPs. Our findings also reinforce the need to provide
medical attention and follow‐up to all exposed individuals, regardless
of acute seizure response.
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