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Abstract

Aims: Approximately 30% of the nearly 700,000 Veterans who were deployed to the Gulf 

War from 1990 to 1991 have reported experiencing a variety of symptoms including difficulties 

with learning and memory, depression and anxiety, and increased incidence of neurodegenerative 

diseases. Combined toxicant exposure to acetylcholinesterase (AChE) inhibitors has been studied 

extensively as a likely risk factor. In this study, we modeled Gulf War exposure in male 

C57Bl/6J mice with simultaneous administration of three chemicals implicated as exposure 

hazards for Gulf War Veterans: pyridostigmine bromide, the anti-sarin prophylactic; chlorpyrifos, 

an organophosphate insecticide; and the repellant N,N-diethyl-m-toluamide (DEET).

Main methods: Following two weeks of daily exposure, we examined changes in 

gene expression by whole transcriptome sequencing (RNA-Seq) with hippocampal isolates. 
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Hippocampal-associated spatial memory was assessed with a Y-maze task. We hypothesized that 

genes important for neuronal health become dysregulated by toxicant-induced damage and that 

these detrimental inflammatory gene expression profiles could lead to chronic neurodegeneration.

Key findings: We found dysregulation of genes indicating a pro-inflammatory response and 

downregulation of genes associated with neuronal health and several important immediate early 

genes (IEGs), including Arc and Egr1, which were both reduced approximately 1.5-fold. Mice 

exposed to PB + CPF + DEET displayed a 1.6-fold reduction in preference for the novel arm, 

indicating impaired spatial memory.

Significance: Differentially expressed genes observed at an acute timepoint may provide 

insight into the pathophysiology of Gulf War Illness and further explanations for chronic 

neurodegeneration after toxicant exposure.
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1. Introduction

Gulf War Illness (GWI) is a chronic multi-system disorder affecting approximately 30% of 

Veterans deployed during Operations Desert Shield and Desert Storm from August 1990 to 

February 1991 [1–5]. GWI encompasses a wide spectrum of symptoms which typically 

include some combination of fatigue/sleep problems, pain, neurological/mood/cognitive 

impairments, respiratory complaints, gastrointestinal problems, or skin symptoms [6,7]. Of 

particular interest are neurocognitive impairments and effects on the central nervous system 

(CNS), as Gulf War Veterans have significantly higher rates of neurological disorders, 

including amyotrophic lateral sclerosis (ALS), brain cancers, stroke, migraines, neuritis, 

and neuralgia, than other veteran populations [7]. Research findings in Gulf War animal 

models have demonstrated that a wide array of physiological alterations including changes 

in behavior, cognition, neurotransmission, axonal transport, genomic, proteomic, lipidomic, 

and metabolomic profiling, and mitochondrial dysfunction result from Gulf War exposure 

[1–5,7,8].

Military personnel deployed during the Gulf War were exposed to an array of chemical 

exposures in tandem, particularly acetylcholinesterase (AChE) inhibitors. Investigations 

into the effects of combined Gulf War exposures vary widely but typically include some 

combination of insecticides, insect repellants, nerve agents, and anti-toxins against nerve 

agents [1–3,7]. Our Gulf War toxicant mixture includes chemicals from three of the 

most frequently investigated of these classes: specifically, pyridostigmine bromide (PB, 

a reversible AChE inhibitor administered as a sarin prophylactic), chlorpyrifos (CPF, 

an organophosphate pesticide), and N,N-diethyl-m-toluamide (DEET, a common insect 

repellent).

Significant pathological changes in the hippocampus and corresponding impairments in 

hippocampal-dependent learning and memory have been observed in several animal models 

of Gulf War toxicant exposure. Rats exposed to low doses of DEET, permethrin, PB, and 
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restraint stress for four weeks showed significantly reduced hippocampal volume and neuron 

growth as well as increased occurrence of activated microglia and astrocyte hypertrophy 

which was accompanied by spatial learning and memory dysfunction [9]. The combination 

of PB and DEET has been shown to influence cholinesterase activity in the rodent brain 

and affect seizures [10,11]. Organophosphate exposure has also been shown to impair 

spatial navigation learning in the Morris Water Maze task [12,13]. Neurotoxicity following 

administration of PB + CPF + DEET was originally reported by Abou-Donia et al. in hens 

exposed to 5 mg/kg PB i.o., 10 mg/kg CPF s.c., and 500 mg/kg DEET s.c. 5 days/week 

for 2 months [14]. Ojo et al. reported significant pathological changes in the hippocampus 

and cortex of C57Bl/6 mice exposed to PB + CPF + permethrin at an acute timepoint (72 h 

post-exposure) [15].

Transcriptional changes after Gulf War toxicant exposure in rodent models have mostly 

focused on epigenetic changes or investigation of specific gene categories of interest at 

chronic timepoints [8,16–19]. We assessed acute changes in gene expression in mouse 

hippocampal RNA isolates after exposure to a combined subcutaneous (s.c.) injection of 

PB, CPF, and DEET for two weeks using whole transcriptome sequencing (RNA-Seq). We 

focused on genes important for neuronal health, those that could affected by toxicants, and 

those involved in inflammatory responses. Differentially expressed genes observed at an 

acute timepoint may set the stage for chronic outcomes and should provide insight into the 

pathophysiology of Gulf War Illness and help identify potential targets for future treatment.

2. Materials and methods

2.1. Chemicals

HPLC-grade pyridostigmine bromide (PB, P9797) and N,N-diethyl-m-toluamide (DEET, 

D100951) were obtained from Sigma-Aldrich (St. Louis, MO). Chlorpyrifos (CPF, 

N-11459) was obtained from Chem-Service, Inc. (West Chester, PA). The toxicant mixture 

stock was prepared and stored in 500 μL aliquots at −20 °C until use and diluted in PBS 

immediately prior to injection. Vehicle for injection contained 3.125% dimethyl sulfoxide 

(DMSO, 99.9%, D2438-5X10ML) obtained from Thermo Fisher Scientific (Waltham, MA) 

in 1x PBS.

2.2. Subjects

All animal experiments were performed in accordance with the guidelines of the institution, 

the National Institutes of Health guide for the Care and Use of Laboratory Animals and 

approved by the East Orange VA and Bay Pines VA Institutional Animal Care and Use 

Committees. Animals were single-housed in a 22 °C ± 0.5 °C temperature-controlled 

environment with a 12-hour light/dark cycle. Animals were allowed a 7-day acclimation 

period before switching to a reverse light cycle (i.e., dark cycle from 10 am-10 pm) for 5 

days prior to exposure. Food and water were available ad libitum throughout for all animals.

2.3. Toxicant exposure

Male C57Bl/6 J mice were obtained from Charles River (Wilmington, MA) for RNA-Seq (n 
= 6/group) and from Jackson Laboratory (Bar Harbor, ME) for behavior (n = 6/group) based 
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on availability. Mice received daily s.c. injections of either the toxicant mixture containing 

2.5 mg/kg PB, 12.5 mg/kg CPF, and 7.5 mg/kg DEET with 3.125% DMSO in PBS or 

vehicle containing 3.125% DMSO in PBS five days a week (M-F) for two weeks beginning 

at 12 weeks of age. Adverse effects including seizures resulting in removal and euthanasia, 

were observed at 1.5- and 2.0-fold higher dosages, but this was extremely rare at the dosage 

used in this study. Experimental cohorts which generated RNA-seq and behavioral data did 

not display any significant adverse effects. For RNA-Seq, mice were sacrificed 2–4 h after 

the final exposure via cervical dislocation and decapitation. Whole brains were immediately 

extracted, and hippocampal tissue from each hemisphere was dissected and snap frozen on 

dry ice. All fresh frozen tissue samples were stored at −70 °C until use.

2.4. Y-maze task with preference index

To assess hippocampal-dependent memory, subjects underwent a modified Y-maze task 2–4 

h after the final exposure. During the training phase, either Arm B or C (novel arm) was 

blocked off with a barrier. The novel arm was randomly assigned for each trial. Mice were 

placed in the start arm (Arm A) of the Y-maze facing the wall and allowed to explore the 

start and familiar arms for 8 min. Mice were then removed from the maze and returned to 

their home cage for an intertrial interval of 30 min. During the trial phase, the barrier was 

removed so that all three arms were accessible. Mice were again placed in the start arm and 

allowed to explore the start and familiar arms for 8 min. Behavior was captured with a video 

camera (DMK 22AUC03, The Imaging Source, Charlotte, NC) and recorded by ANY-maze 

(version 6.17, Stoelting, Wood Dale, IL). Time or entry into a zone was scored based on the 

center point of the animal’s body. All Y-maze trials were performed under red light during 

the dark cycle.

2.5. RNA isolation

Hippocampal RNA was isolated by TRIzol (Invitrogen, Waltham, MA) extraction followed 

by cleanup with a RNeasy Mini Kit (QIAGEN, Hilden, Germany). Tissue was resuspended 

in 0.4 mL TRIzol and homogenized with a Polytron homogenizer (Kinematica USA, 

Bohemia, NY) on ice for 30–45 s. Samples were incubated at 23 °C for 5 min before 

adding 80 μL CHCl3 and vortexing for 15 s. Samples were incubated at 23 °C again for 2–3 

min. Tubes were centrifuged at 12,000 rcf for 10 min, and the supernatant was transferred 

into a new tube with an equal volume of 70% EtOH. RNeasy Mini Kit was then used per the 

manufacturer’s instructions with Tris-EDTA buffer (TE, pH 8.0, AM9858, Invitrogen) for 

the final elution step. All RNA isolates were stored at −20 °C until use.

2.6. RNA-Seq

RNA isolates were sequenced by the Rutgers-New Jersey Medical School Genomics Center. 

Total cellular RNA was qualified by confirming integrity with a 2200 TapeStation (Agilent 

Technologies, Santa Clara, CA). Samples with an RNA integrity number (RIN) > 7.0 were 

used for subsequent processing. Total RNAs were subjected to two rounds of poly (A) 

selection using Oligo d(T)25 Magnetic Beads (New England Biolabs, Ipswich, MA). RNA-

Seq libraries were prepared using an NEBNext Ultra RNA Library Prep Kit for Illumina 

(New England Biolabs). cDNA libraries were purified with AMPure XP beads (Beckman 

Coulter, Brea, CA) and quantified using a Qubit 4 Fluorometer (Thermo Fisher Scientific). 
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Equimolar amounts of barcoded libraries were pooled and sequenced on a NextSeq 500 

Sequencing System (Illumina, San Diego, CA) with a 1 × 75 configuration.

2.7. RNA-Seq analysis

RNA-Seq reads were imported into CLC Genomics Workbench (version 20.0.3, QIAGEN) 

for preliminary analysis using a modified version of the workflow for RNA-Seq analysis 

with export to IPA (Fig. 1). All reads were batch processed and mapped to the Mus 
musculus reference genome. Control vs. PB + CPF + DEET samples were quantified using 

the Differential Analysis for RNA-Seq tool. Differentially expressed genes were considered 

significant if they met the following criteria: mean reads per kilobase of transcript per 

million mapped reads (RPKM) > 10.0, fold change in either direction ≥1.2, and p < 0.1. 

Gene ontology (GO) categories were assigned and analyzed for significance for biological 

processes, molecular functions, and cellular components using the Gene Set Test tool. GO 

categories were considered significant if fold change in either direction ≥1.2 and p < 0.05. 

Significant genes were exported to IPA.

Functional analyses were generated using Ingenuity Pathway Analysis (IPA) (QIAGEN). 

Core analysis was performed on dataset based on RPKM values for genes that met 

criteria for significance, which generated lists of significant canonical pathways, upstream 

regulators, associated diseases and functions, and differentially expressed genes. Canonical 

pathways were based on significant differentially expressed genes, and a pathway itself was 

considered significant if p < 0.05.

2.8. Statistics

All statistical analyses for behavior were conducted using GraphPad Prism for macOS 

(version 9.0.0). Mean values for behavioral analyses are depicted ± standard error of the 

mean (SEM). Data for open field and Y-maze tasks were analyzed using an unpaired t-test 

with Welch’s correction, and statistical significance was considered when p < 0.05. Entries 

into each arm during the Y-maze task were analyzed using multiple unpaired t-tests followed 

by FDR control with the two-stage step-up method of Benjamini, Krieger, and Yekutieli 

as recommended by GraphPad. Significant fold changes in RNA expression were analyzed 

by CLC Genomics Workbench using Differential Expression for RNA-Seq as part of the 

workflow as detailed in Fig. 1.

3. Results

3.1. Effects of Gulf War toxicant exposure on hippocampal-dependent spatial memory in 
Y-maze task

To assess effects of the exposure on hippocampal-dependent spatial memory, mice 

underwent a Y-maze task (n = 6/group). Time spent in each arm, number of entries into each 

arm, and distance travelled were recorded. Preference for the novel arm was significantly 

lower by 157% in mice exposed to PB + CPF + DEET compared to controls, p = 0.027 

(Fig. 2a). The number of entries into the novel arm was also significantly reduced by 33% 

compared to control mice, p = 0.003 (Fig. 2b). Distance travelled during the test stage 
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was only 12% lower in toxicant-exposed mice compared to controls and therefore did not 

significantly differ between conditions, p = 0.182 (Fig. 2c).

3.2. Gene dysregulation after acute exposure to Gulf War toxicants

In the hippocampus, 158 dysregulated genes were identified with the aid of RNA-Seq 

analysis which met criteria for differential expression in response to Gulf War toxicant 

exposure (Fig. 3, Tables 1 and 2). A gene set test (GO enrichment analysis) in CLC 

Genomics Workbench showed significantly affected gene ontology (GO) categories. Of 

these categories, 47 were related to biological processes (Table 4a), 138 were related to 

molecular functions (Table 4b), and 120 were related to cellular components (Table 4c). 

Pathway analysis in IPA showed 45 significantly affected canonical pathways (Table 3).

The most significantly affected canonical pathways after exposure included protein 

ubiquitination (B2m, Dnaja1, Dnajb4, Hba-a2, Hsp90aa1, Hsp90b1, Hspa4l, Hspa5, 

Ube2q2), aldosterone signaling in epithelial cells (Dnaja1, Dnajb4, Hsp90aa1, Hsp90b1, 

Hspa4l, Hspa5, Plcb1), hypoxia signaling in the cardiovascular system (Hsp90aa1, Hsp90b1, 

Nfkbia, Pten, Ube2q2), unfolded protein response (Hsp90b1, Hspa5, Srebf1), endoplasmic 

reticulum (ER) stress pathway (Hsp90b1, Hspa5), and the neuroinflammation signaling 

pathway (B2m, Gabra2, Gabrb1, Gad2, Hba-a2).

We observed dysregulation of genes indicative of a pro-inflammatory response, including 

downregulation of B2m and Hba-a2 and upregulation of Gabra2, Gabrb1, and Gad. There 

was significant downregulation of several genes associated with neuronal health, particularly 

genes involved in the integrity of the myelin sheath (Mog, Mbp, Mag, Pllp, Pmp22, 

Cldn11, Cnp), neurogenesis (Arc, Opalin), dendritic cell maturation (B2m, Hba-a2), NF-

κB inhibition (Nfkbia, Plcb1), and learning and memory (Arc). Additionally, we found 

significant downregulation of mitochondrial genes coding for the F0 subunit of the proton-

transporting ATP-synthase complex (mt-Atp6, mt-Atp8). There was significant upregulation 

of pro-apoptotic genes (Pten), genes involved in ER stress response (Hspa5, Hsp90b1), 

and genes involved in organonitrogen compound metabolism (Lars2, Hmgn5). There was 

also upregulation of genes implicated in related neurodegenerative diseases, including Oxr1, 

Top1, and Cdr1.

We observed dysregulation in GO categories of interest relating to biological processes, 

molecular functions, and cellular components. Significantly affected biological processes 

included leucyl-tRNA aminoacylation (Lars2), regulation of neurogenesis (Arc, Opalin), 

peptide metabolic process (Hmgn5, Lars2), regulation of long-term synaptic depression 

(Arc), regulation of postsynaptic neurotransmitter receptor internalization (Arc), and 

mitochondrial translation (Lars2). Notably affected GO categories involved in molecular 

functions included RNA strand annealing activity (Fmr1, Fxr1), supercoiled DNA binding 

(Psip1, Top1), and unfolded protein binding (Dnajb4, Hsp90aa1, Hsp90b1, Hspa5). 

Significantly affected GO categories forming cellular components of interest included 

the myelin sheath (Cldn11, Cnp, Dld, Gjc2, Gsn, Hsp90aa1, Hspa5, Mag, Mbp, Mog, 

Plcb1, Sucla2), GABAergic synapses (Camk4, Cnr1, Gabra2, Gabrb1, Gabrd, Nrxn1, Plcb1, 

Slc6a6), dendritic spines (Akap5, Arc, Fmr1, Fxr1, Homer1, Lpar1, Mob4, Pten, Slc8a1, 

Syndig1), ER chaperone complex (Hsp90b1, Hspa5, Sdf2l1), MHC class I peptide loading 
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complex (B2m, H2-D1, H2-K1), and endocytic vesicles (Gsn, Kif5b, Lpar1, Nrxn1, Rab8b, 

Rab9b, Rabep1, Trf), among others.

4. Discussion

Our results showed that subcutaneous administration of PB + CPF + DEET for two 

weeks induced acute changes in gene expression in mouse hippocampal tissue, including 

dysregulation of genes indicating a pro-inflammatory response, downregulation of genes 

associated with neuronal health, and upregulation of pro-apoptotic genes, genes involved in 

ER stress response, and genes implicated in neurogenerative diseases, among others. We 

also observed significant effects of our Gulf War exposure on spatial memory.

The three most significantly downregulated genes after exposure were Arc, Egr1, and Nr4a1, 

all of which are neuronal immediate early genes (IEGs). Arc is predominantly expressed 

in cortical and hippocampal glutamatergic neurons and is involved in numerous neuronal 

signaling pathways [20,21]. Arc knockout mice display deficits in long-term memory 

formation in implicit and explicit learning tasks and impaired long-term potentiation (LTP) 

and depression (LTD) [22]; similar effects on LTP and spatial learning were shown in rats 

after chemical inhibition of Arc [23]. Egr1 is required for stabilization of synaptic plasticity 

in the hippocampus as well as formation of both hippocampal and non-hippocampal-

dependent long-term memory [24] and is a direct transcriptional regulator of Arc [25].

Although IEGs are classified as such due to their early and transient response to 

environmental stimuli, both Arc and Egr1 also play critical roles in mediating the structural 

changes that underlie neuronal and synaptic plasticity, suggesting that their dysregulation 

could trigger long-term morphological changes with negative impacts on learning and 

memory formation. Several mouse models of Alzheimer’s disease (AD) report early 

dysregulation of IEGs involved in LTP and synaptic plasticity [26]. Dickey et al. observed 

a significant decrease in basal Arc, Egr1, and Nr4a1 expression in amyloid-containing 

hippocampus and cortex of APP/PS1 transgenic mice [27]. Levels of basal and exploration-

induced Arc expression are significantly reduced in granule cells of the dentate gyrus 

of hAPPFAD transgenic mice [28]. Induced Arc expression was also dysregulated in the 

CA3 region and dentate gyrus of rats chronically infused with lipopolysaccharide (LPS) to 

induce neuroinflammation, suggesting altered patterns of Arc expression may contribute to 

cognitive and memory impairments in neurodegeneration [29]. IEGs have been investigated 

as a potential therapeutic target in AD treatment [30,31].

IEGs such as Arc and Egr1 have also been suggested to play a critical role in the 

interaction between genes and environment to determine the risk of developing psychiatric 

illness, particularly major depressive disorder (MDD), which is typically comorbid with 

GWI [1–7,32–35]. Chronic treatment with various antidepressants targeting serotonin and 

norepinephrine can also restore Arc expression in the hippocampus and prefrontal cortex 

[36,37].

Additionally, Arc inhibits the binding of heat shock factor 1 (HSF1) to the heat shock 

element (HSE) in heat shock protein (HSP) gene promoters and prevents activation of 
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HSP genes [38]. Accordingly, we observed upregulation of Hsp genes, including Hsp40s 

(Dnajb4, Dnaja1), Hsp70s (Hspa4l, Hspa5), and Hsp90s (Hsap90aa1, Hsp90b1) and 

found that these genes were involved in several significantly affected pathways, including 

protein ubiquitination, aldosterone signaling, hypoxia signaling, unfolded protein response, 

interferon induction and antiviral response, and the ER stress pathway, among others. Thus, 

dysregulation of IEGs may play a role in acute neuroinflammation, leading to chronic 

neurodegeneration.

Interestingly, several genes encoding proteins that are structural components of myelin 

were downregulated, including Mbp, Mag, Mog, and Cnp. Myelin basic protein (Mbp) 

is phosphorylated by MAP kinase in response to action potential firing during LTP in 

the hippocampus [39,40]. Plasma autoantibodies against Mbp have also been found to be 

significantly increased in Veterans with symptoms of GWI compared to healthy controls 

[41,42]. We also observed dysregulation of genes related to the GABAergic synapse, 

including Camk4, Cnr1, Gabra2, Gabrb1, Gabrd, Nrxn1, Plcb1, and Slc6a6. Chronically, 

decreased GABA has been reported in hippocampi of mice exposed to PB + permethrin + 

DEET three months after exposure [43]. Additionally, we found decreased expression of 

Chrm3, which codes for the M3 muscarinic receptor. Decreased M3 receptor density has 

been reported in the CA1 region, CA3 region, and molecular layer of the hippocampus in 

C57Bl/6 mice exposed to PB + stress [44]. This suggests that changes in GABAA and M3 

receptor expression may begin during the acute phase of chronic sublethal exposure to our 

Gulf War toxicants.

Reported dosages and routes of administration of Gulf War toxicants in rodent models 

have varied widely throughout the literature. The subcutaneous route of administration for 

exposure to PB + CPF + DEET has several advantages. PB was taken orally by military 

personnel and is frequently administered via gavage in animal models; however, PB has 

been shown to have poor bioavailability, suggesting that injection may deliver a more precise 

dosage [45]. There has also been a significant amount of investigation into the effects of 

stress in combination with PB and other toxicants, with results that indicate increased BBB 

permeability to toxicants in stressed animals [46]. Friedman et al. reported significant effects 

of PB + stress on levels of c-Fos and AChE mRNAs in mouse whole-brain homogenates, 

indicating that stress can be a confounding variable in gene expression data examining 

an early transcriptional response [47]. The subcutaneous route would not present potential 

stress from repeated oral gavage.

Subcutaneous administration also avoids variable absorption via dermal application of CPF 

and DEET, which would have been in contact with the skin of military personnel. A study 

by Keil et al. examining the immunotoxicology of DEET in female B6C3F1 mice elaborated 

on factors which are necessary to accurately compare exposures in animal models but are 

often not considered [48]. Many human and animal studies refer to dermal penetration 

rather than absorption into the bloodstream, which is not an equivalent measure due to the 

variability of absorption levels within and between species. Keil et al. reported that s.c. 

administration of 7.7 mg/kg/day DEET equates to an estimated mouse blood exposure level 

that encompasses estimated military exposure levels as well as estimated DEET usage by 

the general population. Additionally, Keil et al. argue that the emphasis placed on relevant 
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route of exposure in the literature has limited utility, particularly in the case of dermal 

exposures such as DEET or CPF. CPF, a lipophilic organophosphate, could accumulate 

within the brain to cause AChE inhibition at our acute timepoint, which could have an effect 

on behavioral outcomes. There are wide ranges of estimated absorption and metabolic rates 

between rodents and humans.

It should be noted that military personnel would have been exposed to these compounds at 

lower dosages, but this exposure occurred over longer periods of time. In rodent models, 

higher dosages are often used in a shorter time frame due to the lifespan of the animal and 

the window in which to study effects. Other studies have reported using similar dosages at 

these intervals: Lamproglou et al. reported i.o. administration of 1.5 mg/kg PB for 12 days 

(5 days on, 2 days off, 5 days on) in male Wistar rats [49]; Peden-Adams et al. treated 

female B6C3F1 mice treated with 15.5 mg/kg DEET, 2 mg/kg PB, and 500 mg/kg JP-8 s.c. 

for 14 days as a “low dose” group [50]; Torres-Altoro et al. reported treatment of female 

C57Bl/6 mice with 30 mg/kg CPF s.c. for 7 days, male FVB mice with 2.5 mg/kg PB + 

5 mg/kg DEET s.c. for 15 days, and male C57Bl/6 treated with 1 mg/kg PB s.c. for 10 

days [51]; and Mauck et al. treated male C57Bl/6 mice with 3 or 10 mg/kg PB for 7 days 

via s.c. ALZET pump [44]. These studies illustrate the similar range of concentrations over 

shorter time frames, as well as the potential advantages of s.c. administration for certain 

experiments.

Whole transcriptome sequencing has been used previously in several rodent models of Gulf 

War exposure. A similar study by Shetty et al. examined changes in gene expression using 

qRT-PCR after 4 weeks of exposure to PB + DEET + stress in male Sprague-Dawley 

rats; however, their samples, collected at a longer 6-month time point after the last 

exposure, presented a gene expression profile indicative of chronic neuroinflammation 

[16]. Gene expression profiles of GWI patients have also been studied to identify novel 

treatment strategies by examining the overlap of dysregulated genes with drug targets and in 

comparison with expression profiles of other diseases [52]. In contrast, our acute Gulf War 

exposure model shows early effects that do not appear in chronic exposure models, such as 

dysregulation of IEGs. Xu et al. also recently reported on acute transcriptional changes 

in BXD mouse strains after exposure to corticosterone + diisopropyl fluorophosphate 

(DFP) [19]. We believe that acute changes may prime chronic neurodegenerative processes; 

therefore, further research should investigate mechanistic connections between early 

responses to toxicant exposure and chronic symptoms, including memory deficits, mood 

disorders, and neurodegeneration.

5. Conclusion

This study provides an assessment of changes in gene expression in combined exposure to 

PB, CPF, and DEET and a unique gene expression profile at an acute timepoint. Many of the 

dysregulated genes involve inflammatory signaling and other pathways that are important for 

the health of neurons. The neurological effects of toxicants, including memory deficits, may 

begin soon after exposure, and future research will further define the way these responses 

increase with time due to aging and other influences.
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Fig. 1. 
RNA-Seq analysis workflow with CLC Genomics Workbench and Ingenuity Pathway 

Analysis. Whole transcriptome sequencing was performed using mouse hippocampal RNA 

isolates collected 2–4 h after final exposure. Gene expression tracks were analyzed using 

the Differential Expression for RNA-Seq tool with RPKM >10.0, |FC| ≥ 1.2, and p < 0.1 

as criteria for significance. GO enrichment analysis was performed on subset of genes 

that were significantly dysregulated. Data for significant genes was exported to Ingenuity 

Pathway Analysis to assess canonical pathways, molecules, diseases and functions, and 

other relevant information.
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Fig. 2. 
(a) Preference for novel arm, (b) number of entries per arm, and (c) distance travelled 

during trial phase of Y-maze. Hippocampal-dependent spatial memory was assessed by 

performance on a Y-maze task 2–4 h after final exposure. (a) Preference for the novel arm 

was significantly lower in mice receiving PB + CPF + DEET (mean = −0.12 ± 0.099) 

compared to control mice (mean = 0.21 ± 0.073) (t(9.18) = 2.63, p = 0.027). (b) The number 

of entries into the novel arm was also significantly lower in mice exposed to PB + CPF + 

DEET (mean = 15.2 ± 1.15) compared to controls (mean = 22.7 ± 1.52) (t(9.31) = 3.95, p 
= 0.0031). (c) Distance travelled during the test stage did not significantly differ between 

conditions (PB + CPF + DEET: mean = 26.6 ± 2.32, control: mean = 30.2 ± 0.74, t(6.00) = 

1.51, p = 0.18). All results are graphed as mean ± SEM.
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Fig. 3. 
Differentially expressed genes identified by RNA-Seq analysis. Sequence counts from the 

RNA samples were evaluated with CLC Genomics Workbench and Ingenuity Pathway 

Analysis software. 158 dysregulated genes were identified in mice exposed to PB + CPF + 

DEET vs. controls. Genes were considered to be significantly dysregulated if they met the 

following criteria: RPKM >10.0, |fold change| ≥ 1.2, p < 0.1. Green = downregulated; red = 

upregulated.
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