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Abstract

Sex differences in response to neurotoxicant exposure that initiate epileptogenesis are 

understudied. We used telemetry implanted male and female adult rats exposed to an 

organophosphate (OP) neurotoxicant, diisopropylflourophosphate (DFP), to test sex differences in 

the severity of status epilepticus (SE) and the development of spontaneous recurrent seizures 

(SRS). Females had significantly less severe SE and decreased epileptiform spikes compared to 

males, although females received a higher dose of DFP than males. The estrous stages had no 

impact on seizure susceptibility, but rats with severe SE had a significantly prolonged diestrus. A 

previously demonstrated disease-modifying agent, an inducible nitric oxide synthase inhibitor, 

1400W, was tested in both sexes. None of the eight males treated with 1400W developed 

convulsive SRS during four weeks post-DFP exposure, while two of seven females developed 

convulsive SRS. Concerning gliosis and neurodegeneration, there were region-specific differences 

in the interaction between sex and SE severity. As SE severity influences epileptogenesis and 

females had significantly less severe SE, sex as a biological variable should be factored in the 

design of future OP nerve agent experiments while evaluating neurotoxicity and optimizing 

potential disease-modifying agents.

Introduction

Females in experimental research are underrepresented1–3. Drugs and dosing regimens that 

are effective in males are sometimes proven to be ineffective in females or cause unexpected 

side effects4–6. To avoid these biases, the NIH Health Revitalization Act established 

guidelines to include females in clinical trials in 19937. Although the inclusion of females in 

studies has increased, many preclinical studies still do not include females or analyze sex as 
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a biological variable (SABV)2,8–11. The exclusion of females from research is largely due to 

the impact of hormonal changes during various stages of the estrous cycle, which could 

result in high variability12–14. Levels of estrogen, progesterone, luteinizing hormone, and 

follicle-stimulating hormone fluctuate similarly to humans though the rat estrous cycle is 

shorter, typically lasting 4-5 days15,16. As hormone levels are influential in many biological 

processes, consideration of estrous staging is appropriate when analyzing data from female 

animals.

Females are understudied in epilepsy and organophosphate (OP) neurotoxicity research. 

Epilepsy is a neurological disorder characterized by spontaneous recurrent seizures (SRS). 

Most studies report that approximately 40% of females with epilepsy have catamenial 

epilepsy, likely due to a reduction in seizure threshold as a result of fluctuating 

hormones17,18. Animal models of epilepsy, induced by chemoconvulsants, showed 

resistance of females to the induction of status epilepticus (SE) compared to males for the 

same dose of pilocarpine (a muscarinic agonist) but not with kainic acid (KA, a 

glutamatergic agonist)19. In an OP nerve agent (soman) model, female rats in proestrus 

required higher doses to induce SE compared to females in estrus, and males; a similar 

pattern was shown in a study using picrotoxin14,20. Diisopropylflourophosphate (DFP) is 

also an OP neurotoxicant often used to model nerve agent neurotoxicity in rodents21–23. 

Following DFP administration, animals typically develop seizures within 10 minutes and 

seize for a prolonged period. We and others have demonstrated that DFP-induced SE also 

initiates epileptogenesis in the majority of animals, which is manifested by SRS24–28. 

Animals subjected to chemoconvulsants, including DFP and other nerve agents, develop 

neuroinflammation and neurodegeneration29–33. Sex differences, however, are under-

investigated in DFP-induced long-term neurotoxicity studies. The goal of this study is to 

evaluate sex and estrous stage-dependent differences in initial SE severity induced by DFP 

and its’ long-term effects measured by electroencephalography (EEG), gliosis, and 

neurodegeneration.

OP nerve agents pose a significant threat to both civilian and military populations; thus, the 

need to identify effective countermeasures is imperative. Benzodiazepines are currently used 

following OP intoxication but delayed administration, as is often the case in an “after-field 

evacuation and in-hospital” scenario, is ineffective in mitigating the long-term effects of 

poisoning34–37. The DFP model of neurotoxicity is useful to evaluate potential disease-

modifying agents to reduce the overall occurrence of SRS and associated co-morbidities as 

well as reactive gliosis and neurodegeneation32,33,38. These studies, including ours, used 

only male animals. We had demonstrated a significant neuroprotective effect using a novel 

disease-modifying agent, 1400W, an inducible nitric oxide synthase (iNOS) inhibitor, in 

adult male rats using the DFP model of neurotoxicity33. 1400W is highly selective for iNOS 

over both eNOS and nNOS, and it has been shown to reduce SRS or prevent epileptogenesis, 

reactive gliosis, and neurodegeneration in the rat KA and DFP models33,39,40. In addition to 

evaluating sex differences in DFP intoxication, we also tested the long-term effects of 

1400W in females and compared with males to understand SABV.
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Methodology

2.1 Animal source, care, and ethics

Both male and female adult Sprague Dawley rats (7-8 weeks at the time of experimentation) 

were purchased from Charles River (MA, USA). Animal groups used for each analysis are 

outlined in Table S1. The procedures used in this study were approved by the Institutional 

Animal Care and Use Committee at Iowa State University (IACUC-18-160). Animals were 

housed and cared for by the Laboratory of Animal Resources and given ab libitum access to 

food and water in a controlled environment (19°C-22°C) with alternating 12-hour light and 

dark cycles. Cages had Alpha Dri bedding and plastic bones for enrichment; all animals 

were single housed throughout the experiment. Animals were given at least 72 hours of 

acclimation before beginning testing and were given appropriate care following surgical 

procedures, outlined in the Supplementary Methods. Animals were randomized, grouped, 

and coded for naïve (nothing administered), or DFP treatment. At the end of the experiment, 

animals were euthanized with 100 mg/kg pentobarbital sodium (i.p.) as per the American 

Veterinary Medical Associations Guidelines for the Euthanasia of Animals. All procedures 

complied with ARRIVE guidelines41.

2.2 Chemicals and reagents

DFP (Sigma Aldrich, USA) was diluted in cold 0.1M phosphate-buffered saline (PBS) 

before administration. Notably, DFP is unstable at room temperature, which could influence 

the animals’ response to its exposure; therefore, DFP was stored at −200C for stability and to 

minimize variability42. Atropine sulfate (ATS, Acros Organics, USA) and pralidoxime (2-

PAM, Sigma Aldrich, USA) were dissolved in sterile saline while 1400W (99.6% pure, 

Tocris Biosciences, USA) was prepared in sterile distilled water. GC-MS and HPLC-MS 

were used for authentication of DFP and 1400W, as described in our recent publication33. 

Diazepam (DZP), buprenorphine, and pentobarbital sodium were purchased from the Iowa 

State University Lloyd Veterinary Medical Center Hospital Pharmacy. 4% paraformaldehyde 

was prepared in PBS for perfusion. Gelatin for tissue embedding consisted of 15% type A 

porcine gelatin, 7.5% sucrose, and 0.1% sodium azide. Citric acid buffer for antigen retrieval 

consisted of 10 mM citric acid and 0.05% tween-20 at pH 6.0.

For immunohistochemical analysis, primary antibodies were purchased from Abcam (MA, 

USA) including ionized calcium-binding adaptor molecule 1 (IBA1, goat polyclonal, 1:500); 

cluster of differentiation 68 (CD68, rabbit polyclonal, 1:400), and glial fibrillary acidic 

protein (GFAP, mouse monoclonal, 1:400). NeuN (rabbit polyclonal, 1:400) was purchased 

from EMD Millipore (MA, USA). Fluoro-Jade B (FJB) was purchased from Histochem Inc 

(AR, USA) and was diluted (0.01%) in 0.1% acetic acid before use. Secondary antibodies, 

FITC conjugated (anti-mouse, anti-rabbit, 1:80); biotin-conjugated (anti-goat, anti-rabbit, 

1:400) and Streptavidin (1:300) were purchased from Jackson ImmunoResearch 

Laboratories (PA, USA).

2.3 Surgical implantation of electrodes and transmitter device

Radio-wireless telemetry devices were purchased from Data Sciences International (DSI, 

Minneapolis, USA) and implanted into 20 female rats and 27 male rats as previously 
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described33,40. Twenty-three of the male animals were previously reported, and the raw data 

was used to compare with females to reduce the number of animals used. An additional four 

male animals were implanted with electrodes and used solely for histological analysis to 

match the time-points. These four animals were not considered for EEG or mortality 

analysis as they were tested at a different time than the rest of the male rats33. Procedures, 

except vaginal cytology, were carried out identically in both sexes. Detailed surgical 

procedures are described in the Supplementary Methods.

2.4 Evaluation of the estrous cycle- vaginal cytology

Vaginal lavage and sampling were done daily between 10 AM and 11 AM both before and 

after DFP administration, as described in the published literature43. Sample collection and 

stage identification are detailed in the Supplementary Methods. Representative images for 

each stage of the estrous cycle are presented in figure 1B.

2.4 DFP administration and seizure severity evaluation

The experimental timeline is illustrated in figure 1A. Following 10 days of recovery from 

surgical implantation of electrodes, males and females received 3 and 4mg/kg DFP (s.c.) 

respectively, followed by 2mg/kg ATS (i.m) and 25mg/kg 2-PAM (i.m) to reduce mortality. 

Although some models of DFP utilize pyridostigmine bromide as a pretreatment to model 

military scenarios, it was excluded from this model as it might more accurately reflect a 

civilian exposure scenario. Additionally, pyridostigmine bromide was found to have no 

impact on the survival of animals in the DFP model44. Animals developed seizures within 10 

minutes of DFP administration. Animals displayed seizures of various stages for two hours 

before behavioral SE was controlled with DZP (5 mg/kg, i.m.). Seizures were ranked on a 

staging scale of 1–5 with increasing severity according to behavior as described previously33 

and summarized in Table S2. Stages one and two are classified as non-convulsive seizures 

(NCS), and stages three through five are classified as convulsive seizures (CS). 

Representative images from each stage for male and female animals are shown in figure 2A. 

The number of minutes each animal spent in a CS during SE allowed us to randomly assign 

animals for either vehicle or 1400W treatment to maintain equal SE severity between 

groups.

2.5 Assessment of spontaneous recurrent seizures (SRS), epileptiform spiking, and 
powerbands

Animals were continuously video-EEG recorded 24 hours a day for one month following 

DFP injection. DataQuest software acquired integrated raw video-EEG data, and 

NeuroScore 3.2.0 software was used for offline analyses. Baseline EEG acquired before 

DFP injection was used to determine a spike threshold (~160 to 300mV) for each animal to 

automatically count spikes within the threshold during and following exposure, as described 

for mice in the kainate model previously45,46; these were considered epileptiform spikes. 

The spike rate (number of spikes per minute) was quantified to evaluate the effect of SAVB 

on DFP-induced brain dysfunction as well as 1400W treatment in both sexes. Spike 

characteristics on EEG and integrated video allowed for verification of spikes generated 

from exploratory behavior or electrical noise and these spikes were discounted from the 

analysis as previously described45,46. SRS were identified as large spiking clusters with 
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behavioral accompaniment (stage 3-5) verified by the integrated video. SRS were generally 

30-60s duration, but we did not quantify the duration of each SRS. Although SRS can refer 

to both convulsive and nonconvulsive seizures, from now on, we will use SRS to describe 

only spontaneous convulsive seizures. Convulsive seizures (spontaneous or during SE) were 

accompanied by the prevalence of gamma bands, which NeuroScore software generated via 

the Fast Fourier Transformation. Powerbands were classified as described in Table S3. 

Nonconvulsive SRS were not quantified; however, the epileptiform spike counts include 

spikes from both nonconvulsive and convulsive SRS.

To further assess electrical activity, the magnitude of powerbands was graphed over time to 

determine the effect of the estrous cycle. Analysis of all animals did not yield any specific 

patterns; therefore, the seizing animals were considered in the analysis. Three females had 

SRS during the period of regular estrous cycling, and one had unacceptable levels of 

electrical noise, thus leaving two animals for analysis. Electrical noise and baseline activity 

allowed for the generation of a threshold to determine periods of elevated powerband 

frequencies; these are outlined in Table S3. Each day of the data acquisition was divided into 

1-minute epochs, and the percent of epochs within the threshold was graphed over time to 

determine periods of elevated activity. Delta and theta powers were graphed separately to 

visualize cyclical activity.

2.6 Euthanasia and immunohistochemical evaluation of brain sections

Animals were euthanized with pentobarbital sodium one to three months post-DFP 

administration. Timepoints across groups were balanced. Animals were then perfused 

(60mL/min at 80Hg) with PBS, followed by 4% paraformaldehyde (PFA). Brains were 

further incubated in PFA for 24 hours before transferring to a 25% sucrose solution for 3-4 

days at 4°C. Brains were then embedded in gelatin and stored at 4oC overnight. The tissue 

blocks were snap-frozen in isopentane-cooled by liquid nitrogen and stored at −80°C. Brains 

were then sectioned coronally at 16 μm and collected onto CAG (chrome alum gelatin) 

coated slides as described previously47. Each slide contained 4-5 sections that were 480 μm 

apart to assay the rostral to caudal parts of the hippocampus and piriform cortex. Slides were 

then stored at −20°C until used for immunohistochemical evaluation. Detailed methodology 

for immunohistochemical evaluation is described in Supplementary Methods.

2.7 Analysis of gliosis and neurodegeneration

Immunostained brain sections were visualized using the Axiovert 200 Zeiss inverted 

fluorescence microscope, imaged via the Hamamatsu camera (Deutschland, Germany) and 

captured by HCImage Live software (Hamamatsu, PA, USA). 20X images of the cornu 

ammonis 1 and 3 (CA1 and CA3), the dentate gyrus (DG), and piriform cortex (PC) were 

captured at consistent locations from rostral to caudal parts of the brain. Groups were 

blinded throughout analysis. Following imaging, ImageJ software was used for cell 

quantification. Total number of microglia and percent reactive microglia were counted. 

CD68 is considered a marker of phagocytosis, and therefore the percentage of IBA1 cells co-

stained with CD68 was also quantified to obtain an additional measure of reactive 

microglia48–50. GFAP staining was evaluated similarly to determine the extent of 

astrogliosis. Total number of astrocytes was counted as well as evaluated for their 

Meghan et al. Page 5

Ann N Y Acad Sci. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



morphology. The total number of neurons (stained with NeuN) co-immunolabeled with FJB 

was calculated to estimate degenerating neurons47. More details concerning cell counting 

are provided in the Supplementary Methods.

2.8 Statistical analysis

The statistical analyses used in this study are briefly outlined here and in the figure legends 

and Results section. Two-way mixed measures ANOVAs were used to evaluate sex and 

treatment differences in seizure severity over time and immunohistochemical parameters. 

One-way ANOVAs or Kruskal Wallis (repeated measures when appropriate) with Tukey 

post-hocs were used for the data from more than two groups. Normality was tested using the 

Shapiro Wilk test. Student’s t-tests were used when only two groups required analysis. A 

linear model was used to compare sexes while controlling for SE severity in the histological 

evaluation. We used GraphPad Prism 7.0 as well as R-Studio version 3.5.1 to graph and 

analyze results. All graphical representations show means and standard errors of the means, 

and a p-value of less than 0.05 was considered statistically significant.

Results

3.1 The impact of sex on response to DFP exposure

Our previous KA studies51 and DFP pilot studies in telemetry male rats suggested a 

decreased seizure threshold to acute exposure to chemoconvulsants at ten days post-surgery. 

There was >50% mortality at 4mg/kg DFP (without pyridostigmine pre-treatment) in 

telemetered male rats, which prompted to reduce the dose to 3mg/kg to achieve a similar SE 

severity with 4mg/kg in non-telemetered males animals32. Therefore, in this study, males 

were treated with 3mg/kg DFP while females were exposed to a higher dose of DFP 

(4mg/kg) as we suspected there might be some seizure resistivity based on the studies in the 

rat pilocarpine model18. Images from a male and female rat displaying the behavioral 

characteristics and corresponding EEG traces that were used for staging SE are illustrated in 

Figure 2A. The spike frequency and amplitude corresponded with the severity of seizure 

stage. Average stages at each minute for males (n=16) and females (n=14) were calculated 

for the 2h SE and compared to understand the effects of SABV. One female rat that did not 

show NCS or CS during the 2h post-exposure was considered a DFP non-responder and 

excluded from the study. Two-way ANOVA with mixed measures and Sidak post-hoc was 

used to compare SE severity between the groups at each time point. Despite being treated 

with a lower dose of DFP, males achieved significantly higher SE severity after 15 minutes 

post-exposure (Fig. 2B). Males spent significantly greater time in CS than the females 

during the 2h period following DFP administration (Fig. 2C, unpaired t-test; p<0.001). 

Interestingly, despite a significant difference in SE severity between males and females, the 

differences in mortality were not significant (males 30.4%, females 25%; Fig. 2D, Fisher’s 

Exact test). Further analysis of the animals that died during the experiment revealed 85% of 

the male animals, and only 40% of female animals had greater than 10 minutes of CS; 

however, the difference was not significant (Fig 2E, Fisher’s Exact test). The timeline of 

death of these animals is presented in Figure 2F. The majority of the animals died in less 

than 24h of DFP exposure.

Meghan et al. Page 6

Ann N Y Acad Sci. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.2 The relationship between the estrous cycle and seizure susceptibility to DFP 
exposure

The stages of the estrous cycle were determined from vaginal cytology using the standard 

criteria52–54. The female animals in this study had estrous cycles between 4 and 5 days. 

Representative images for each stage of the estrous in this study are presented in figure 1B.

Vaginal samples were collected from females before DFP exposure to determine the estrous 

stage at the time of DFP exposure. Experimenters were blind to the stage of estrous while 

evaluating the animals for SE severity. The number of minutes spent in CS during the 2h 

period of SE was averaged for animals in each stage (metestrus, diestrus, proestrus, and 

estrus), and the animals that died during SE were excluded (Fig. 3A). The number of spikes 

per minute during SE was also calculated for each animal to investigate the impact of stages 

of estrous on epileptiform spike rate (Fig 3B). There were no significant differences in the 

number of minutes in CS or spike rate during SE between the stages of the estrous cycle 

(Fig. 3A–B Kruskal Wallis).

As there was a high variability in the SE severity amongst the females, the animals were 

categorized as having mild (<15 min CS) and moderate (15-30 min CS) or severe (>30 min 

CS) SE. Interestingly, the animals that had severe SE had a disrupted estrous cycle. These 

animals had a significantly extended diestrus (an average of 5.75 days) compared to the rats 

with mild and moderate SE, which only spent an average of 0.16 days before returning to 

estrus (Fig. 3C, unpaired t-test). Diestrus typically ends 2-3 days after estrus, so the number 

of days in addition to 2 days in diestrus was considered in the analysis. Figure 3D illustrates 

representative images of an extended diestrus following DFP-induced SE, where the animal 

returned to estrus nine days after SE.

3.3 The impact of sex on epileptiform spikes and SRS occurrence

Representative EEG traces from both male (Fig. 4A) and female rats (Fig. 4B), before and 

after DFP exposure, are presented. Spikes per minute were calculated for the first 28 days 

following DFP exposure. The females had significantly less spiking activity at 2, 4, 7 and 

9-19 days post-exposure (Fig. 4C, two-way ANOVA with mixed measures) and over the 28 

days when compared with males (Fig. 4D, unpaired t-test). EEG traces for convulsive SRS 

matched behavioral seizure stages 3-5, and increased gamma power in a male and female rat 

are shown in figure 4E and 4F. Four of eight males and two of seven females showed SRS in 

four weeks post-exposure (not significant following Fisher’s Exact test). The distribution of 

seizures by week is represented in Figure 4G. There were no significant differences between 

male and female SRS numbers over time during the four weeks study (Fig. 4H, two-way 

ANOVA with mixed measures) or pooled SRS over time (Fig 4I, unpaired t-test).

In nonconvulsive SRS or interictal spike trains, no overt behavioral changes were visible on 

video, but the theta and delta powers were increased in both male and female animals while 

the gamma power was consistently low in both sexes (Fig. 4J–K). It is important to note that 

all male rats had several hundreds of spontaneous non-convulsive seizures; thus, all eight 

male rats were considered to have developed epilepsy during the four weeks. In females, 

however, only four animals had NCS, including, those that exhibited CS. Instead of counting 
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all NCS, which is tedious, we quantified the epileptiform spikes in NCS episodes, the spike 

trains, and clusters, and compared between the groups (Fig. 4C, 4D).

3.4 The impact of a disease-modifying agent, 1400W on epileptiform spikes and SRS in 
females

1400W, an iNOS inhibitor, has been previously found to have disease-modifying effects in 

the male rat DFP and KA models33,40. In male rats, 1400W significantly suppressed 

epileptiform spikes and SRS33. Interestingly, in this study, 1400W treated females showed 

significantly more spiking activity on the second day after DFP challenge when compared 

with the vehicle-treated female animals. However, no significant differences were found on 

subsequent days (Fig. 5A, two-way ANOVA with repeated measures). The pooled data for 

the first three days (i.e., during the time of 1400W treatment) as well as for the remaining 

days of the study also did not show statistically significant differences between groups in 

females (Fig. 5B–C, unpaired t-test). We further compared epileptiform spiking in males and 

females treated similarly with 1400W after DFP exposure and found males had significantly 

more spiking activity at various time-points than females (Fig. 5D, two-way ANOVA with 

repeated measures). There were no significant differences when the data was pooled for the 

first three days or the remaining days of study (Fig 5E–F, unpaired t-test)

It is important to note that even though males had higher epileptiform spiking during the first 

four weeks post-DFP exposure, none of the eight males treated with 1400W developed SRS, 

while two of seven females did not respond to 1400W during this period. Regardless of 

significantly higher epileptiform spiking during the second-day post-DFP in 1400W treated 

females, they had significantly less seizures on the same day compared to vehicle-treated 

female rats (Fig. 5G, two-way ANOVA with repeated measures). However, there were no 

statistically significant differences on other days, pooled over the treatment period, or for the 

remainder of the experiment (Fig. 5H–I, unpaired t-test).

3.5 The impact of the stages of the estrous cycle on SRS and the power oscillations

The estrous cycle was monitored for all animals throughout the course of the experiment. 

All animals experiencing SRS were investigated to determine the effect of estrous on SRS. 

As all the animals with severe initial SE experienced extended diestrus, only SRS that 

occurred after the first week were considered to determine if there was a relationship 

between estrous stages and SRS onset. Notably, an average of 69% of SRS occurred during 

the period of extended diestrus. However, there were no significant differences between the 

stages of the estrous cycle and the percent of SRS occurring during each stage (Fig. 5J, 

repeated measures ANOVA).

To further evaluate the impact of the estrous cycle on brain electrical activity, we quantified 

the distribution of powerbands over time. Beginning around the third week of data collection 

after the animals returned to estrus and began a regular cycle every 4-5 days, severely 

affected animals most consistently had a peak in alpha, sigma, beta, and gamma powers 

around the time of proestrus and estrus (Fig. 5K–L). Interestingly, this pattern was not 

observed for delta and theta bands.
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3.6 The effect of sex and 1400W on gliosis and neurodegeneration

It has been well established that SE induction by chemoconvulsants, including DFP, leads to 

the upregulation of inflammatory factors, which can, in turn, lower the threshold for 

SRS33,55,56. The hippocampus and piriform cortex have been most commonly studied in the 

DFP model as these regions are highly susceptible to SE-induced changes57,58. As SE 

severity is likely a highly influential factor in generating histological changes, SE severity 

was included in the model to determine the effects of sex on gliosis and neurodegeneration. 

A linear model with the main effects of sex and SE severity and their interaction was used in 

the vehicle-treated animals to provide information about how SE severity influences the 

response variables concerning each sex. This model was used in CA1, CA3, and DG of the 

hippocampus as well as the piriform cortex for each measure of gliosis and 

neurodegeneration. Notably, a female rat with extreme severe SE (continuous for 2h) was an 

outlier in region-specific analyses. As this was the only female experiencing extreme severe 

SE, we decided to keep it in the analysis. However, a large number of females with severe 

SE are needed to determine these effects completely. Correlation values are detailed in 

Supplementary Tables S4–S6.

To determine the effects of 1400W in females, two-way mixed measures ANOVA was used 

since the severity of initial SE was not significantly different between the two groups (Fig. 

6E). Naive female rats (no treatment or surgery) were used as control to determine baseline 

gliosis and neurodegeneration. Main effects, as well as simple effects between treatments, 

were analyzed. Animals used for histology were euthanized at either one or three months, 

and the timepoints were balanced across groups.

3.6.1 The impact of sex and 1400W on microgliosis—Brain sections from animals 

in each group were co-stained with IBA1 and CD68 and counterstained with DAPI to 

examine the effects of sex and 1400W treatment on microgliosis. We counted the total 

number of IBA1 positive cells (Fig. 6A, 6F), the percent of IBA1 positive cells with reactive 

morphology (Fig. 6B, 6G), and the percent of IBA1 positive cells colocalized with CD68 

(Fig. 6C, 6H). The detailed cell counting procedure is described in the Supplementary 

Methods. Representative images from a female with severe SE showing mostly reactive-type 

microglia and a female with mild/moderate SE showing mostly nonreactive microglia are 

presented (Fig. 6D) to demonstrate the effects of SE severity on cell number and 

morphology. All areas of the hippocampus (CA1, CA3, DG) showed significant interaction 

between sex and SE severity for the total number of microglia when compared to males (Fig. 

6A). The analysis also showed a similar significant trend for the percentage of reactive 

microglia in CA3 (Fig. 6B). However, there were no significant differences between sexes in 

CD68 positive IBA1 cells in any regions analyzed (Fig. 6C).

Two-way mixed measures ANOVA was used to evaluate the effects of 1400W on DFP-

induced microgliosis in females. Unlike the male rats in our recent publication33, females 

rats had no significant main effects or simple effects of treatment for any analyses of 

microgliosis (Fig. 6F–H). This is likely due to the compromised initial SE severity in female 

rats, in contrast to male rats, which may have confounded the real effect of 1400W on 

countering the DFP-induced microgliosis in females.
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3.6.2 Impact of sex and 1400W on astrogliosis—Brain sections were stained with 

GFAP to locate astrocytes; the total number of GFAP positive cells were counted (Fig. 7A, 

7D) and evaluated for morphology (Fig 7B, 7E). An example of images from a brain section 

from a female with mild/moderate SE showing nonreactive-type astrocytes and from severe 

SE female with mostly reactive-type astrocytes is presented in figure 7C. The percentage of 

cells that were considered reactive was calculated from the total GFAP positive cells for 

each animal. Using the linear model, females showed significantly increased astrogliosis in 

the DG and piriform cortex with increasing SE severity compared to males (Fig. 7A). A 

similar trend occurred in the DG for reactive astrogliosis (percent reactive astrocytes) (Fig. 

7B)

A two-way mixed measures model was used to determine the effects of DFP and 1400W in 

female animals. Unlike in male rats33, there were no significant main effects or simple 

effects in any brain region concerning the total number of astrocytes or the percentage of 

reactive astrocytes in female rats (Fig. 7D–E).

3.6.3 Impact of Sex and 1400W on neurodegeneration—Brains were stained with 

NeuN as a marker for neurons and FJB as a marker for degeneration; their colocalization 

indicates degenerating neurons59. Linear model analysis between vehicle-treated males and 

females, after exposure to DFP, showed an increase in colocalization in males while 

controlling for SE severity in CA1 and CA3 of the hippocampus (Fig. 8A). Representative 

images of a brain section from a male and female demonstrating differences in 

neurodegeneration are shown in Figure 8B.

Discussion

The purpose of this study was to determine the sex-dependent responses of female rats to 

DFP exposure and then further evaluate other long-term EEG and histological changes in the 

brain. Females had a decreased response to DFP exposure in terms of the severity and total 

time spent in SE despite being treated with a higher dose. Males were given a lower dose of 

DFP than nontelemetry animals that we have used in prior experiments as we knew surgical 

implantation of electrodes can lower the seizure threshold60. In a pilot study in females, we 

observed less SE severity, and as we knew there was some resistivity in the pilocarpine 

model18, we decided to use an increased dose in females61. In female rats, the basal levels of 

commonly known esterases such as AChE, butyryl cholinesterase, and carboxylesterase alter 

throughout the estrous cycle14. DFP binds to AChE in the plasma and reduces the 

concentration of free DFP62. AChE levels were not evaluated in this study but it is plausible 

that hormone levels could impact the interaction between DFP and AChE in the blood62,63. 

The sex difference observed in this study was similar to the finding in the pilocarpine model, 

as sex differences might exist in cholinergic chemoconvulsant models, with females being 

more resistant to SE induction61. In contrast, a study using sarin, an OP nerve agent, found 

that only female rats in proestrus had a significantly higher LD50 than in other female rats14. 

Only two of the female rats in our study were in proestrus at the time of DFP exposure, and 

thus predominance of this stage of estrus does not fully explain the reduced sensitivity in 

females as compared to males. It is also notable that the sarin study14 measured 

cholinesterase activity across the cycle and found no correlation between proestrus AchE 
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levels and SE susceptibility indicating that DFP susceptibility might be more complex than 

cholinesterase levels and estrous stages. Another study that used pyridostigmine treatment 

before DFP (4.0 to 6.25mg/kg) reported that there was no difference in seizure susceptibility 

between male and female rats64. The use of pyridostigmine pretreatment and range of DFP 

doses may explain the differences between the previous study64 and ours.

Mortality occurs in both males and females in response to an optimum dose of 

chemoconvulsants that induce SE in most of the tested populations33,40,45,65. Even with 

increased SE severity in the males, we did not find significant differences in mortality 

between sexes, and there was no correlation between mortality, SE severity, and the stages of 

the estrous cycle. It is also worth noting the three of five females and one of seven males that 

died in this study did not show frequent convulsive seizures during SE. DFP-induced 

mortality in both sexes may be due to the peripheral effects. For example, human case 

studies using OP nerve agent exposure have confirmed the occurrence of respiratory 

failure66,67. The rat pilocarpine study found higher mortality rate in females compared to 

males, and no impact of the estrous cycle reported18. Although we found significant sex 

differences in DFP-induced SE severity, there were no differences in SE severity between 

the stages of the estrous cycle. It is notable, however, that there was high variability between 

animals in each stage of estrous, thus increased power is needed to validate the observation 

further.

Animals that experienced a high degree of SE severity (>30 minutes of CS), compared to 

those that had mild/moderate seizures (<30 min), had disrupted estrous cycle with an 

(extended period of diestrus). This suggests that the SE severity disrupted the estrous cycle, 

and the peripheral effects of DFP itself did not cause dysregulation of the estrous cycle. 

Previous studies in the pilocarpine model also demonstrated irregular estrus cycle with an 

increase in diestrus following seizure induction68. In the pilocarpine model, decreased levels 

of progesterone, luteinizing hormone, and follicle stimulating hormone were reported, which 

might explain the prolonged diestrus observed in our study. Human females with epilepsy 

have also been reported to have had increased menstrual disturbances, which provides 

further evidence for the role of seizures in effecting the estrous cycle69.

Although there are some investigations of sex differences in response to chemoconvulsants 

and initial SE severity, there are fewer studies on the long-term impact of DFP intoxication 

with respect to sex19. In our study, females displayed overall fewer epileptiform spikes in 

comparison to males throughout the one-month study. This difference was most likely due to 

the overall decreased SE severity in females, compared to males, as the development of 

epileptiform spikes, electrographic NCS, and SRS are dependent on initial SE severity. This 

difference in severity, though not significant as per the Fisher’s exact test (p=0.608), was 

also supported by the number of animals that developed convulsive SRS (4 of 8 males and 2 

of 7 females) in four weeks. All male animals and only four female animals showed 

epileptiform spikes and NCS irrespective of whether they had SRS. This highlights the 

importance of considering SE severity when analyzing the long-term effects in both sex-

related studies as well as evaluation of disease-modifying agents. Both of the females that 

showed SRS experienced > 30 minutes of SE, demonstrating that high SE severity is needed 

to initiate epileptogenesis.

Meghan et al. Page 11

Ann N Y Acad Sci. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Animals with disrupted estrous cycle returned to normal cycling pattern around one to two 

weeks post-DFP. Although other patterns have been observed, seizures in women with 

catamenial epilepsy tend to occur periovulatory likely due to the decline in progesterone, 

along with an increase in estrogen17. Therefore, it was reasonable to predict that a similar 

pattern might occur in female rats exhibiting SRS. There was, however, no correlation 

between SRS occurrence and the stages of the estrous cycle in this study. We did observe 

trends of increasing frequency of alpha, sigma, beta, and gamma power around the time of 

proestrus and estrus for seizing animals during a period of regular cycling. However, 

hormonal assays might reveal the role of sex hormones in electrical excitability. Notably, 

there was no clear fluctuation of delta and theta powers. In a mouse study, the GABAA 

receptors expression in parvalbumin interneurons seems to be inversely related to the 

amplitude of gamma oscillations70. As the expression of GABAA was lowest around the 

period of estrus, this would support the peaks we saw around proestrus and estrus in our 

study. It is important to note that the transition between each stage of the cycle is gradual. 

Proestrus, for example, typically begins in the morning and does not last an entire 24 

hours53; in our study, we determined the estrous stages based on vaginal cytology performed 

at 10-11 am each day. All rats were administered DFP around 2-3 PM, and it may be 

interesting to test DFP toxicity at various times in the day. To investigate the role of the 

estrous cycle in seizure susceptibility, other models that induce consistent SE severity or 

models that modulate estrogen and progesterone levels would be useful71.

The secondary goal of this study was to evaluate a disease-modifying drug, an iNOS 

inhibitor, 1400W in female animals. Markers of oxidative stress, such as iNOS, are 

modulated by chemoconvulsants, including DFP28,33,72,73. As fluctuating hormones and 

pharmacodynamic sex differences might dictate response to disease-modifying agents, we 

tested 1400W in female rats exposed to DFP. On the first day of treatment, 1400W 

suppressed seizures but not the epileptiform spikes in those females that had severe SE (Fig. 

5A, 5G). Although this may seem an interesting observation, a large sample size with severe 

SE would be useful to determine whether these effects are due to the impact of iNOS 

inhibition by 1400W per se or an idiosyncratic reaction. 1400W administration in male 

animals caused a significant reduction in epileptiform spike rate at several days compared to 

vehicle-treated animals. It is important to note that none of the 1400W treated males had 

SRS in the first month compared to the two 1400W treated females that developed SRS. 

Notably, one male treated with 1400W did develop SRS at three months, but females were 

not studied on EEG past one month, and thus we cannot make comparisons between these 

animals at longer time points. Therefore, a further long-term study with a large sample size 

is needed to test the efficacy of 1400W as a disease-modifying agent in females.

The limitation in testing the disease-modifying agent in females for a prolonged period in 

this study was the lack of initial SE severity. Although five of seven females did not develop 

SRS, all of these animals had less than 30 minutes of convulsive seizures during SE. SRS 

and epileptiform spiking suppression during post-SE was likely due to compromised initial 

SE severity rather than the efficacy of the drug itself. Future studies will consider using 

increased doses of DFP and 1400W in females with large samples size to achieve SE 

severity similar to the males to evaluate the efficacy of the disease-modifying drug.
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Despite the lack of similar SE severity in females, in contrast to males, changes in 

neuroinflammation and neurodegeneration can serve as a secondary means of evaluating the 

effects of DFP and 1400W. Neuroinflammation is a hallmark of SE-induced epilepsy74–77. 

Interestingly, a recent study in humans exposed to low levels of sarin and cyclosarin (OP 

nerve agents), diffusor tensor imaging revealed significant changes in the hippocampus, 

including changes in the mean diffusivity of those exposed to a munitions dump78. This 

suggests that even a low-level exposure and less severe SE could cause structural changes in 

an experimental model. Our previous study in male rats showed increased 

neuroinflammation and neurodegeneration in response to DFP, which was significantly 

mitigated by 1400W treatment33. When analyzing the females, there were neither significant 

main effects nor simple effects for any of the parameters suggesting that SE severity indeed 

determines an inflammatory state in the DFP model at the time point studied. Notably, the 

females with severe SE, despite treating with 1400W, showed increases in gliosis and 

neurodegeneration, suggesting that 1400W was ineffective at 20mg/kg dose. Further 

analysis, comparing the degree of inflammatory markers in male and female vehicle-treated 

animals, revealed that there were region-specific significant interactions between SE severity 

and sex. These results suggest that females respond with increased gliosis as SE severity 

increases compared to males. As the gliosis was increased in females with severe SE, this 

might explain the lack of response to 1400W at the same dosing regimen as for the male rats 

tested previously (20mg/kg, twice daily for the first three days). Many of these region-wise 

interaction effects seem to be driven by one female subject. More females with similar levels 

of SE severity would be necessary to verify these findings. The significant increase in spikes 

during the first 24h and suppression of CS on day two in 1400W treated animals in 

comparison to vehicle-treated animals might suggest an increased dose and duration of 

1400W treatment could be explored for females to treat DFP-induced toxicity.

In summary, unlike in male rats, to fully evaluate the efficacy of 1400W in female animals, 

further investigation with increased SE severity is required. A large sample size to 

accommodate different stages of estrous and a dose-response for DFP would be useful. This 

study, however, clearly demonstrates the importance of SE severity as a variable when 

considering SABV in testing disease-modifying investigational new drugs.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Experimental timeline (A) and evaluation of estrous cycle stages (B). (A) Male and female 

Sprague Dawley rats were implanted with radiotelemetric devices 10 days prior to DFP 

exposure (4mg/kg, females; 3mg/kg males) followed immediately by atropine sulfate 

(2mg/kg, i.m.) and 2-PAM (25mg/kg, i.m.), 2h later DZP (diazepam, 5mg/kg i.m.), and a 

further 2h later 1400W (20mg/kg, i.m. every 12h) or vehicle were administered. EEG and 

estrous stages were monitored throughout the experiment. (B) Estrous stages were evaluated 

once a day in the morning via vaginal smears stained with cresyl violet. Proestrus and estrus 

had predominantly nucleated epithelial cells or anucleated epithelial cells, respectively. 

Metestrus and diestrus were characterized by massive infiltration of neutrophils. Examples 
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of corresponding cell types are indicated with arrows. D= days, h=hours, m=minutes, 

mo=months. Scale, 50um
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Figure 2. 
Female animals showed increased resistance to DFP induced status epilepticus (SE) 

compared to male animals. (A) Representative images of behavioral seizures in a male and 

female rat and corresponding EEG traces from each seizure stage during SE are presented. 

Stages 1-2 were considered nonconvulsive, while stages 3-5 were considered convulsive 

seizures (CS). (B) Average seizure stages graphed over time for the two hours following 
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DFP administration. Two-way mixed measures ANOVA with Sidak post-hoc revealed 

significant sex differences in SE severity after 15 minutes of DFP exposure (n=14-16). (C) 

The total number of minutes each animal spent in a CS during SE was calculated, and 

unpaired t-test showed that males spent significantly longer time in CS. (D) Seven of 

twenty-three males and five of twenty females died after DFP exposure. Fisher’s Exact test 

showed no significant difference between sexes. (E) Of the animals that died, 85.7% of 

males and only 40% of females had >10mins CS during SE. (F) Times at which all animals 

died following DFP administration. *p<0.05. Data points indicate means and standard error 

of the mean.
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Figure 3. 
The relationship between estrous stages and susceptibility to DFP exposure. Vaginal 

cytology revealed the stage of estrous at the time of DFP administration. The number of 

minutes in a CS (A) and the spikes per minute (B) were averaged for each of the stages, and 

no significant differences were found (Kruskal Wallis, n=2-8). Females were characterized 

as having severe (>30 mins of CS) or mild/moderate (<30 mins of CS) SE. Animals with 

severe SE spent significantly more time in diestrus than those with mild/moderate SE 

(n=4-10). Extended diestrus was calculated by counting the number of days in addition to 2 

days spent in diestrus (unpaired t-test). (D) Representative vaginal stains images from an 

animal with extended diestrus are presented. *p<0.05. SE = status epilepticus, data points 

represent means and standard error of the mean.
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Figure 4. 
The influence of sex on epileptiform spike rate and spontaneous recurrent seizures (SRS). 

Representative EEG traces from male (A) and female (B) animals with epileptiform spikes. 

(B) NeuroScore software was used to determine the number of spikes per minute, and two-

way mixed measures ANOVA revealed females had significantly less epileptiform spikes at 

several time points (C, Sidak post-hoc test, n=6-7). Pooled spikes per minute showed 

females had overall less epileptiform spikes (D, unpaired t-test, n=6-7). Representative SRS 

from a male (E) and female animals (F). (G) The distribution of seizures by week; each 

vertical line in each box represents a CS. The number of seizures was graphed over time (H) 

and pooled (I); there were no significant differences between males and females (Two-way 

mixed measures ANOVA with Sidak post-hoc test, n=7-8). Representative EEG traces 

showing epileptiform spiking and theta and delta powers during post-DFP from both male 

(J) and female (K) animals are presented. Data points represent means and standard error of 

the mean.
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Figure 5. 
The effect of 1400W on EEG parameters. Number of epileptiform spikes per minute was 

calculated for each day (A) and pooled for the first three days (B, two-way mixed measures 

ANOVA, n=6-7) and the remainder of the experiment (C, unpaired t-test). Males and 

females treated with 1400W are also presented similarly (D-F, n=6-8). Two-way mixed 

measures ANOVA showed only an increase in epileptiform spikes in 1400W treated females 

compared to vehicle-treated females on the first day and at various time points compared to 

the males. Average number of seizures over time (G) and pooled for the first three days (H) 

and the duration of the study (I). Two-way mixed measures ANOVA showed only an 

increase in seizures on the second day, n=6-7. (J) One-way repeated measures ANOVA 

revealed no differences in the percentage of seizures during any stage of an estrous (K-L, 

n=3). The percent of 1-minute epochs with a threshold (Table S3) were graphed over time 

for each power to reveal trends in power bands patterns at different stages of the estrous 

cycle. Data points represent means and standard error of the mean.
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Figure 6. 
The impact of sex and 1400W on microgliosis at one to three months in vehicle-treated 

animals. Number of minutes each animal spent in a CS during SE are graphed against the 

total number of microglia (IBA1 positive, A), percent of microglia displaying reactive-type 

morphology (B), and the number of microglia colocalized with CD68 (C). A linear model 

evaluated sex differences and the interaction between sex and SE severity, n=7-12, #p<0.05 

for the interaction. (D) Representative images (PC) from a female rat at 3m with mild and 

severe SE showing mostly non-reactive and reactive microglia, respectively. (E) Vehicle and 

1400W treated animals showed no significant difference in the amount of time spent in CS 

during SE. Quantification for total number of microglia (F), percent reactive microglia (G), 

and percent of microglia colocalized with CD68 (H); analyzed via two-way mixed measures 

ANOVA for the treatment groups (control, DFP+vehicle, and DFP+1400W females), n=5-7. 

CA= cornu ammonis, DG= dentate gyrus, PC= piriform cortex. Scale 100um. Data points 

represent means and standard error of the mean.
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Figure 7. 
The impact of sex and 1400W on astrogliosis at one to three months in vehicle-treated 

animals. Number of minutes spent in a convulsive seizure during SE was graphed for the 

total number of GFAP positive cells (A) and percent of astrocytes with reactive type 

morphology (B). A linear model determined sex differences and the interaction between sex 

and SE severity, n=7-12, #p<0.05 with respect to the interaction. (C) Representative images 

(PC) from a female animal at 3m with mild and severe SE with mostly non-reactive and 

reactive astrocytes, respectively. Quantification for total number of astrocytes (D) and 

percentage of reactive astrocytes (E). Two-way mixed measures ANOVA showed no 

differences between the groups(control, DFP+vehicle and, DFP+1400W females), n=5-7. 

CA= cornu ammonis, DG= dentate gyrus, PC= piriform cortex, GFAP=glial fibrillary acidic 

protein. Scale 100um. Data points represent means and standard error of the mean.
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Figure 8. 
The impact of sex on neurodegeneration at one to three months for vehicle-treated animals. 

(A) The number of minutes spent in a convulsive seizure during SE was graphed for the total 

number of NeuN cells colocalized with FJB. A linear model showed sex differences in CA1 

and CA3, n=7-12, *p<0.05 with respect to sex while controlling for SE severity. (B) 

Representative images from CA1 in a male and female at 3m. CA= cornu ammonis, DG= 

dentate gyrus, PC= piriform cortex, NeuN= Neuronal Nuclear Antigen and Neuron 

Differentiation Marker, FJB= Fluoro-Jade B. Scale 100um. Data points represent means and 

standard error of the mean.
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