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Abstract

Aims: To characterize neuroinflammatory and gut dysbiosis signatures that accompany 

exaggerated exercise fatigue and cognitive/mood deficits in a mouse model of Gulf War Illness 

(GWI).

Methods: Adult male C57Bl/6N mice were exposed for 28 d (5 d/wk) to pyridostigmine 

bromide (P.O.) at 6.5 mg/kg/d, b.i.d. (GW1) or 8.7 mg/kg/d, q.d. (GW2); topical permethrin 

(1.3 mg/kg), topical N,N-diethyl-meta-toluamide (33%) and restraint stress (5 min). Animals were 

phenotypically evaluated as described in an accompanying article [124] and sacrificed at 6.6 

months post-treatment (PT) to allow measurement of brain neuroinflammation/neuropathic pain 

gene expression, hippocampal glial fibrillary acidic protein, brain Interleukin-6, gut dysbiosis and 

serum endotoxin.

Key findings: Compared to GW1, GW2 showed a more intense neuroinflammatory 

transcriptional signature relative to sham stress controls. Interleukin-6 was elevated in GW2 

and astrogliosis in hippocampal CA1 was seen in both GW groups. Beta-diversity PCoA using 

weighted Unifrac revealed that gut microbial communities changed after exposure to GW2 at 

PT188. Both GW1 and GW2 displayed systemic endotoxemia, suggesting a gut-brain mechanism 

underlies the neuropathological signatures. Using germ-free mice, probiotic supplementation with 

Lactobacillus reuteri produced less gut permeability than microbiota transplantation using GW2 

feces.

Significance: Our findings demonstrate that GW agents dose-dependently induce differential 

neuropathology and gut dysbiosis associated with cognitive, exercise fatigue and mood 

GWI phenotypes. Establishment of a comprehensive animal model that recapitulates multiple 

GWI symptom domains and neuroinflammation has significant implications for uncovering 

pathophysiology, improving diagnosis and treatment for GWI.

Keywords

Central nervous system; Endotoxemia; Gut-brain axis; Gut microbiome; Probiotic; Intestinal 
permeability; Interleukins; Toxic wounds

1. Introduction

Gulf War Illness (GWI) is a chronic multisymptom illness afflicting one-third of the 

nearly 700,000 U.S. troops who served in Operation Desert Storm/Desert Shield in the 

1991 Persian Gulf War (GW) [1]. The symptoms reported by ill GW veterans (GWVs) 

include memory, mood and attention impairment, profound fatigue, chronic muscle and joint 

pain, severe headaches, gastrointestinal disturbances, respiratory difficulties and chronic 

skin conditions [2,3]. Although no definitive cause for GWI has yet been established, the 

constellation of symptoms involving several organ systems, in combination with results 

from clinical studies using brain imaging, implicate an underlying central nervous system 

(CNS) pathophysiology. This includes microstructural alterations in the cortex, striatum, 

hippocampus and cerebellum, altered neuronal activity and elevated serum biomarkers of 

CNS damage, as well as a central neuroinflammatory state still present after 25 years since 

the GW [4,5].
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Evidence strongly and consistently indicates that Gulf War neurotoxic exposures 

are causally associated with GWI. Of primary concern are the prophylactic use of 

pyridostigmine bromide (PB) pills and neurotoxic pesticides during deployment [2]. 

PB, an acetylcholinesterase (AChE) inhibitor (AChEI) and anti-nerve gas agent, was 

used prophylactically by U.S. and allied troops in the GW to protect against chemical 

warfare attacks. Indeed, GW-deployed veterans who reported taking PB, performed worse 

relative to GW-deployed veterans without PB use on executive system tasks involving 

attention, visuospatial skills, and visual memory [6]. The multi-neurotoxicant chemical 

exposures theory is supported by studies of animal models in which GWI-related chemicals 

(PB, permethrin and DEET) and mild stress cause cognitive and mood impairments 

[7,8]. Moreover, exposure to higher doses of PB, the insect repellent, DEET, and the 

insecticide permethrin and/or chlorpyrifos led to significant CNS damage in animal 

models of GWI [9,10]. The neurotoxic effects of GW agents include blood brain barrier 

disruption, increased cell death, impaired neurogenesis, mitochondrial dysfunction, reduced 

acetylcholine (ACh)-ergic markers in cortex, thalamus and hypothalamus and serotonergic 

(5-HT) and dopaminergic (DA) dyshomeostasis in nucleus accumbens and hippocampus 

[7,10–13]. Evidence also supports a dominant role for neuroinflammatory processes 

including activation of microglia and astrocytes in the CNS, which have key roles in the 

brain’s inflammatory response [4,7,11–14]. GW chemicals PB, PB/PER or PER/DEET/

CORT/DFP induce expression of neuroinflammatory markers in ventral hippocampus of 

rodents [15]. Pyrethroid pesticides such as permethrin, which were also widely used during 

the GW, can activate microglia in a Na+ channel-dependent manner to release TNF-α and 

induce central neurogenic inflammation [16]. Increased activation of immune cells is also 

observed in the brain of ill GWVs [2,17], while systemic biomarkers, such as elevated serum 

levels of pro-inflammatory cytokines, IL-1β, INF-γ, or IL-6 have also been reported [14,18–

20]. An increased pro-inflammatory state is implicated as the underlying cause of cognitive 

impairment [21] and mood alterations in GWI [22], suggesting that GWI symptoms may be 

due to dysfunction of the innate immune system [22,20].

GWVs studied also complain of moderate or multiple fatigue symptoms (47%) and feeling 

unwell after exercise exertion (17%) [23]. However, the pathophysiology underlying the 

chronic fatigue domain of GWI has been difficult to ascertain since it has been understudied 

in experimental animals. In an accompanying article in this issue, we characterize enhanced 

exercise intolerance (fatigue) and GWI phenotypes associated with other symptom domains 

including cognitive impairment and mood alterations in the same mice after chronic 

exposure to GW agents [124]. A comprehensive animal model such as this, displaying the 

unique multi-symptom presentation of GWI, is critical for unraveling the underlying causes 

and for testing potential therapeutics [23,24].

Therefore, in this study, we evaluated the persistent modifications in gene expression 

related to neuroinflammation and neuropathic pain in our GWI model using real-time 

quantitative polymerase chain reaction arrays (RT-qPCR). We also examined brain levels 

of IL-6 using enzyme-linked immunoassay (EIA) and hippocampal astrogliosis measured 

using glial fibrillary acidic protein (GFAP) immunohistochemistry. The analyses were 

performed 6.6 months after GW exposure in order to increase translational relevance to ill 

GWVs who continue to suffer from cognitive and chronic fatigue symptoms 30 years after 
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exposure. Here, we show that two exposure regimens, differing in PB dosing (GW1, GW2), 

induce different underlying neuroinflammatory transcriptional signatures that correspond 

with dissimilar behavioral profiles described in our adjoining report [124]. Because recent 

reports indicate that gut-brain interactions may be implicated in promoting symptoms of 

GWI [24–28], we also examined GW agent-induced changes in gut microbiome community 

structure. Our results characterize gut dysbiosis signatures in GW1 and GW2, in parallel 

with systemic endotoxemia indicating gut-brain pathways may potentially contribute to 

phenotypic alterations. The ability to study different GWI symptom domains in association 

with altered neuropathological and gut microbiome profiles in the same animal model 

provides a new opportunity to establish the pathophysiology of GWI and to develop 

diagnostic markers and effective treatments that may involve probiotic therapy.

2. Materials and methods

2.1. Animal care and maintenance

C57Bl/6N mice were generated using breeders originally obtained from Charles River 

Labs (West Sacramento, CA) or Taconic (Germantown, NY). Mice were housed under 

standardized conditions (12:12-h light:dark cycle; lights on 07.00 h) in a specific pathogen-

free vivarium with food and water available ad libitum. All experimental procedures were in 

strict compliance with NIH guidelines, and were approved by the University of California 

Riverside Institutional Animal Care and Use Committee (AUP#, 20210024, 20200020, 

20180067)

2.2. GW agent exposure paradigm

GW agents used consisted of N,N-diethyl-meta-toluamide (DEET) (100 Maximum Formula, 

Coleman), which contains 98.1% DEET, permethrin (PER) (Crescent Chemical Co., Inc.), 

pyridostigmine bromide (PB; TLC Pharmaceutical Standards) and restraint stress to simulate 

stressors associated with deployment. The combination of PB with DEET or DEET and 

PER or stress allows for better penetration into CNS [29,30]. We used a chronic exposure 

paradigm as described for other GWI models [11,31]. These models used routes of 

administration that are relevant to GW veterans since PB was taken orally and PER and 

DEET exposure occurred through skin and inhalation [32–34]. At 50–70 d of age mice were 

randomly assigned to GW exposed or sham-treated control groups. Animals were exposed 

to PB via oral gavage whereas PER and DEET were applied dermally to a shaved region on 

the back of the neck. GW groups received PB at 6.5 mg/kg, b.i.d., P.O. (GW1) or 8.7 mg/kg, 

q.d., P.O. (GW2). The rationale for the PB dosing was described in the accompanying article 

[124]. Both groups received 1.3 mg/kg PER in 100% DMSO (75 μL/30 g b.w.; topical) and 

33% DEET in 70% EtOH (75 μL/30 g b.w.; topical). GW groups were compared to sham 

(CON) and sham/stress (CON/S) treatment. CON received 0.9% saline (150 μL/30 g, oral 

gavage) and 70% ETOH (75 μL/30 g b.w., topical) and 100% DMSO (75 μL/30 g b.w., 

topical). The CON/S group also received 5 min restraint stress in perforated 50 mL conicals 

once daily [35]. Animals were tested on metabolic, behavioral and exercise parameters as 

described in the accompanying article [124]. At 195–202 days post treatment (PT), mice 

were sacrificed under isoflurane anesthesia and blood and brain collected for analysis. Feces 

were collected at various time points including prior to GW agent exposure (PRE) and 
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post treatment (PT3, PT188) and used for 16S rRNA next generation sequencing (NGS). A 

diagram depicting the experimental design and endpoints measured is shown in Fig. 1.

2.3. RT-qPCR analysis of gene markers for neuroinflammation and neuropathic pain

Quantitative PCR (qPCR) was used to study expression of 84 gene biomarkers belonging 

to the “Mouse Pain: Neuropathic and Inflammatory” panel using the RT2 Profiler System 

(Qiagen, PAMM-162ZD-12). At sacrifice (PT199), brains were rapidly hemisected to collect 

tissue from prefrontal cortex (PFC), hippocampus, hypothalamus and were immediately 

homogenized in Trizol reagent, snap-frozen in isopentane over a slurry of dry ice and stored 

at −80 °C until further use. Total RNA was prepared via a modified partial phenol-methanol 

extraction protocol using the RNeasy Mini Kit (Qiagen, USA). RNA purity, quality and 

integrity were assessed using a Nanodrop and Bioanalyzer (Agilent 2100, USA). Mean 

RNA yield was 725 ng/μL (range: 398–1266), mean RNA integrity values (RIN) values 

were 8.5 (range: 8–9) (Supplementary Information 1, Supplementary Table 1). cDNA was 

synthesized on a thermal cycler (Biorad) from a 1 μg input RNA per reaction (First Strand 

kit, Qiagen, USA) according to the manufacturer’s instructions, which included genomic 

DNA digestion. RT-qPCR was carried out on 3–6 biological replicates using the CFX 

Connect PCR detection system (BioRad, USA). Into each well, master mix, RNA template 

and nuclease-free H2O were added for a total of 25 μL/rxn. Amplification reactions for 

genes of interest were performed in 40 cycles of the following cycling protocol: initial 

denaturation 95 °C/10 min; per cycle 95 °C/15 s denaturation, 60 °C/60 s (with 1 °C/s ramp 

rate) primer annealing/extension; 65–95 °C in 0.5 °C, 5 s increments melt curve analysis. 

Relative expression of genes was normalized to 4 reference genes, whose expression was not 

affected by treatment (ActB, Gapdh, Gusb, Hsp90ab1) and fold-change relative to CON/S or 

CON was calculated using the delta, delta cycle threshold (Ct) method [36] with the Qiagen 

GeneGlobe Data Analysis online tool. NCBI GenBank accession numbers are provided in 

Supplementary Information 1, Supplementary Table 2. Proprietary quality controls (QC) 

were provided with the following inclusion criteria: mouse genomic DNA contamination 

(MGDC; if Ct (MGDC) ≥ 35); PCR array reproducibility (PPC; if PPC Ct is ~20 ± 2 and no 

two arrays have a mean PPC Ct that is >2 Ct away from one another); reverse transcriptase 

efficiency (RTC; if Delta Ct (AVG RTC - AVG PPC) < 5). One GW2 sample was removed 

from analysis due to not passing RTC. With a cut-off of Ct = 37, all genes showed detectable 

expression with the exception of tumor necrosis factor alpha, TNF-a (Tnfa), which was 

excluded from analysis. Heat maps were generated with Prism using fold-change and those 

showing significant change at p < .05 were indicated with an asterisk. Volcano plots of 

differentially expressed genes (DEGs) were generated using Prism with the cutoff value 

for up- or down-regulation as ±1.5 and with p < .05 of fold change vs control deemed 

significant. Venn diagrams were created using the free online tool VENNY [37].

2.4. Brain Interleukin-6 ELISA

Whole-brain homogenates were dissociated using RIPA buffer (ThermoScientific) in the 

presence of protease inhibitors (Complete Protease Inhibitor cocktail; ThermoScientific) 

followed by centrifugation at 12,000g for 20 min at 4 °C. Supernatant was collected 

and stored at −80 °C until future use. Brain Interleukin-6 (IL-6) was quantified using 

a commercially available ELISA kit (Cayman Assays, Ann Arbor, MI USA) following 
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manufacturer’s instructions. All samples were normalized for total protein (BCA kit, 

ThermoScientific).

2.5. GFAP immunohistochemistry

Mice were sacrificed using CO2 inhalation and perfused transcardially (exsanguinated) with 

15 mL 0.01 M phosphate-buffered saline (PBS) followed by 20 mL of 4% paraformaldehyde 

(PFA) in 0.1 M phosphate buffer. After 24 h post-fix in 4% PFA, brains were cryoprotected 

in successive incubations of 15 and 30% sucrose in PBS over 3 d. Frozen tissue was 

cut coronally on a sliding cryostat (Leica Microsystems, Germany) at 40 μm, mounted 

on gelatinized slides and stored at −80 °C until further use. Subsequently, sections were 

air-dried at RT for 20 min before being washed extensively in PBS followed by a 

permeabilization/block step in 4% normal goat serum, 1% bovine serum albumin and 

0.3% Triton-X in PBS. Sections were then incubated with a mouse monoclonal anti-GFAP 

primary antibody conjugated with Cy-3 (1:750; C9205 Sigma Millipore) for 24 h at 4 °C in 

a humidified chamber with thermoplastic (Parafilm M) coverslips to prevent drying. After 

washing with PBS, sections were coverslipped with Vectashield Hardset antifade mounting 

media containing DAPI counterstain (Vector Laboratories, Burlingame, CA).

2.6. Quantitative densitometry

For each animal, images were acquired of 3–6 microscope fields from each hippocampal 

subfield (CA1, CA3, dentate inner and outer molecular layers and hilus) using a 10× 

objective on a Zeiss Axioimager M2 microscope equipped with a Hamamatsu ORCA-

Flash4.0 V3 digital camera. All images to be compared were acquired using identical 

microscope settings and were used to quantify GFAP immunoreactive signal using 

densitometry software (QuPath v0.2.3 [38]). For each sample hippocampal subfield an 

integrated optical density score was calculated for each designated region of interest (ROI). 

The integrated optical density (IOD) was calculated as the sum of cell area × mean intensity 

for each GFAP-positive cell and normalized to total ROI area. Results were reproduced in 3 

different experiments containing 2–7 biological replicates per group.

2.7. 16S rRNA gene V4 region sequencing and analysis

DNA from mouse fecal samples was extracted using phenol: chloroform:isoamyl-alcohol 

(24:24:1, Fisher Scientific) as described previously [39]. The V4 region of bacterial 16S 

ribosomal RNA genes was amplified as described [40] based on primers for 515F and 

806R based on the earth microbiome project [41]. An equal amount of each amplicon was 

pooled and sequenced on the Illumina MiSeq platform with 2 × 150 paired-end reads. 

Sequencing reads were then assembled, de-multiplexed, and analyzed using QIIME 1.9.1 

[42]. Sequencing results are summarized in Supplementary Information 2, Supplementary 

Tables 1–2. Redundancy analysis (RDA) was performed using package vegan [43] in R 

(Supplementary Information 2, Supplementary Table 3).

2.8. Fecal colony plating

Fecal pellets were collected, weighed and immediately suspended in sterile PBS followed by 

homogenization using a bead beater (BioSpec) at 1400 RPM for 1 min. Homogenates were 
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serially diluted, pipetted onto LB agar plates and placed in aerobic or anaerobic incubators 

(37 °C). CFU enumeration of colonies was performed 16–20 h later.

2.9. Plasma endotoxin assay

Blood was collected by cardiac puncture at sacrifice under isoflurane anesthesia. Serum was 

coagulated for 30 min at RT, followed by separation at 12,000 ×g for 20 min under cold 

centrifugation (4 °C) and stored at −80 °C until further use. A lipopolysaccharide (LPS; 0.5 

mg/kg, i.p., sacrificed 6 h later) group served as a positive control. Serum endotoxin levels 

were analyzed using the Pierce limulus amebocyte lysate (LAL) Chromogenic Endotoxin 

Quantitation Kit (A39552, ThermoFisher, USA) following the manufacturer’s instructions. 

Standards and samples were prepared in borosilicate glass vials (Globe Scientific Inc.). 

Sample sera were diluted 1:50 or 1:100 for LPS. The low standard format was utilized 

for the generation of the standard curve which was used to calculate unknown endotoxin 

concentrations in Prism. Absorbance was read at 405 nm on a plate reader (iD3, Molecular 

Devices).

2.10. Intestinal permeability assay

Control and experimental mice were fasted for 15 h overnight (ON) on wood chip 

bedding. Mice were intragastrically gavaged with 4-kDa dextran conjugated to fluorescein 

isothiocyanate (FITC) (Sigma-Aldrich; 100 mg/mL) in sterile saline (NaCl, 0.9%) at a single 

dose (0.6 mg/kg b.w.). After 4 h, mice were euthanized under isoflurane anesthesia and 

blood (300–400 μL) collected via cardiac puncture into sterile tubes on ice. Supernatant 

(plasma) was obtained after cold-centrifugation at 10,000 ×g for 20 min. Plasma was diluted 

1:5 in Milli Q water. Fluorescence was measured spectrophotometrically (GloMax Promega, 

USA) in 96-well plates (excitation: 490/510–570 nm, 525/580–640 nm). FITC-dextran 

concentration of samples was determined from a standard curve generated using a diluted 

fluorophore stock gavage solution in the plasma matrix of fasted untreated mice. Three 

technical replicates of each sample were run.

2.11. Cultivation of bacterial strains and fecal microbiota transplantation (FMT)

Lactobacillus reuteri (ATCC 23272), was grown anaerobically with deoxygenated de Man, 

Rogosa & Sharpe (MRS) media or MRS solid agar at 37 °C. MRS (1 L) contained Proteose 

peptone No.3 10 g; Beef extract 10 g; Yeast extract 5 g; Dextrose 20 g; Glucose 20 g; 

Tween 80 1 g; K2HPO4 2 g; Sodium acetate 5 g; (NH4)3 citrate 2 g; MgSO4 × 7 H2O 

0.10 g; MnSO4 × H2O 0.05 g. Strain identity prior to experimental use was confirmed by 

16S amplification and Sanger 16S sequencing. Fecal slurry inoculates were normalized to 

the equivalent of 300 μL of OD600 = 0.4 culture in MRS broth using quantitative PCR for 

total 16S using primers 16S-27F [40]. To prepare fecal microbiota transplantations, fecal 

samples were mechanically disrupted using a bead-beater. The homogenate was centrifuged 

and pelleted bacteria were resuspended in LYBHI media and used as a gavage solution. 

LYBHI (1 L) contained BHI Broth 37.00 g; Yeast extract 5 g; Cysteine 1 g; Cellobiose 1 g; 

Maltose 1 g; Hemin 5 mg.
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2.12. Statistical analysis

All statistical analyses were conducted using GraphPad Prism (GraphPad Software, San 

Diego, CA, USA). All values are expressed as mean ± s.e.m. Student’s paired t-test was 

used to compare the effects of exposure. Between group differences were determined using 

analysis of variance (ANOVA). Where the F ratio was significant, post hoc comparisons 

were completed using the Tukey’s or Dunnet’s post hoc test. R (v4.0.4 Boston, MA, USA) 

was used for analysis of 16S rRNA sequencing data. Group comparisons of community 

structure were performed using PermaNOVA and Student’s t or Mann Whitney tests. F and 

p values are presented in the figure legends or Supplementary Information 1, Statistical 

Results. Differences were considered statistically significant at p < .05.

3. Results

3.1. Two neuroinflammatory transcriptional phenotypes induced by GW agent exposure

In an effort to link the behavioral outcomes of GW agent exposure to neuromolecular 

events, we investigated the regulation of neuroinflammation/neuropathic genes in PCR array 

experiments. Proteins encoded by these genes and their pathway designations are shown 

in Supplementary Information 1, Supplementary Table 3. Exposure-dependent patterns of 

deregulation were found in homogenates of combined PFC, hippocampus and hypothalamus 

as compared to CON at PT188 (Fig. 2A). First, we examined the effect of stress alone. 

There were 7 downregulated DEGs in CON/S, relative to CON (Fig. 2A, B), including 

Csf1, colony stimulating factor 1 of macrophages, Edn1, endothelin 1, which is closely 

associated with neuroinflammation [44], Faah, a hydrolase for endocannabinoids and other 

fatty acid amidated signaling lipids that, when inactivated, produces anti-inflammatory and 

analgesic actions [45], Grin1, the NMDA-type receptor 1 glutamate receptor involved in 

sensitized pain states, Kcnq2, potassium voltage-gated channel subfamily Q member 2, that 

is inhibited by muscarinic ACh receptors, Ptger1, prostaglandin E receptor 1 that contributes 

to microglial prostaglandin-dependent signaling affecting inflammation and modulation of 

striatal neurons and which has been implicated in depressive-like and anxiety states [46], 

Trpa1, transient receptor potential cation channel, subfamily A, member 1, a target of 

endogenous inflammatory agents on nociceptive sensory neurons [47]. The only upregulated 

gene, Cck, cholecystokinin, is associated with peripheral and central pain signaling and 

plays a role in anxiety and panic disorders [48–50] and may have therapeutic potential 

for inflammatory bowel disorder [51]. The DEG pattern seen between CON/S relative to 

CON indicates a complex effect of stress alone on neuroinflammatory and neuropathic 

pain processes. We also compared GW1 and GW2 to CON. For GW1, DEGs included 

upregulated expression of Calca and Il6 (Fig. 2E). Therefore, there were no DEGs relative to 

CON in common between GW1 and CON/S (Fig. 2H). In contrast, GW2 displayed 8 DEGs 

(downregulated Cx3cr1, Grin2b, Pnoc, Scn10a and upregulated Il1b, Pla2g1b) that were 

uniquely different (except for Kcnq2, Ptger1) from DEGs produced by CON/S (Fig. 2F, H), 

suggesting that GW2 may produce a greater induction of genes including proinflammatory 

Il1b and Pla2g1b [52,53].

To determine the sole effects of GW chemical exposure (minus stress) we examined DEGs 

relative to CON/S. Fig. 2G indicates two dissimilar transcriptional phenotypes in GW1 
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and GW2 groups. GW1 displayed 5 downregulated DEGs, i.e., Cck, Il1a (Interleukin-1 

alpha, a pro-inflammatory cytokine), Il2, a cytokine with complex immunoregulatory 

function [54], Ntrk1, neurotrophic tyrosine kinase receptor 1, and Penk, the opioid 

neurotransmitter preproenkephalin (PENK) expressed in striatum reward pathway [55]. The 

7 upregulated DEGs in GW1 were Adora 1, adenosine G-protein coupled A1 receptor 

with proinflammatory actions [56], and Csf1, Edn1, Faah, Grin1, Kcnj6, the ATP-sensitive 

potassium inwardly rectifying channel subfamily J member 6 associated with spatial 

potassium (K+) buffering function of astrocytes and regulation of neuronal activities [57], 

and Kcnq2. The volcano plot in Fig. 2C shows the direction and magnitude of DEGs in 

GW1 vs. CON/S. Six of the 12 DEGs, Cck, Csf1, Edn1, Faah, Grin1, Kcnq2 were also 

differentially altered in CON vs CON/S (Fig. 2G). The GW2 relative to CON/S comparison 

in Fig. 2D shows downregulation of Il10 encoding for the anti-inflammatory cytokine, 

Interleukin-10 [58], as well as upregulation of 2 pro-inflammatory genes (Fig. 2D). One 

of these is Cd4, a molecule commonly expressed on the surface of T-helper lymphocytes 

with a recognized critical role in the antigen presentation process and maturation of 

microglia [59]. The other upregulated DEG, Edn1, encodes for endothelin, which triggers 

reactive microgliosis, regulates IL-6 release, neurotransmission and has been implicated in 

inflammatory neurological diseases and neurodegeneration [60]. The Venn diagram in Fig. 

2G shows that Edn1 was commonly upregulated in both GW1 and GW2 and CON relative 

to CON/S. In contrast, Edn1, was downregulated in CON/S relative to CON, suggesting that 

stress drives the change (Fig. 2B, H).

Two different transcriptional phenotypes were produced by GW1 and GW2 dosing regimens 

relative to CON/S (Fig. 2G). While GW1 had 12 DEGs, GW2 had only 3. These DEG 

sets are mutually exclusive except for Edn1 upregulation. Importantly, GW1 showed 

downregulation of Il1a, encoding for the pro-inflammatory cytokine, Interleukin 1a, and 

Il2, a gene that encodes for the anti-inflammatory Interleukin 2 (IL2). In contrast, 

GW2 displayed a downregulated DEG, Il10, encoding for the anti-inflammatory cytokine 

IL-10 and an upregulated pro-inflammatory DEG Cd4 relative to CON/S. Therefore, the 

transcriptional phenotype in GW2 may reflect a more specific pro-inflammatory state, 

while that of GW1 represents a mixed phenotype driven, in part, by stress alone. In 

order to determine the combined effects of stress and GW agents, we compared all three 

exposure groups to CON. The Venn diagram in Fig. 2H shows DEGs in GW2 with a 

prominent pro-inflammatory phenotype including upregulated Il1b, Pla2g1b. There were no 

deregulated genes in common between the three treatment groups (Fig. 2H), potentially 

indicating a unique synergistic effect of GW chemicals and stress in GW2. In summary, the 

GW2 transcriptional phenotype is characterized by a more specific pro-inflammatory state, 

i.e., upregulated pro-inflammatory genes (Cd4) and downregulated anti-inflammatory genes 

(Il10), that cannot be attributed to an effect of stress alone, while also having a synergistic 

(plus stress) upregulatory effect on proinflammatory genes Il1b and Pla2g1b. In comparison, 

GW1 showed only 1 DEG with proinflammatory actions (Adora1) that could not be ascribed 

to an effect of stress.

The pie chart shown in Fig. 2I indicates the pathways represented by the 22 DEGs (2 genes 

represent more than one pathway) deregulated by any treatment. Most changes involved 

genes associated with inflammatory processes (50%), eicosanoid metabolism (8.3%), 
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glutamate receptors (8.3%), neurotransmitters (8.3%) and potassium channels (8.3%). A 

smaller fraction of DEGs were associated with either ion channels, sodium channels, 

purinergic receptors or neurotrophins.

3.2. GW agents produce neuroinflammation: brain IL-6 and astrocyte hypertrophy

Given that DEGs associated with neuroinflammation were upregulated in GW groups 

(Adora1, Cd4, Edn1, Il1b and Pla2g1b), we examined the expression of IL-6 in brain lysates 

since it is a major pro-inflammatory cytokine having pleiotropic properties with opposite 

roles to IL-2 and IL-10 [61,62] and an important modulator of CD4 T cell effector functions 

[63]. Also, both GW1 and GW2 displayed upregulation of Edn1, a gene that encodes for 

endothelin which regulates circulating IL-6 depending on its levels [60]. We found that mean 

brain IL-6 levels were significantly greater in GW2 but not GW1 relative to CON/S (p < .05) 

confirming that only the PB dosing in GW2 produced persistent neuroinflammation that was 

evident at 199 days post treatment (Fig. 3).

Cytokines such as IL-6 are potent regulators of astrogliosis, which contribute directly to 

the pathogenesis of CNS injury [64,65]. Therefore, we compared the density of glial 

fibrillary acidic protein (GFAP), a marker of astrocytes, in GW vs control groups. Fig. 

4 shows representative micrographs of GFAP immunohistochemical results from each 

group. Intense profiles of hypertrophied astrocytes were seen in CA1 stratum oriens and 

stratum radiatum of GW1 and GW2 as compared to CON/S (Fig. 4A–D). When computer-

assisted densitometric data were pooled and quantified, a significant increase in GFAP 

immunoreactive density was measured in CA1 subfields of GW1 and GW2 groups vs 

CON/S (p < .05, Fig. 4E). In contrast, group differences in GFAP immunoreactivity (ir) were 

not obvious in the dentate gyrus (Fig. 4F–J), hilus or CA3 (not shown).

3.3. Different gut microbiome community structure in GW1 and GW2

We hypothesized that differential gut microbiome changes accompany the two GW 

phenotypes characterized according to cognition, exercise fatigue and neuroinflammatory 

profile. To determine if the community of commensal microorganisms of the gastrointestinal 

tract was being modified by our experimental treatments, we performed sequencing of 

bacterial 16S ribosomal RNA in fecal samples of CON, CON/S, GW2, GW1 mice collected 

at pre-exposure, PT 3 and PT188. We observed no major differences in alpha diversity 

across this dataset (Supplementary Information 1, Supplementary Fig. 2). To examine 

overall community structure distances, we used principal coordinate analysis (PCoA) of 

weighted Unifrac distances between gut microbiomes (Fig. 5A–D). Weighted Unifrac 

is a distance metric that describes the relatedness of different microbial communities, 

incorporating measures of the phylogenetic distance between observed microorganisms and 

their relative abundance in different communities. Briefly, a phylogenetic tree is constructed 

incorporating all 16S sequences of observed microbial taxa and then used to calculate the 

summed shared branch length of microbial communities based on their microbial content, 

adjusted for the relative abundance of individual taxa in each community. Beta-diversity 

PCoA using weighted Unifrac revealed that gut microbial communities changed with the 

initiation of exposure in all treatment groups (Fig. 5A–C), with separation evident along the 

primary axis of variation (PC1–38.6%) between samples at pre- and PT188, likely driven 
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by stress but significant only in GW2 (P < .05; Fig. 5A). We performed a PermaNOVA 

analysis that revealed significant differences in overall community structure. Between-group 

comparisons of community variation at PT188 indicated a significant difference in the effect 

of CON/S and GW1 (P < .05) or GW2 exposure (P < .0001) (Fig. 5D). Changes due to 

GW1 and GW2 exposures, compared to pre-treatment baseline, produced different weighted 

Unifrac distance as compared to changes resulting from CON/S, indicating a significant 

effect of GW1 exposure on gut dysbiosis (Fig. 5D). When enumerating fecal colonies 

grown on agar plates in aerobic and anaerobic conditions from our experimental groups, we 

observed changes in the quantity of aerobic colonies at PT3 in both GW groups, while stress 

drove an increase in anaerobic colonies (Supplementary Information 1, Supplementary Fig. 

1).

We then employed Redundancy Analysis (RDA) to correlate microbial taxa to treatment 

group in order to identify specific microbial contributors to these overall community 

differences (Fig. 5E, Supplementary Information 2, Supplementary Table 3). This analysis 

examines the relationships between individual microbial taxa and community structure. 

As pre-treatment communities were similar and differences began to be observed at PT3, 

we focused on group differences at this time-point induced by CON/S and exposure to 

GW2, versus the pre-treatment fecal microbiome. We observed that higher abundance of 

bacteria in genus Lactobacillus most strongly characterized the CON/S group and that 

Bacteroidales in family S24–7 was most strongly associated with GW2. The results of PCoA 

and RDA indicated different gut microbial communities in GW1 and GW2. Interestingly, 

an unidentified taxon in Lachnospiraceae, a family of anaerobic bacteria in the order 

Clostridiales, was associated by RDA with gut commensal communities prior to treatment 

with GW agents. This taxon decreased significantly with exposure to GW2 at PT3 (P < 

.001), a reduction that was maintained out to PT 188 (P < .05; Fig. 5F). Similar results were 

obtained for GW1 at PT188 (P < .05; data not shown).

3.4. GW agent exposure produces endotoxemia and Lactobacillus reuteri 
supplementation provides better gut barrier function that FMT from GW mice

We further hypothesized that the altered microbiome seen in GW mice may be associated 

with an overabundance in blood levels of LPS, which may provide an environment 

conducive to chronic inflammation. Results of LAL endotoxin assay showed significant 

elevation in systemic endotoxemia in GW1 and GW2 relative to CON/S (p < .05 and p 
< .001, Fig. 6A). However, this effect was mild as compared to mice treated with a low 

dose of LPS (p < .0001, 0.5 mg/kg; i.p.). Because the gut microbiome results indicated 

that Lactobacillus is preferentially associated with CON/S as compared to GW groups, we 

examined the effects of Lactobacillus reuteri ATCC 23272 supplementation, a species with 

known gut barrier promoting effects [66,67], by administering L. reuteri to germ-free mice. 

Gut barrier function was measured physiologically using a FITC-dextran assay. Fig. 6B 

shows that mice receiving L. reuteri engraftment display significantly less gut permeability 

than mice receiving a microbiota transplantation using feces of GW2 mice and collected at 

PT 188.
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3.5. Summary of GW1 and GW2 phenotypic changes and biomarkers

Table 1 shows the summary of GW1 and GW2 biomarkers obtained for gut dysbiosis, 

systemic endotoxemia, and neuroinflammation from the current study alongside phenotypic 

characteristics obtained on the same mice and reported in the accompanying manuscript 

[124]. The latter were classified according to a subset of the symptom groups included in 

the Kansas case definition [23]: neurological/cognitive/mood, fatigue, pain as well as other 

symptoms such as metabolic (insulin insensitivity, body weight, lean/fat mass), sensorimotor 

and locomotion ability.

4. Discussion

In an accompanying article in this issue of Life Sciences, we describe persistent and delayed 

cognitive/mood disturbances and exercise intolerance produced by chronic GW agent 

exposures in a mouse model of GWI [124], resembling the cognitive decline and memory 

loss and chronic fatigue seen in GWVs [68]. The present study describes the GW agent-

induced changes in neuroinflammatory markers, gut microbiome and systemic endotoxemia, 

occurring in tandem with these phenotypes. Two different cognitive/fatigue phenotypes were 

described for GW1 and GW2, receiving different PB exposures. GW1 was characterized by 

deficient avoidance learning/memory and long-term novel object recognition memory and 

behavioral despair, while GW2 showed pronounced impairment in avoidance learning and 

memory, exaggerated exercise fatigue and glucose metabolic alterations. These phenotypes 

also differed on the basis of neuromolecular correlates described in this study. Importantly, 

the neuromolecular profiles reported here were characterized at more than 6 months 

after exposure suggesting persistent changes in neuroinflammatory state promoted by GW 

chemicals.

We speculate that the two different PB dosing regimens had differential effects on 

cholinergic signaling, which governs GWI domains (e.g. muscle function, associative 

learning and memory, sleep) [69,70] via muscarinic and nicotinic ACh receptors (AChRs) 

[71]. When applied acutely, PB, like sarin gas, blocks acetylcholinesterase (AChE), 

the enzyme which degrades ACh, leading to its accumulation at ACh receptors and 

overstimulation of the cholinergic system. However, chronic (15-day) exposure to PB alone, 

or in combination with DEET or DEET/PER, results in increased AChR levels of muscarinic 

and nicotinic ACh receptors in rat cortex [29], in tandem with reduced performance on beam 

walking. Therefore, upregulation of AChR density is likely accompanied by other opposing 

changes [29]. Downregulation of muscarinic AChRs after prolonged exposure to another 

AChEI, sarin, has also been shown [72]. Reduced cholinergic signaling can also be produced 

by desensitization and inactivation of AChRs after prolonged AChE inhibition [73,74]. 

Receptor desensitization due to prolonged activation of muscarinic receptors has been 

implicated as the root cause for inhibition of hippocampal LTP induction [75], the cellular 

manifestation of associative learning [76]. Additionally, low level PB can alter transcription 

of AChE, depressing cholinergic function [77,78]. In GW1, which was administered PB 

twice daily, cholinergic receptors were likely more saturated due to a more continuous 

elevation of ACh due to acetylcholinesterase inhibition (AChEI) than that experienced 

in GW2. Using similar twice daily administration of PB, others have shown increased 
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tolerance of muscarinic AChR signaling [79] and muscarinic receptor-mediated apoptosis 

of cortical and hippocampal neurons [80]. These complex pharmacological properties of 

the central and peripheral cholinergic systems make it difficult to pinpoint the molecular 

mechanisms associated with GW1 relative to GW2, until additional pharmacological studies 

are conducted.

Persistent GW1 and GW2 phenotypes, which show cognitive, mood and fatigue alterations 

may be associated with neuroinflammation. For example, mood disorders, alongside 

cognitive deficits and fatigue, are commonly accompanied by neuroinflammation in humans 

and experimental rodents [22,81–83]. Results from PCR array identified DEGs with pro- 

and anti-inflammatory actions, indicating that GW agents influence the brain’s innate 

immune response. Importantly, two distinct neuroinflammatory transcriptional phenotypes 

were identified for GW1 and GW2. The GW2 transcriptional phenotype was characterized 

by a more specific pro-inflammatory state, i.e., upregulated pro-inflammatory gene (Cd4) 

and downregulated anti-inflammatory gene (Il10), that cannot be attributed to an effect of 

stress alone. In addition, GW2 also appeared to have a synergistic (plus stress) upregulatory 

effect on proinflammatory genes Il1b and Pla2g1b. In comparison, GW1 showed only 1 

DEG with proinflammatory actions (Adora1) that could not be ascribed to an effect of stress. 

Both GW1 and GW2 DEG sets (compared to CON/S) share an upregulated DEG, Edn1, 

encoding for endothelin which triggers reactive microgliosis and regulates IL-6 release [60]. 

These findings suggest that unlike GW1, GW2 was represented by a signature exclusively 

promoting neuroinflammation. The DEG signature in GW2 may underlie the exclusive GW2 

phenotype characterized by combined cognitive impairment, fatigue and insulin resistance 

(see Table 1).

Since morphological signs of chronic inflammation in GW animal models (using PB/PER/

DEET) include hypertrophied astrocytes and partial loss of neurons in hippocampal 

subfields [7,29,84,85], we next examined the effect of GW agents on astrogliosis in the 

hippocampus using the astrocytic marker GFAP. Both GW groups showed GFAP-positive 

astrocyte hypertrophy in CA1 subfield, which may explain the deficient avoidance learning 

seen in both GW groups due to its contribution in regulating fear-motivated associative 

learning [86]. In addition, altered NOR memory is dependent on several brain regions and 

neurotransmitter systems, including the hippocampus and perirhinal regions [87–89]. An 

exacerbated central inflammatory state involving activated astrocytes and microglia has also 

been characterized in ill GWVs [17], represented by cortical upregulation of mitochondrial 

translocator protein (TSPO), defined as a marker of microglial activity, astrogliosis and by 

severity of neuroinflammation in autoimmune diseases [90]. This type of neuropathology 

may underlie reduced MRI volume, altered white matter microstructural integrity and altered 

PFC activity found in association with impaired cognitive functioning or chronic fatigue 

complaints in GWVs exposed to Gulf War chemicals [2,91–93].

Reactive astrocytes can produce the major inflammatory cytokine mediating the innate 

inflammatory response, IL-6, as well as others, IL-1β, TNF-α, INF-γ, transforming growth 

factor beta (TGF-β) [94]. Examination of brain levels of IL-6 showed that only GW2 

displayed upregulated levels in whole brain homogenates. In support of our findings, a 

previous report has shown dysregulation of genes encoding IL-6 and IL-1ß, in ventral 
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hippocampus of rodents produced by exposure to combinations of Gulf War chemicals 

PB/PER and/or PER/DEET/CORT/DFP [15]. A 10-day exposure to sarin in heat stress 

conditions has also been reported to increase mRNA for brain IL-6 and IL-1ß, TNF-α 
in rats [72]. Elevated levels of IL-6 in only GW2 appear to conflict with our results 

showing upregulated GFAP immunoreactivity in both GW1 and GW2. However, the latter 

is representative of the hippocampus only, whereas IL-6 samples were pooled from various 

brain regions. Additionally, IL-6 levels can also be produced by activated microglia which 

is likely in GW2 since, relative to CON/S, only this group displayed upregulated Cd4, 

an immunological marker expressed on the surface of resident microglia [95]. Our DEG 

and IL-6 characterization is in agreement with reports of significant/apparent increases in 

serum IL-6 and elevated levels of IL-1β in ill GWVs [4,18,21]. Ill GWVs show decreased 

hippocampal volume as part of their inflammatory state indicated by elevated systemic 

levels of C-Reactive protein, produced by the liver in response to inflammation [96].

Taken together, our data showing pro-inflammatory DEG profile, upregulated hippocampal 

GFAP immunoreactivity, and brain IL-6 production indicate that the response to GW 

agents, especially GW2, likely involves an intensified neuroinflammatory pathology that 

is persistent at >6 months post exposure to GW chemicals. Activated astrocytes express 

additional proinflammatory mediators, such as NF-κB [97,98] and, like microglia, astrocytes 

can produce cytokines and chemokines, such as IL-6, type I and II Interferons (IFNs), and 

TNF, contributing to the amplification of neuroinflammation [99,100]. Other reports have 

shown similar changes in these endpoints, as well as increased expression of TLR4 and 

TNF-α subsequent to GW agent exposure [26]. With regard to IL-6, elevated brain levels 

are thought to contribute to dementia [101], and neurodegenerative disease phenotypes 

[102], which may possibly have relevance to a variety of neurological disorders (ALS, 

stroke, migraine headaches) that occur at higher rates in GWVs [2]. For example, elevated 

TSPO positron emission tomography (PET) ligand binding, reported in brain imaging 

studies of ill GWVs, has also been predictably demonstrated across a broad spectrum of 

neurodegenerative diseases in disease-relevant brain areas [103].

In further support of our findings, chronic symptoms in GWI are reported to occur in 

combination with intensified neuroinflammatory responses in animal studies [4,5,7]. These 

findings in animals mimic several pathological alterations in GWVs such that symptom 

severity has been associated with intensified neuroinflammatory responses [4,104]. For 

example, higher fatigue severity days were associated with greater IL-1β in ill GWVs 

relative to healthy veteran controls [19]. Greater fatigue has been reported by ill GWVs 

during exercise (30-min cycling at 70% heart rate reserve) as compared to healthy 

veterans [105]. Moreover, symptom severity in GWI veterans after maximal graded exercise 

challenge is correlated with immune pathway activity, such as serum alterations in nuclear 

factor kappa beta (NF-κB) pathway (transcription factor regulating innate immunity) 

and IL-10, and abundance of Cd2-positive cell (T and natural killer lymphocytes) [21]. 

Moreover, worse outcomes on self-reported symptom measures for fatigue and sleep 

functioning in GWVs are correlated with upward trending levels of serum IL-6, TNF 

receptor type I and II and widespread microstructural changes in the frontal and limbic 

regions [21].
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The results of PCoA and RDA using fecal 16S rRNA gene sequencing data indicated 

different gut microbial communities in GW1 and GW2. PCoA analysis shows that gut 

microbiome structure changes were predominantly caused by exposure to GW2 when 

compared to CON/S. Treatment with GW1 or GW2 showed significantly different effect 

on weighted Unifrac distance than did CON/S indicating meaningful changes in community 

structure were produced by chronic exposure to GW agents. These results were evident 

at PT 188 indicating durable modification of gut microbiome by GW exposure. Several 

bacterial taxa were associated with changes in overall community structure, with different 

profiles in GW1 and GW2. RDA results showed that Bacteroidales family S24–7 was most 

associated with GW2 and Lactobacillus with CON/S, evident at 3 days post exposure. 

The relative depletion in GW groups of Lactobacillus, which facilitate production of short-

chain fatty acids (SCFAs), preservation of barrier function and reduce central inflammation 

[106,107], has been noted previously after acute GW treatment to mice [25]. In addition, 

there was a depletion in the relative abundance of a member of family Lachnospiraceae after 

GW1 and GW2 exposure. This community structural change is observed as early as 3 days 

post treatment, but differences are maintained out to 188 days post treatment. In support of 

our findings, a recent report by Bose and colleagues [28] showed that GW agents (2 mg/kg 

PB, 200 mg/kg PER, tri-weekly for 2 wk) produce significant depletion of Lachnospiraceae 

at 5 months post-GW chemical exposure [28]. Members of family Lachnospiraceae are 

important producers of the SCFA butyrate [108,109], and are associated with maintenance 

of gut barrier function [110,111]. Since butyrate has been shown to ameliorate intestinal and 

inflammatory processes in GWI mice [25] and neuroinflammation [112], the microbiome 

structure changes we observed in GW mice suggest a compromised gut barrier and possible 

route leading to neuroinflammation in GW mice. Interestingly, Alhasson and colleagues [26] 

reported a decrease in abundance of family-level OTU S24–7 (Bacteroidales family) and 

greater abundance of two unclassified/unnamed families from the order Clostridiales and in 

their GW chemical exposed relative to unexposed group [26]. Our discrepant results may be 

due to the chronic nature of the GW agent exposure (28 d) used here as compared to the 

acute exposure (tri-weekly for 1 week) of GW agents plus ip corticosterone treatment used 

in the previous study [26].

GW-induced changes in microbiome community structure as well as neuroinflammatory 

phenotypes occurred concomitant with systemic endotoxemia, suggesting a probable 

involvement of gut-brain interaction in the neuropathology. Production of IL-6 may be 

triggered downstream from LPS transfer from the gut which can initiate the innate 

inflammatory response [94]. In particular, transfer of intestinal content including LPS-rich 

(endotoxin) gram-negative bacteria (notably members of phyla Bacteroidetes) into the 

systemic circulation [113] is associated with increased production of pro-inflammatory 

cytokines and reactive oxygen species. LPS enters the brain via transporters [114] or by 

penetration of the blood brain barrier shown to be compromised after chronic exposure 

to GW agents [11]. We speculate that significant differences in the gut microbiome arise 

from exposure to GW chemicals/stress, and via systemic endotoxemia [115] and may 

produce neuroinflammation [15,85,116] via a gut-brain pathway leading to cognitive and 

fatigue phenotypes. Thus, either a disrupted intestinal barrier function or a vagally-mediated 

mechanism [117] may link gut microbiome alterations, neuroinflammation and impaired 
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physiology in GWI. While there is some evidence for this possibility further study is 

needed [26]. Indeed, gut dysbiosis and changes in microbe-derived molecules in host blood 

have been shown to influence cerebral signaling molecules and cognitive function [118]. 

If corroborated in future studies, possible gut-brain interactions may represent a promising 

target for future mechanistic studies on GWI pathophysiology as well as probiotic therapies 

[119–122].

To determine the effects of supplementation with Lactobacillus on gut permeability we 

colonized germ-free mice with Lactobacillus reuteri and compared it to that of germ free 

mice with engrafted FMT obtained from GW2 mice. Past studies report that L. reuteri 
ATCC 23272 is associated with improved gut function [66,67], as well as improved 

cognitive ability [123]. Germ-free mice receiving GW2 FMT showed significantly greater 

gut permeability than control mice receiving L. reuteri transplants. These results support the 

possibility that probiotic therapy with L. reuteri may improve gut barrier function in mice 

exposed to GW2, although additional studies are needed to confirm this. These findings are 

relevant for planning future safe and effective probiotic therapies to alleviate symptoms in 

our GWI veterans.
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Refer to Web version on PubMed Central for supplementary material.
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ACh acetylcholine

AChE acetylcholinesterase

AChEI acetylcholinesterase inhibitor

b.i.d. bis in die - twice daily

CFU colony forming unit

CNS central nervous system

CON sham group
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CON/S sham and stress group

DEET N,N-diethyl-meta-toluamide

DEGs differentially expressed genes

DG Mol dentate gyrus molecular layer

DMSO dimethyl sulfoxide

EtOH ethanol

FITC fluorescein isothiocyanate

FMT fecal microbiota transplantation

GFAP glial fibrillary acidic protein

GWI Gulf War Illness

GWVs Gulf War veterans

IL-6 interleukin 6

IL-10 interleukin 10

INF-γ interferon gamma

IOD integrated optical density

LAL limulus amebocyte lysate

LB Luria broth

LPS lipopolysaccharide

LYBHI Brain Heart Infusion medium

MRS de Man, Rogosa & Sharpe medium

NF-κB nuclear factor kappa beta

OTU operational taxonomic unit

PB pyridostigmine bromide

PCoA principal coordinate analysis

PER permethrin

PFC prefrontal cortex

P.O. per os - by mouth

PT post-treatment day

q.d. quaque die - once daily
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RDA redundancy analysis

ROI region of interest

RT-qPCR reverse transcriptase quantitative PCR

rRNA ribosomal RNA

SCFA short-chain fatty acid

SO stratum oriens

SR stratum radiatum

TNF tumor necrosis factor

TGF-β Transforming growth factor beta

TSPO translocator protein
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Fig. 1. 
GW exposure model and endpoints. Four experimental groups of adult mice were used: 

a sham-treated control (CON), a sham-treated control that also received restraint stress 

(CON/S), and two GW groups that received one of two doses of PB P.O.: 6.5 mg/kg b.i.d. 

(GW1) and 8.7 mg/kg (GW2), plus topical DEET and PER as well as restraint stress. The 

exposure regime was given 5 d/week followed by 2 d rest for 4 wk. Animals were first 

tested on metabolic, behavior and exercise endpoints as described in an accompanying paper 

[124]. At sacrifice, 6.6 months later, tissues were collected and used for IL-6 ELISA, GFAP 

immunohistochemistry, PCR analysis of brain gene expression of neuroinflammatory and 

neuropathic pain related pathways, serum endotoxin and fecal 16S rRNA next generation 

sequencing (NGS). Fecal pellets were collected before intervention (PRE) and at PT 

3 and 188. DEET, N,N-diethyl-meta-toluamide; GFAP, glial fibrillary acidic protein; 

PB, pyridostigmine bromide; PER, permethrin; PT, post-treatment; T, time-point; TRT, 

treatment. GW1, 6.5 mg/kg b.i.d.; GW2, 8.7 mg/kg.
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Fig. 2. 
Two neuroinflammatory transcriptional phenotypes induced by GW agent exposure. (A) 

cDNA samples obtained from pooled unilateral brain (PFC, hippocampus, hypothalamus) 

at PT 199 were analyzed using PCR array. Heat map shows representation of differentially 

expressed genes (DEGs) normalized to reference genes and fold-change relative to CON or 

CON/S (double gradient, blue indicates downregulated; red indicates upregulated). Genes 

were deemed significantly deregulated if they met the criterion of cutoff p < .05 vs control 

group. GW1 and GW2 groups showed different profiles of DEGs relative to CON/S and 
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each other. *statistical significance relative to CON/S or CON; *p < .05, **p < .01, ***p 
< .001. Red arrow, upregulated Edn1 in GW1 and GW2; black arrow, upregulated Cd4 in 

GW2; blue arrow, downregulated Il10 in GW2. (B–F) Volcano plots of DEGs demonstrating 

up- or down-regulated genes. Vertical lines indicate using ±1.5-fold thresholds compared to 

corresponding control group indicated; up-regulated genes (red dots to the right of 0), or 

down-regulated genes (blue dots to the left of 0). The horizontal line indicates threshold for 

significant change at p < .05. (G–H) Venn diagrams indicating DEGs relative to CON/S (G) 

and CON (H). Bolded genes are up-regulated relative to the groups indicated (I). Pie chart 

showing the proportion of genes altered in each of 3 pathways. Values are expressed as mean 

± s.e.m. *significantly different from CON/S, p < .05. (A–I) n = 3–6 mice/group. DEG, 

differentially expressed genes. GW1, 6.5 mg/kg b.i.d.; GW2, 8.7 mg/kg. (For interpretation 

of the references to color in this figure legend, the reader is referred to the web version of 

this article.)
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Fig. 3. 
Brain levels of IL-6 protein are significantly elevated in GW2 relative to CON/S. 

Homogenized whole-brain samples obtained at PT 199 were analyzed for IL-6 using ELISA. 

Values are expressed as mean ± s.e.m. *significantly different from CON/S, p < .05. n = 

3/group. GW1, 6.5 mg/kg b.i.d.; GW2, 8.7 mg/kg.
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Fig. 4. 
GW1 and GW2 agents induce hypertrophy in GFAP-positive astrocytes in the hippocampus. 

Micrographs demonstrating GFAP-positive astrocytes from the CA1 (A–D) and DG (F–I) 

subfields. The bar graphs compare the mean integrated optical density (IOD) of GFAP 

immunoreactivity normalized to the total area analyzed in the CA1 SR + SO (E) and dentate 

gyrus inner and outer molecular layers (MOL) (J) relative to CON/S. Values are expressed 

as mean ± s.e.m. *significantly different from CON/S; *p < .05. n = 8–11/group. A.U., 

arbitrary units; DG, dentate gyrus; MOL, molecular layer; SO, stratum oriens; SR, stratum 

radiatum. GW1, 6.5 mg/kg b.i.d.; GW2, 8.7 mg/kg. Scale bar = 2000 μm.
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Fig. 5. 
Different Gut Microbiome Community Structure in GW1 and GW2. (A–C) Principal 

coordinates analysis (PCoA) of weighted Unifrac distance between fecal communities 

of indicated groups of mice. Percent variance explained is in parentheses by PC 

axis. *significant difference between GW2 pre and PT 188, p < .05 and ^significant 

difference between GW2 PT3 and PT188, p < .05. (D) All pairwise weighted Unifrac 

distances between indicated groups (+) at PT 188 shows significant effects of GW 

agents on microbiome community structure. (E) Redundancy analysis (RDA) of microbial 
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composition before (pre) and after treatment (PT3) at genus level. The 50 most abundant 

genera were selected for this analysis. Colors were randomly assigned to individual taxa. 

RDA indicates higher abundance of Bacteroidales with GW2 and of Lactobacillus with 

CON/S. (F) Relative abundance of Lachnospiraceae in fecal microbiomes is downregulated 

in GW2 PT3 and PT188 vs GW2 pre. *p < .05, ***p < .001. Values are expressed as mean ± 

s.e.m. n = 5–10/group. GW1, 6.5 mg/kg b.i.d.; GW2, 8.7 mg/kg; PT, post-treatment day; pre, 

pre-treatment.
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Fig. 6. 
GW agent exposure produces mild endotoxemia and Lactobacillus reuteri supplementation 

improves gut barrier function. (A) Systemic endotoxin levels measured in serum collected 

at sacrifice at PT 199 show significantly increased endotoxemia in GW1 and GW2 that 

is mild compared to LPS-treated mice. (B) Intestinal permeability was measured using a 

FITC-dextran assay in germ-free mice receiving transplantation of fecal microbiota collected 

from GW2 before sacrifice or in germ-free mice inoculated with L. reuteri cultures. Values 

are expressed as mean ± s.e.m. *compared to CON/S (A) or GW2 (B), *p < .05, ***p < 

.001, ****p < .0001. n = 1–4/group; EU, endotoxin units; FITC, fluorescein isothiocyanate; 

GW1, 6.5 mg/kg b.i.d.; GW2, 8.7 mg/kg; LPS, lipopolysaccharide.
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Table 1

Summary of symptoms in GW1 and GW2 phenotypes and biomarkers relative to CON/S.

GW1 GW2

Neurological

 Anxiety - elevated plus maze − −

 Anxiety - Suok − −

 Anxiety - open field test − −

 Cognitive - novel object recognition + −

 Cognitive - passive avoidance + +

 Cognitive - Barnes maze − +

 Mood - anhedonia/self-care - sucrose splash test

 Mood - depression/behavioral despair - forced swim test + −

 Mood - depression/behavioral despair - tail suspension test − −

Pain - hot plate test − −

Fatigue/sleep - exercise fatigue − +

Other

 Metabolic - insulin insensitivity - insulin tolerance test − +

 Metabolic - post-exercise lactatemia − −

 Metabolic - post-exercise glycemia − −

 Metabolic - elevated body weight − −

 Metabolic - reduced lean/fat mass − −

 Sensorimotor - rotarod − −

 Sensorimotor - Suok − −

 Locomotion - open field test − −

Biomarkers

 Gut dysbiosis + +

 Endotoxemia - limulus amebocyte lysate assay + +

 Neuroinflammation - hypertrophied GFAP-positive astrocytes + +

 Neuroinflammation - Interleukin-6 − +

 Neuroinflammation/neuropathic pain transcripts + +

Categories are based on symptom groups in Kansas case definitions [23]. Scores indicate normal parameters (−) or alterations (+) relative to 
CON/S.
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