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A B S T R A C T   

Gulf War Illness (GWI) is a chronic, multi-symptom disorder affecting approximately 30 percent of the nearly 
700,000 Veterans of the 1991 Persian Gulf War. GWI-related chemical (GWIC) exposure promotes immune 
activation that correlates with cognitive impairment and other symptoms of GWI. However, the molecular 
mechanisms and signaling pathways linking GWIC to inflammation and neurological symptoms remain unclear. 
Here we show that acute exposure of murine macrophages to GWIC potentiates innate immune signaling and 
inflammatory cytokine production. Using an established mouse model of GWI, we report that neurobehavioral 
changes and neuroinflammation are attenuated in mice lacking the cyclic GMP-AMP synthase (cGAS)-Stimulator 
of Interferon Genes (STING) and NOD-, LRR- or pyrin domain-containing protein 3 (NLRP3) innate immune 
pathways. In addition, we report sex differences in response to GWIC, with female mice showing more pro-
nounced cognitive impairment and hippocampal astrocyte hypertrophy. In contrast, male mice display a GWIC- 
dependent upregulation of proinflammatory cytokines in the plasma that is not present in female mice. Our 
results indicate that STING and NLRP3 are key mediators of the cognitive impairment and inflammation 
observed in GWI and provide important new information on sex differences in this model.   

1. Introduction 

Gulf War illness (GWI) is a chronic, multi-symptom disorder 
affecting approximately 25 to 32 percent of the nearly 700,000 veterans 
of the 1991 Persian Gulf War (PGW-1) (White, 2016). The neuropsy-
chiatric features of GWI include learning and memory deficits, depres-
sion, and anxiety, and GWI appears to be linked to synergistic exposure 
to chemicals including the nerve gas prophylactic pyridostigmine bro-
mide (PB), a reversible acetylcholinesterase inhibitor, and permethrin 
(Per), an insecticide (White, 2016; Golomb, 2008). 

Research over the past few decades has uncovered mechanisms by 
which exposure to GWI-related chemicals (GWIC) causes GWI pathology 
and symptoms. Studies of veterans with GWI have revealed immune 
changes, including increases in inflammatory cell types (Zhang, 1999; 
Johnson et al., 2016; Parkitny et al., 2015), heightened production of 

proinflammatory cytokines (Zhang, 1999; Broderick, 2011; Broderick, 
2013; Janulewicz et al., 2019), and transcriptional profiles that 
resemble those observed in autoimmune disorders (Craddock et al., 
2015). Studies using rodent models of GWI have also demonstrated 
immune alterations due to GWIC exposure, including increases in 
proinflammatory cytokines in the hippocampi of GWIC-exposed rats 
(Shetty et al., 2017) and in the brains and sera of GWIC-exposed mice 
(Zakirova et al., 2017; Seth et al., 2019). However, the role of the innate 
immune system in GWI pathology remains uncharacterized, and the 
signaling cascades responsible for proinflammatory cytokine induction 
in animal models and veterans with GWI are unknown. 

GWIC exposure enhances reactive oxygen species (ROS) production 
and oxidative stress (White, 2016; Golomb, 2008), which may 
contribute to a vicious cycle of mitochondrial dysfunction by damaging 
mitochondrial DNA (mtDNA) and oxidative phosphorylation (OXPHOS) 
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proteins to further augment ROS and trigger progressively increasing 
mitochondrial stress. Multiple studies have documented mitochondrial 
dysfunction both in veterans with GWI (Koslik et al., 2014; Golomb, 
2014; Chen et al., 2017) and in murine models of GWI (Shetty et al., 
2017; Zakirova et al., 2017; Abdullah et al., 2016; Emmerich et al., 
2017). Moreover, clinical manifestations of GWI resemble those iden-
tified in Chronic Fatigue Syndrome (CFS), a disease linked closely with 
mitochondrial dysfunction (Golomb, 2014; Castro-Marrero, 2013). In 
addition, several GWI studies have demonstrated mitochondrial 
dysfunction and inflammation contemporaneously, suggesting an 
interaction between these two disease mechanisms (West, 2017). 
Mitochondria have well-appreciated roles in cellular metabolism and 
apoptosis, but they are also key immune regulators, impacting many 
aspects of signaling and effector responses in both the innate and 
adaptive immune system (West et al., 2011). Mitochondrial dysfunction 
and mtDNA damage can trigger a wide range of inflammatory responses 
that have been implicated in immune-mediated pathology (Nakahira 
et al., 2015). 

Based on evidence of mitochondrial dysfunction and inflammation in 
GWI, and on the documented link between the two, we hypothesized 
that exposure to GWIC might engage immune pathways known to be 
important in detecting mitochondrial dysfunction, contributing to in-
flammatory responses that exacerbate neuropathology and cognitive 
symptoms of GWI. To test this hypothesis, we used an established mouse 
model of GWI in which mice are exposed to GWIC by intraperitoneal 
injection for a period of 10 days, developing cognitive impairment and 
neuroinflammation beginning at 5 months post-exposure (Ojo, 2014; 
Zakirova, 2015; Zakirova et al., 2015). In our study, we employed a 
longitudinal analysis regimen, performing cognitive tests followed by 
analysis of hippocampal and plasma cytokine expression, hippocampal 
astrocyte and microglia abundance and morphology, and hippocampal 
mitochondrial protein expression at the terminal timepoint. We used 
both female and male mice in these experiments to evaluate sex- 
dependent effects of GWIC, as there is evidence that GWI can be more 
severe in women (Heboyan, 2019). To examine the acute effects of 
GWIC exposure on metabolism and cell-intrinsic immune responses, we 
performed a series of in vitro experiments using bone marrow-derived 
macrophages (BMDMs). Finally, we applied this GWIC-exposure model 
to C57BL/6 genetic knockouts lacking key innate immune sensors that 
interface with mitochondria and cellular metabolism to evaluate the 
contributions of these inflammatory signaling pathways to the devel-
opment of GWI pathology. Our results provide important new infor-
mation on sex differences in GWI-related pathology and reveal that 
innate immune signaling contributes to cognitive impairment and 
inflammation in an accepted animal model of GWI. 

2. Materials and methods 

2.1. Animals, study design, and Gulf War chemical agents 

Supplementary Fig. 1A depicts study design. Wild-type (WT) C57BL/ 
6J mice used in these experiments were purchased directly from Jackson 
Laboratories and allowed to acclimate to the animal facility for 
2–4 weeks prior to exposure. NLR Family Pyrin Domain Containing 3 
null (NLRP3− /− ) (JAX strain 021302) and Stimulator of Interferon 
Genes Goldenticket (STINGgt/gt) (JAX strain 017537) C57BL/6J mice 
were bred in-house using breeding pairs purchased from Jackson Lab-
oratories. NLRP3− /− mice are homozygous for a neo cassette in the 
coding region of Nlrp3 and are therefore deficient in NLRP3 inflamma-
some activity (Kovarova, 2012), whereas STINGgt/gt mice are homozy-
gous for an I199N missense mutant allele in the Sting gene and express 
no STING protein (Sauer, 2011). Mice were 12 weeks old when exposed 
to DMSO or GWIC, consistent with published studies (Zakirova et al., 
2015). Mice were group-housed in humidity-controlled environments 
maintained at 22 ◦C on 12-hour light–dark cycles (600–1800). Food and 
water were available ad libitum. 

Mice were randomly assigned to treatment cohorts: DMSO vehicle 
control (10 mice per sex for WT mice, 6 mice per sex for NLRP3− /− and 
STINGgt/gt mice) or GWIC (10 mice per sex for WT, NLPR3− /− , and 
STINGgt/gt mice) (Supplementary Fig. 1A). Mice then underwent an 
exposure regimen of 10 days of daily peritoneal injections of 50 µl of 
100% DMSO alone for DMSO cohorts or 50 µl of GWIC (0.7 mg per ki-
logram bodyweight of PB and 200 mg per kilogram bodyweight of Per) 
dissolved in 100% DMSO for GWIC cohorts. Five months after the 10- 
day exposure, all mice were subjected to neurobehavioral tests as 
described below. Testing occurred in a room immediately adjacent to 
the housing room, and mice were acclimated to the testing room and 
apparatus one day prior to beginning testing. Twelve months after 
exposure, mice were retested, and then all mice were euthanized for 
tissue processing or immunohistochemical analysis. 

This study was approved by the Texas A&M Animal Care and Use 
Committee (TAMU IACUC) (Animal Use Protocol (AUP) 2017–0124 D) 
and by the Animal Care and Use Review Office (ACURO) of the 
Department of the U.S. Army Medical Research and Development 
Command (USAMRDC) (Protocol GW160078.01). These AUPs under-
went 3-year review/renewal in 2020 by both TAMU IACUC (AUP 
2020–0164 D) and USAMRDC ACURO (GW160078.02). The euthanasia 
methods employed in the study were consistent with the recommenda-
tions of the American Veterinary Medical Association (AVMA). 

Pyridostigmine bromide (>98% purity) was purchased from Sigma- 
Aldrich (catalog number P9797) and permethrin (>98% purity) was 
purchased from MedChemExpress (catalog number HY-B0887). 

2.2. Neurobehavioral tests for analyses of cognitive function 

2.2.1. Object location test (OLT) 
To evaluate GWIC-dependent cognitive impairment, we subjected all 

mice to an object location test (OLT), which assesses the ability to 
perceive changes in the environment. The OLT involved three sequential 
phases (Fig. 1A): first, in the habituation phase, the mouse was placed at 
the corner of an empty open field apparatus and allowed to freely 
explore for five minutes. This was followed by the sample phase, in 
which the mouse was placed in the corner of the same open field 
apparatus, which now contained two identical objects placed on oppo-
site sides of the box and allowed to free explore for five minutes. In the 
final testing phase, after an inter-trial interval of 20 min (5 months post- 
exposure) or 2 h (12 months post-exposure), the mouse was placed in the 
corner of the open field apparatus, with one of the objects remaining in 
its original location (designated as the “familiar location”) and the other 
object moved to a novel location (designated as the “novel location”). 
The apparatus was cleaned with 70% ethanol and allowed to air-dry 
prior to the commencement of each trial. Mouse movement in the 
sample and testing phases was continuously video-tracked using the 
Noldus Ethovision XT program; the nose-point of the mouse coming 
within 2 cm of an object was recorded by the software as object explo-
ration. Data on time spent exploring both objects, total distance trav-
eled, and velocity of movement during these phases were collected and 
are shown in Supplementary Table 1. Data from trials in which mice 
spent <10 s total exploring both objects in either the sample or test trial 
were excluded. Percent time with object was calculated as total time 
exploring the objects in the novel or familiar location, divided by total 
time exploring both objects. Discrimination index was calculated as total 
time exploring the object in the novel location subtracted by total time 
exploring the object in the familiar location, divided by total time 
exploring both objects. Cohorts were tested at both 5 and 12 months 
after GWIC exposure, with similar results observed. All data shown is 
from 5 months post-exposure. 

2.2.2. Novel object recognition test (NORT) 
In addition to the OLT, we subjected all mice to the novel object 

recognition test (NORT) in order to assess memory and cognition. The 
NORT involved three sequential phases (Fig. 1E): an initial habituation 
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phase as described for the OLT, a second sample phase in which the 
mouse explored the open field containing two identical objects, and, 
following an inter-trial interval of 2 h (5 months post-exposure) or 5 h 
(12 months post-exposure), a testing phase in which one of the original 
objects was replaced in the same location with a novel object; the un-
changed object is designated as the “familiar object.” Mice were video- 
tracked and data was collected as described for the OLT. Percent time 
with object and discrimination index were calculated as for the OLT. As 
for the OLT, data from trials in which mice spent <10 s total exploring 
both objects in either the sample or test trial were excluded. Cohorts 
were tested at both 5 and 12 months after GWIC exposure, with similar 
results observed. All data shown is from 5 months post-exposure. 

2.2.3. Measurement of weight change and locomotor activity 
To assess changes in health and activity following DMSO and GWIC 

exposure, all mice were weighed prior to the first injection, then 
reweighed at 14 days and 3 months post-exposure in order to calculate a 
percent change in weight for each mouse (Supplementary Fig. 1B). 

To ensure that GWIC did not interfere with general locomotor ac-
tivity, an additional, separate cohort of C57BL/6 mice, including both 
females and males, were individually housed with in-cage, low-profile 
running wheels connected to an activity counter to allow for assessment 
of hourly running activity, as described previously (Grossberg, 2020). 
After stabilization of their wheel running activity for 2 weeks, they were 
exposed to DMSO or GWIC, as described in Section 2.1, with nine mice 
total per treatment group. Daily wheel running activity was 

Fig. 1. Exposure of C57BL/6 wild-type mice to GWIC results in sex-dependent impairments in spatial memory and novel object recognition. (A) The sequential 
phases used in the object location test (OLT): the habituation phase, the sample phase, and the testing phase. Each phase lasted five minutes, and the inter-trial 
interval (ITI) between the sample and testing phase was 20 min. (B) Percentages of total exploration time spent with the object in the familiar and novel loca-
tion in the testing phase, and OLT discrimination index as calculated for DMSO- and GWIC-exposed female mice. (C) Percentages of total exploration time spent with 
the object in the familiar and novel location in the testing phase, and OLT discrimination index as calculated for DMSO- and GWIC-exposed male mice. (D) Two-way 
ANOVA analysis of sex, treatment, and interaction effect for the OLT. (E) The sequential phases used in the novel object recognition test (NORT): the habituation 
phase, the sample phase, and the testing phase. Each phase lasted five minutes, and the inter-trial interval (ITI) between the sample and testing phase was 2 h. (F) 
Percentages of total exploration time spent with the familiar and novel object in the testing phase, and NORT discrimination index as calculated for DMSO- and 
GWIC-exposed female mice. (G) Percentages of total exploration time spent with the familiar and novel object in the testing phase, and NORT discrimination index as 
calculated for DMSO- and GWIC-exposed male mice. (H) Two-way ANOVA analysis of sex, treatment, and interaction effect for the NORT. Error bars represent the 
mean of biological replicates ± SEM (N = 10). Indicated p-values for B, C, F, and G were calculated two-tailed, unpaired, Student’s t-test. *p < 0.05; **p < 0.01; 
***p < 0.001; ****p < 0.0001.. 
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continuously recorded for three months following exposure. 

2.3. Immunohistochemical methods 

To assess GFAP+ and IBA-1+ cells in the brain twelve months after 
exposure to GWIC, mice were deeply anesthetized using an isoflurane 
vaporizer, then perfused with 4% paraformaldehyde. Brains were 
postfixed for 18 h in 4% paraformaldehyde and cryoprotected in 30% 
sucrose. A cryostat was then used to cut 30 μm thick coronal sections 
through the entire brain. The sections were collected serially in 24-well 
plates containing phosphate buffer; sections through the cerebral cortex 
at hippocampal levels were chosen and processed for immunohisto-
chemical quantification of glial fibrillary acidic protein (GFAP)-positive 
astrocytes and ionized calcium-binding adaptor molecular 1 (IBA-1)- 
positive microglia. Briefly, sections were incubated in 20% methanol 
and 3% hydrogen peroxide in phosphate buffered saline (PBS) for 
20 min, rinsed three times in PBS, then incubated for 30 min in PBS 
containing 0.1% Triton-X 100 and 10% serum (Sigma). Following this, 
sections were incubated in primary antibody (rabbit anti-GFAP antibody 
or goat anti-IBA-1 antibody, both from Abcam) for 18–48 h, then bio-
tinylated secondary antibody (biotinylated horse anti-goat IgG or bio-
tinylated goat anti-rabbit IgG from Vector Laboratories) for 60 min, then 
an avidin/biotin complex reagent (Vectastain Elite ABC HRP Kit) for 
60 min, with a triple wash in PBS between each incubation step. The 
peroxidase reaction was developed using Vector SG HRP substrate 
(Vector Laboratories), then sections were mounted on gelatin-coated 
slides, dehydrated, cleared, and coverslipped. 

2.4. Analysis of hippocampal inflammation 

Hippocampal inflammation was evaluated by analysis of astrocyte 
hypertrophy, activation of IBA-1+ cells, and hippocampal cytokine 
expression. 

2.4.1. Astrocyte hypertrophy and activated IBA-1+ cells 
Astrocyte hypertrophy was evaluated using ImageJ to calculate area 

fraction of GFAP+ structures in three regions (CA1, CA3, and dentate 
gyrus (DG)) of the hippocampus in 5–6 mice per genotype per sex, for 
DMSO- and GWIC-exposed cohorts. Four sections per mouse were 
imaged at 20× and averaged; image collection and ImageJ analysis were 
blinded to treatment group. Area fraction was calculated by dividing 
GFAP+ area by total image area. 

Activated IBA-1+ cells in three regions of the hippocampus (CA1, 
CA3, and DG) were evaluated by performing morphological analysis, as 
described in Fernández-Arjona et al. (2017). All image collection and 
morphological analysis was performed by the same individual, who was 
blinded to treatment group. First, for each brain region (CA1, CA3, and 
DG), four sections per mouse were imaged at 20X and analyzed for the 
total number of IBA-1+ cells, determined by counting IBA-1+ struc-
tures. The same four images were then analyzed for activated IBA-1+
structures, which were defined as IBA-1+ cells with swollen, ramified 
cell bodies and short, thick processes (Fernández-Arjona et al., 2017). 
Percentages of activated IBA-1+ cells were computed as the number of 
activated IBA-1+ cells divided by the total number of IBA-1+ cells. For 
each hippocampal region, average percentages of activated IBA-1+ cells 
were calculated for each mouse as the average of four brain sections, 
with 5–6 mice per experimental group. 

2.4.2. Hippocampal cytokine and chemokine analysis. 
Hippocampal cytokines were measured using Proteome Profiler 

Mouse XL Cytokine Arrays (R&D Systems, ARY028). Hippocampal 
protein extracts were generated as described in Section 2.6 below. For 
each array, 50 µg of protein from four separate mice was pooled to give a 
total of 200 µg protein per array. Arrays were processed according to the 
manufacturer’s instructions. Arrays were developed using X-ray film 
with multiple exposure times. Each cytokine in the array is represented 

by a duplicate pair of spots. Cytokine levels were determined by 
measuring the integrated pixel density of a 10-minute exposure using a 
semi-automated plugin for ImageJ (Klemm, 2020). Pixel density data 
was normalized based on the total pixel density of the array. Values 
within one standard deviation of the mean pixel density of a blank area 
of film were considered below the detection limit. Fold change was 
calculated by averaging the normalized pixel density of duplicate spots 
and comparing expression in GWIC-exposed mice to DMSO-exposed 
mice (GWIC/DMSO). If only one replicate was above the detection 
limit, only that value was used for the fold change calculation. 
Normalized density values for all cytokines are reported in Supple-
mentary Table 2. 

2.5. Analysis of plasma cytokines 

To assess cytokines in the plasma, blood was collected upon eutha-
nasia by cardiac puncture into heparinized tubes. Blood was centrifuged 
at 4 ◦C at 1000 × g for 10 min. The resulting plasma was stored at − 80 ◦C 
for future analysis. Plasma cytokines were measured using the LEG-
ENDplex Mouse Inflammation Panel (BioLegend, 740446) by following 
the manufacturer’s instructions. LEGENDplex samples were measured 
using a BD LSR Fortessa X-20 Cell Analyzer (BD Biosciences). Flow 
cytometry data were analyzed using the LEGENDplex Data Analysis 
Software Suite (BioLegend). 

2.6. Tissue processing and expression analysis 

For collection of tissues, animals were euthanized, and brains were 
quickly removed. The entire hippocampus from both hemispheres was 
micro-dissected from each brain, then snap frozen on dry ice. Cells and 
tissues were lysed in 1% NP-40 lysis buffer supplemented with protease 
inhibitor and then centrifuged at 12,000 × g, 4 ◦C to obtain cellular 
lysate. After BCA protein assay (Thermo Fisher Scientific, 23225), equal 
amounts of protein (10–20 μg) were separated on 10–20% SDS–PAGE 
gradient gels, then transferred onto PVDF membranes. After air drying 
to return to a hydrophobic state, membranes were incubated in primary 
antibodies (Supplementary Table 4) at 4 ◦C overnight in 1X PBS con-
taining 1% casein and 0.02% sodium azide. After incubating with HRP- 
conjugated secondary antibody at room temperature for 1 h, membranes 
were developed with Luminata Crescendo Western HRP Substrate 
(Millipore). Densitometry was performed in ImageJ and normalized to 
the α-Tubulin or VDAC expression level as indicated. 

2.7. In vitro bone marrow-derived macrophage experiments 

To assess a direct effect of GWIC exposure on innate immune 
signaling, we performed a series of in vitro experiments using bone 
marrow-derived macrophages (BMDMs), which, although not derived 
from the brain, provide a robust cellular platform to evaluate innate 
immune responses. BMDMs were generated from bone marrow collected 
from femurs and tibiae isolated from untreated C57BL/6 WT female and 
male mice, and differentiated using supernatant from L929 cells, which 
were obtained from ATCC and maintained in DMEM (Sigma, D5796) 
supplemented with 10% FBS (VWR, 97068–085). Briefly, legs were 
dissected from mice and muscle and tissue were removed. Bones were 
immersed in 70% EtOH then washed with PBS. Bones were crushed with 
a mortar and pestle and the marrow was collected in DMEM. The 
marrow was passed through a 70 μm mesh strainer, then blood cells 
were lysed using ACK lysis buffer. Remaining cells were passed through 
a 40 μm mesh strainer and plated on Petri dishes in DMEM containing 
10% FBS and 30% L929 culture media for a total of 7 days before plating 
for experiment. At day 4, the media was refreshed with additional 
DMEM (10% FBS and 30% L929). At day 5, permethrin (10 μM final) 
and/or pyridostigmine bromide (PB, 100 ng/mL) were added to cells in 
the GWIC treatment group as indicated, and cells were maintained with 
the same concentration of GWIC for the remainder of the experiment. 
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For all experiments, BMDMs were plated on day 7 at a density of 6 × 105 

cells/mL, unless otherwise indicated, and allowed to adhere overnight. 
To examine the direct effects of GWIC exposure on innate immune 
signaling, we then stimulated the BMDMs with either bacterial lipo-
polysaccharide using LPS-B5 Ultrapure (InvivoGen, tlrl-pb5lps) at a 
concentration of 200 ng/mL (unless otherwise indicated) or transfected 
them with interferon stimulating DNA (ISD) (InvivoGen, tlrl-isdn) into 
the cytosol using Polyethyleneimine (PEI) (Alfa Aesar, 43896). 

2.8. ELISA 

To measure cytokine production in BMDMs following innate immune 
stimulation, ELISAs were performed. Capture and detection antibodies 
were purchased from BioLegend (Supplementary Table 4). Detached 
cells and debris were removed from cell culture supernatant by centri-
fugation prior to the assay. After incubating half-well ELISA plates in 
capture antibodies at 4 ◦C overnight, plates were blocked with PBS 
containing 10% FBS at room temperature for 1 h. Cell culture super-
natants were diluted 80-240x (for IL-6) or 2-20x (for TNF-α) in blocking 
buffer. Standards and cell culture supernatant were added to the ELISA 
plates and incubated at room temperature for 2 h. Plates were incubated 
at room temperature with biotin-conjugated detection antibody (1:200) 
for 1 h, followed by Avidin-HRP (1:1000) and detection with a TMB 
Substrate Set (BioLegend, 421101). Plates were washed 4 times with 
PBS containing 0.05% Tween-20 between each step. 

2.9. Metabolic analysis 

To assess whether acute exposure of BMDMs result in metabolic 
rewiring, we performed metabolic analyses. The Seahorse XFe96 
Analyzer (Agilent) was used to measure mitochondrial respiration and 
glycolysis simultaneously following a modified protocol. Briefly, 
BMDMs were isolated and treated with GWIC as described above. At day 
7, BMDMs were plated at a density of 6x104 cells/well in 80 µL of culture 
medium in an Agilent Seahorse XF96 Cell Culture Microplate. After 3 h, 
an additional 80 μL of medium was added containing permethrin (10 μM 
final) and/or pyridostigmine bromide (100 ng/mL final) as indicated. 
After incubating overnight, an additional 40 μL culture medium con-
taining LPS (200 ng/μL final) was added as indicated. Following a 6- 
hour incubation, cells were washed with PBS and media was replaced 
with XF assay medium (Base Medium Minimal DMEM lacking glucose, 
glutamine, and bicarbonate, supplemented with 2 mM Ala-Gln, pH 7.4) 
prior to analysis. Oxygen consumption rate (OCR) and extracellular 
acidification rate (ECAR) were measured after sequential addition of 
glucose 25 mM; oligomycin (1.5 μM); FCCP (1.5 µM) + sodium pyruvate 
(1 mM); and antimycin A (833 nM) + rotenone (833 nM). Beginning the 
run with glucose omitted from the medium allows both respiratory and 
glycolytic parameters to be determined in the same run. Respiratory and 
glycolytic parameters were calculated using the equations outlined in 
the Seahorse XF Mito Stress Test and Glycolysis Stress Test manuals. 

2.10. Statistical analyses 

Outliers were removed using the ROUT algorithm in GraphPad prism 
with q set to 1%. All p-values were calculated using two-tailed, un-
paired, Student’s t-test; one-way ANOVA; or two-way ANOVA as indi-
cated in figure legends using GraphPad Prism or Excel. Post hoc analyses 
were done with Tukey’s multiple comparison or the linear two-stage 
step-up method in GraphPad Prism as indicated in the figure legends. 

3. Results 

3.1. GWIC-exposed mice show sex differences in cognitive impairment 

To establish GWIC-dependent cognitive impairment in our model, 
we subjected DMSO- and GWIC-treated female and male C57BL/6 wild- 

type (WT) mice to an object location test (OLT), which assesses the 
hippocampal-dependent ability to perceive changes in the environment, 
and to a novel object recognition test (NORT), which depends primarily 
upon the integrity of the perirhinal cortex region of the cerebral cortex 
and partially the hippocampus (Hattiangady, 2014). These tests have 
been used in rat models of GWI to show cognitive changes in male an-
imals with demonstrated hippocampal inflammation (Hattiangady, 
2014; Kodali, 2018; Madhu, 2019; Shetty, 2020), and we sought to 
expand this analysis to a mouse model of GWI, with the inclusion of 
female animals. 

Notably, female, but not male, GWIC-exposed mice were impaired in 
the OLT. By measuring time spent with an object in a familiar location 
and an object in a novel location (Fig. 1A), we were able to calculate a 
discrimination index (DI, the difference between time spent with the 
object in the familiar location and time with the object in the novel 
location divided by the total time spent with both; total object explo-
ration time had to be >10 s for data to be used, and as shown in Sup-
plementary Table 1, averaged between 30 and 100 s for WT mice). 
DMSO-exposed female mice spent significantly more time (t = 13.34, 
df = 18, p < 0.0001) with the object in the novel location. This resulted 
in a mean DI of 0.5650 (Fig. 1B), indicating an ability to perceive object 
location changes. In contrast, GWIC-exposed female mice spent equiv-
alent time with both objects (t = 0.02096, df = 18, p = 0.9834), 
resulting in a mean DI of − 0.002459, significantly lower (t = 3.213, 
df = 18, p < 0.01) than the mean DI of the control cohort (Fig. 1B). 
GWIC-exposed male mice were unimpaired, with both DMSO- and 
GWIC-exposed male cohorts spending significantly increased time 
(DMSO, t = 3.820, df = 18, p < 0.01; GWIC, t = 7.764, df = 18, 
p < 0.0001) with the object in the novel location and showing mean DI 
values (DMSO, 0.2465; GWIC, 0.4088) that were not significantly 
different (t = 1.378, df = 18, p = 0.1852) (Fig. 1C). Two-way ANOVA 
analysis of these data indicate a significant interaction effect of sex and 
treatment on mean DI [F(1,36) = 11.82, p < 0.01] (Fig. 1D), supporting 
observed female sex-dependence on OLT impairment following GWIC 
exposure. Fig. 1B and 1C depict OLT data from 5-month post-exposure; 
similar observations were seen at 12 months post-exposure (data not 
shown). 

While only GWIC-exposed female mice were impaired in the OLT, 
which reflects location memory, GWIC-exposed female and male mice 
both showed impairment on the NORT, a measure of novel object 
recognition (Fig. 1E). GWIC-exposed female mice did not spend signif-
icantly more time (t = 1.324, df = 18, p = 0.2022) with the novel object, 
resulting in a mean DI (-0.04982) significantly lower (t = 4.673, df = 18, 
p < 0.001) than the mean DI of the control cohort (Fig. 1F). Likewise, 
GWIC-exposed male mice spent significantly less time (t = 5.155, 
df = 18, p < 0.0001) with the novel object, resulting in a mean DI of 
− 0.2294 that was significantly lower (t = 3.297, df = 18, p < 0.01) than 
the mean DI of the control male cohort (Fig. 1G). Two-way ANOVA 
analysis of these data do not demonstrate a significant interaction effect 
of sex and treatment in mean DI [F(1,36) = 0.1411, p = 0.7094], but 
rather show significant effect of treatment due to the impairment 
observed in both females and males in this test [F(1.36) = 27.57, 
p < 0.0001)] (Fig. 1H). Fig. 1F and 1G depict NORT data from 5-months 
post-exposure, with similar observations seen at 12-months post- 
exposure (data not shown). These analyses demonstrate that both 
GWIC-exposed female and male mice were impaired in the NORT. 

To rule out the possibility of GWIC-dependent motor deficits that 
would confound these findings, we collected control data for total dis-
tance moved and velocity of movement in the testing phase of the OLT 
and NORT. Mean distance and velocity did not significantly differ be-
tween DMSO- and GWIC-exposed female or male mice at either time 
post-exposure (5-months post-exposure shown in the blue-shaded 
portion of Supplementary Table 1; 12-month post-exposure data were 
similar and are not shown), indicating that GWIC exposure does not 
result in motor deficits. In addition, DMSO- and GWIC-exposed female 
and male mice were weighed at both 14 days and 3 months post- 
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exposure in order to evaluate GWIC-dependent impacts on baseline 
health and activity. Mean percent weight change did not significantly 
differ between DMSO- and GWIC-exposed female or male mice at 
14 days post exposure (females, t = 0.5504, df = 18, p = 0.5888; males, 
t = 0.0.2167, df = 18, p = 0.9829) or 3 months post exposure (females, 
p = 0.6728, t = 0.4293, df = 18; males, p = 0.9934, t = 0.008397, 
df = 18) (Supplementary Fig. 1B). Finally, wheel running studies were 
performed to check for possible GWIC-induced impairment in physical 
activity. DMSO- and GWIC-exposed mice did not display differences in 
rotations per hour measured on Day 85 post-exposure (Supplementary 
Fig. 1C), nor did they display differences in the sum of average revolu-
tions per day over the course of three months following exposure 
(t = 0.7046, df = 17, p = 0.4906) (Supplementary Fig. 1D). These 
studies therefore indicate that the finding of sex differences in GWIC- 
dependent cognitive impairment were not confounded by motor defi-
cits resulting from GWIC treatment. 

3.2. GWIC-exposed female mice exhibit more pronounced astrocyte 
hypertrophy and activated microglia in the hippocampus compared to 
GWIC-exposed male mice 

To begin to assess neuroinflammation after GWIC exposure, perfused 
brains from female and male mice were fixed, sectioned, and processed 
for immunohistochemical quantification of glial fibrillary acidic protein 
(GFAP)-positive astrocytes and ionized calcium-binding adaptor mo-
lecular 1 (IBA-1)-positive microglia. Analysis of astrocytes in the dentate 
gyrus (DG), CA1, and CA3 regions of the hippocampus (Fig. 2A, B, and C, 
respectively) revealed that GWIC-exposed female mice displayed 
significantly increased GFAP+ structures in all three hippocampal re-
gions as compared to female DMSO-exposed mice (DG, t = 5.152, 
df = 10, p < 0.001; CA1, t = 4.798, df = 9, p < 0.001; CA3, t = 6.992, 
df = 9, p < 0.0001). GWIC-exposed male mice showed significantly 
increased GFAP+ structures in the DG region and CA3 region (Fig. 2D 
and 2F), but not the CA1 region (Fig. 2E) (DG, t = 3.446, df = 10, 
p < 0.01; CA1, t = 1.154, df = 10, p = 2755; CA3, t = 2.937, df = 10, 
p < 0.05). This observation, which indicates more widespread hippo-
campal astrocyte hypertrophy in GWIC-exposed female mice as 
compared to GWIC-exposed male mice, is consistent with our finding of 
sex differences in GWIC-dependent cognitive impairment. 

Using this murine GWIC-exposure model, Zakirova and colleagues 
have likewise observed significant increases of astrocyte hypertrophy in 
the dentate gyrus of the hippocampus, as measured by GFAP quantifi-
cation. Notably, this study, which exclusively used male mice, did not 
observe a significant increase in activated IBA-1+ cells following GWIC- 
exposure (Zakirova et al., 2015). In contrast, when we performed blin-
ded morphological scoring of IBA-1+ cells within the hippocampi of 
experimental animals, we observed that GWIC-exposed female mice 
exhibited a significant increase of IBA-1+ cells with an activated 
morphology in the DG (Fig. 4C), defined as cells with swollen, ramified 
cell bodies and short, thick processes (Fernández-Arjona et al., 2017). 
Significant increases were not observed in the CA1 or CA3 hippocampal 
regions of GWIC-exposed female (Fig. 4C), and GWIC-exposed male 
mice displayed a significant reduction in IBA-1+ cells with an activated 
morphology within the DG and CA1 regions (Supplementary Fig. 6D), 
consistent with decreases in percent fraction of IBA-1+ cells observed by 
Zakirova et al. (2015). This suggests microglial cell activation within the 
DG of female, but not male, GWIC-exposed mice as compared to DMSO 
controls. 

3.3. GWIC-exposed mice show sex differences in cytokine expression 

Expanding on our immunohistochemical quantification of GFAP+
and IBA-1+ hippocampal cells, we examined markers of inflammation in 
the hippocampi of GWIC-exposed mice. Twelve months post-exposure to 
DMSO or GWIC, mice were euthanized, and hippocampi were micro-
dissected from both hemispheres of the brain. Using Mouse XL cytokine 

arrays, which provide a semi-quantitative measure of cytokine protein 
expression, we screened an array of over 100 cytokines and chemokines 
from hippocampal tissue lysates (Supplementary Table 2). In the 
hippocampi of GWIC-exposed female mice, we found a profile of cyto-
kine expression that is consistent with neuroinflammation. Several cy-
tokines associated with neuroinflammation were elevated in GWIC- 
exposed female mice, including pentraxin 3, PCSK9, MMP-2, endo-
statin, and C-Reactive Protein (CRP) (Supplementary Fig. 2A and B). We 
further observed a decrease in the immune suppressive cytokines IL-10 
and IL-11 as well as the chemokine CCL21. 

The overall trend in proinflammatory cytokines differed in GWIC- 
exposed male mice, which appeared to lack the increases in pentraxin 
3, PCSK9, MMP-2, and endostatin observed in GWIC-exposed female 
mice. However, GWIC-exposed male mice displayed a modest increase 
in CRP and a decrease in CCL21 similar to female cohorts (Supple-
mentary Fig. 2B), as well as an increase in the proinflammatory cytokine 
IL-1β, and a decrease in the anti-inflammatory cytokine IL-13 (Supple-
mentary Fig. 2C and D). The anti-inflammatory cytokine IL-4 was 
increased, as was hepatocyte growth factor (HGF), (Supplementary 
Fig. 2C and D). We also observed a nearly 4-fold decrease in erythrocyte 
growth factor (EGF). 

In addition to profiling cytokine expression in the hippocampus, we 
also examined cytokine expression in plasma collected from DMSO or 
GWIC-exposed mice at 12 months post-exposure. Interestingly, we found 
that several proinflammatory cytokines were elevated in the plasma of 
male, but not female, mice. Of the eight cytokines analyzed, none were 
significantly altered in GWIC-exposed female mice (Fig. 2G). However, 
in GWIC-exposed male mice, the proinflammatory cytokines IL-23, GM- 
CSF, MCP-1, and TNF-α were significantly increased, with a trend to-
wards elevation observed in IL-1β (Fig. 2G). 

3.4. Exposure of macrophages to GWIC results in increased production of 
inflammatory cytokines, enhanced expression of interferon-stimulated 
genes, and metabolic alterations 

Although it is appreciated that GWIC exposure causes persistent 
neuroinflammation, consistent with our in vivo findings, a direct effect of 
GWIC exposure on innate immune signaling has not been documented. 
To characterize the immediate impact of GWIC on cell-intrinsic innate 
immune responses, we performed a series of acute, in vitro experiments 
using bone marrow-derived macrophages (BMDMs). While not derived 
from the brain, BMDMs provide a robust cellular platform to evaluate 
innate immune responses (Kelly and O’Neill, 2015). BMDMs were first 
pre-treated for 3 days with permethrin (Per) alone, pyridostigmine 
bromide (PB) alone, or, as in the in vivo experiments, both GWIC (Per- 
PB). To examine how GWIC exposure modulates innate immune 
signaling pathways, we then stimulated the BMDMs with bacterial 
lipopolysaccharide (LPS), an agonist of the innate immune sensor Toll- 
like receptor 4 (TLR4), or transfected them with interferon stimulatory 
DNA (ISD), which signals through the cGAS-STING pathway (Roers 
et al., 2016; Chen et al., 2016; Barber, 2015). 

ELISA analysis of LPS-treated BMDMs revealed that GWIC exposure 
synergized with LPS stimulation and resulted in increased proin-
flammatory cytokine production. Analysis by one-way ANOVA showed 
that GWIC treatment significantly enhanced IL-6 production after 6 h (F 
(3, 36) = 6.835, p < 0.001) and 24 h (F(3, 36) = 3.772, p < 0.05) 
(Fig. 3A) and TNF-α production (F(3, 36) = 5.098, p < 0.01) (Fig. 3B) 
after 24 h of LPS exposure. Post hoc pairwise comparisons showed that 
Per or Per-PB treatment led to increased production of IL-6 after 6 h and 
both IL-6 and TNF-α after 24 h of LPS treatment (Fig. 3A and B). Inter-
estingly, though PB alone had no effect on IL-6 and TNF-α production, it 
appeared to act synergistically with Per and enhanced IL-6 and TNF-α 
production over Per treatment alone, though the difference between Per 
and Per-PB treatment groups did not reach statistical significance. 

Prior work has shown that systemic LPS-induced TLR4 activation 
contributes to GWIC-related neuroinflammation (Alhasson et al., 2017; 
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Fig. 2. GWIC exposure results in increased hippocampal astrocyte hypertrophy and increased plasma inflammatory cytokines. We measured percent fraction of glial- 
fibrillary acidic protein-expressing (GFAP+) cells within the hippocampi of DMSO- and GWIC-exposed female (panels A-C) and male (panels D-F) mice. Three regions 
of the hippocampus were analyzed: the dentate gyrus (DG) (panels A and D), CA1 (panels B and E), and CA3 (panels C and F). Images show representative dis-
tribution and morphology of GFAP+ astrocytes in these three regions in female and male DMSO- and GWIC-exposed mice (scale bar = 100 µM). Insets show 
magnified views (scale bar = 50 µM); adjacent bar graphs show quantification of percent fraction GFAP+ cells for each cohort, with percent fraction GFAP+ cells 
calculated as GFAP+ area divided by total image area. Error bars represent the mean of biological replicates ± SEM (N = 5–6). Indicated p-values for A-F were 
calculated using two-tailed, unpaired, Student’s t-test. *p < 0.05; **p < 0.01. (G) Peripheral cytokines measured in plasma collected from DMSO- and GWIC-exposed 
female and male mice at 12 months post-exposure. Bars represent the mean concentration of biological replicates ± SEM (N = 10 per group). Indicated p-values were 
calculated using a two-tailed, unpaired, Student’s t-test. *p < 0.05. 
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Bose et al., 2020), and results from our experiments in which GWIC- 
exposed BMDMs were treated with LPS are consistent with these find-
ings. Similar experiments in which GWIC-exposed BMDMs were trans-
fected with ISD revealed synergy between GWIC-exposure and the 
cGAS-STING pathway, as GWIC exposure resulted in significantly 
increased protein expression of the interferon-stimulated genes (ISGs) 
STAT1 (F(3,8) = 6.112, p < 0.05) and Viperin (F(3,8) = 5.969, 
p < 0.0.05) (Fig. 3C and D). This indicates that signaling downstream of 
TLR4 and cGAS-STING is enhanced by GWIC treatment and suggests that 
innate immune system activation may contribute to GWI. 

In addition to assessing innate immune responses following acute 
GWIC exposure, we used this BMDM treatment model to evaluate GWIC- 
dependent changes in metabolic pathways that affect macrophage 
activation. BMDMs were again pre-treated with GWIC followed by 
stimulation with LPS for 6 h, then subjected to analysis of mitochondrial 
respiration and glycolysis using a Seahorse XF96 Analyzer. GWIC- 
exposed BMDMs exhibited significantly increased basal mitochondrial 
oxygen consumption (OCR) (F(3,16) = 13.12, p < 0.001) and maximal 
respiration (F(3,16) = 9.961, p < 0.01) along with a significant increase 
in proton leak (F(3,16) = 9.951, p < 0.01) (Supplementary Fig. 3A). LPS 

treatment completely ablated spare respiratory capacity in all treatment 
groups. Additional studies analyzing a surrogate marker of glycolysis, 
the extracellular acidification rate (ECAR), revealed that while glycol-
ysis was largely unchanged following GWIC-exposure alone (not 
shown), treatment with GWIC plus LPS resulted in cells becoming more 
glycolytic (Supplementary Fig. 3B), with significant increases to 
glycolysis (F(3,16) = 4.849, p < 0.05), glycolytic capacity (F 
(3,16) = 25.28, p < 0.0001), and glycolytic reserve (F(3,16) = 28.79, 
p < 0.0001), consistent with the immunometabolic changes typically 
seen in inflammatory M1 macrophages (Freemerman, 2014). 

Having found evidence of metabolic rewiring after acute exposure to 
GWIC, we next investigated whether these changes could persist long 
after the initial GWIC exposure. Following completion of behavioral 
tests at 12 months, brains were microdissected to isolate the hippo-
campus, and protein extracts were generated and subjected to Western 
blotting and densitometry quantification. Examination of several mito-
chondrial proteins revealed widespread rewiring of mitochondrial pro-
tein expression in the hippocampi of GWIC-exposed mice, particularly 
enzymes involved in oxidative phosphorylation complexes I-V (OXPHOS 
CI-CV). Interestingly, the expression of several OXPHOS proteins was 

Fig. 3. Acute GWIC exposure potentiates inflammatory responses in BMDMs. ELISA of IL-6 (A) and TNF-α (B) produced by BMDMs treated for 3 days with GWICs as 
indicated, then treated with 200 ng/mL LPS for 6 or 24 h. Bars represent the mean fold change ± SEM of N = 10 independent experiments in which the cytokine 
concentration of the LPS-exposed, GWIC-untreated control for each experiment was set to 1. (C) Western blot analysis of ISG expression in BMDMs treated for 3 days 
with GWICs, then treated with immunostimulatory DNA (ISD) for 24 h. (D) Densitometry of protein expression in (C). Densitometry for each protein was performed 
in ImageJ and normalized to the α-Tubulin expression level. Bars represent the mean ± SEM for N = 3 biological replicates. Significance values for post hoc pairwise 
comparisons after one-way ANOVA were calculated using the two-stage step-up method to yield q values that have been corrected for the false discovery rate. * 
q < 0.05; ** q < 0.01; *** q < 0.001. 
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significantly increased (NDUFB8 and MT-COI) or decreased (SDHB and 
ATP5A) in the hippocampi of GWIC-exposed female mice (Supplemen-
tary Fig. 3C) but was largely unchanged in the hippocampi of GWIC- 
exposed male mice, with the exception of a significant decrease in 
MT-COI (Supplementary Fig. 3D). Overall, our results reveal that GWIC 
potentiate inflammatory responses to innate immune stimulation and 
induce immunometabolic rewiring of OXPHOS and glycolysis in vitro. 
Moreover, we observed in vivo changes in mitochondrial and metabolic 
protein expression persisting many months after GWIC exposure, with 
the most profound alterations occurring in the brains of female mice. 

3.5. Ablation of STING or NLRP3 signaling improves cognitive deficits 
and neuroinflammation following GWIC exposure 

Our in vitro BMDM experiments revealed synergy between cGAS- 
STING signaling and GWIC exposure (Fig. 3C and 3D). We also 
observed a trend towards elevated IL-1β in the plasma of GWIC-exposed 
male mice (Fig. 2G), as well as a significant increase in caspase 1 
following transfection of GWIC-exposed BMDMs with ISD (Fig. 3D), 
suggesting that GWIC may engage the NLRP3 inflammasome pathway as 
well. Both STING and NLRP3 are key innate immune pathways trig-
gering inflammation downstream of mitochondrial dysfunction. To 
interrogate more directly the contribution of STING and NLRP3 
signaling to neurobehavioral changes and neuroinflammation following 
GWIC exposure, cohorts of STINGgt/gt and NLRP3− /− mice on a C57BL/6 

Fig. 4. Loss of STING or NLRP3 attenuates GWIC-related inflammation and cognitive impairment. (A) Comparison of percent fraction of GFAP+ cells within the 
dentate gyrus (DG), CA1, and CA3 of WT DMSO- or GWIC-exposed female mice and STINGgt/gt and NLRP3− /− GWIC-exposed female mice. Error bars represent the 
mean of biological replicates ± SEM (N = 6). (B) Images show representative distribution and morphology of GFAP+ astrocytes in these three regions in WT, 
STINGgt/gt, and NLRP3− /− GWIC-exposed female mice (scale bar = 100 µM). Insets show magnified views (scale bar = 50 µM). (C) Quantification of the percentage 
IBA-1+ cells with an activated morphology in three hippocampal regions (CA1, CA3, and DG) in WT DMSO- and GWIC-exposed and NLRP3− /− and STINGgt/gt GWIC- 
exposed female mice. Sections were scored blindly for total number of IBA-1+ cells and number of IBA-1+ cells with activated morphology, defined as cells with 
swollen, ramified cell bodies and short, thick processes (Fernández-Arjona et al., 2017); these values were then used to calculate percent fraction of IBA-1+ cells with 
activated morphology (number of IBA-1+ cells with activated morphology divided by total number of IBA-1+ cells). (D) Discrimination index of total exploration 
time spent between the familiar and novel object in the OLT and NORT for STINGgt/gt and NLRP3− /− DMSO- and GWIC-exposed female mice. Error bars represent the 
mean of biological replicates ± SEM (N = 10 for WT DMSO- and GWIC-exposed mice, N = 6 for STINGgt/gt DMSO-exposed mice and N = 8–10 for STINGgt/gt GWIC- 
exposed mice, and N = 6 for NLRP3− /− DMSO-exposed mice and N = 10 for NLRP3− /− GWIC-exposed mice). (A, C, D) Indicated p-values were calculated two-tailed, 
unpaired, Student’s t-test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 

J.D. Bryant et al.                                                                                                                                                                                                                                



Brain Behavior and Immunity xxx (xxxx) xxx

10

background were exposed to DMSO or GWIC identically to wild-type 
C57BL/6 (WT) mice (Supplementary Fig. 1A). 

We found that ablation of STING or NLRP3 resulted in changes to the 
inflammatory profile of GWIC-exposed female mice. As compared to WT 
cohorts, we observed a trend towards a decrease in pentraxin 3 induc-
tion in the hippocampi of STINGgt/gt GWIC-exposed female mice, and, 
unexpectedly, a trending increase in PCSK9 and MMP-2 (Supplementary 
Fig. 2A and B). In the hippocampi of NLRP3− /− GWIC-exposed female 
mice, we observed trends toward decreased pentraxin 3, PCSK9, and 
MMP-2 as compared to WT cohorts (Supplementary Fig. 2C and D). In 
both STINGgt/gt and NLRP3− /− female mice, we observed a trending 
increase in hippocampal expression of the anti-inflammatory cytokine 
IL-10 (Supplementary Fig. 2A and B). As with the WT mice, none of the 
eight plasma cytokines in STINGgt/gt and NLRP3− /− GWIC-exposed fe-
male mice were significantly elevated above DMSO-exposed cohorts 
(Supplementary Fig. 4A, Supplementary Fig. 5A). 

In male mice, STING ablation resulted in a moderate reduction in 
HGF expression, although IL-1β remained elevated (Supplementary 
Fig. 2C and D). As expected, IL-1β was undetectable in NLRP3− /− mice, 
and the expression of HGF and IL-4 was indistinguishable between 
DMSO- and GWIC-exposed mice. Interestingly, we observed a trending 
increase in expression of EGF in NLRP3− /− GWIC-exposed mice (Sup-
plementary Fig. 2C and D). Analysis of plasma cytokines showed that the 
cytokines significantly increased in WT GWIC-exposed male mice (IL-10, 
IL-23, GM-CSF, MCP-1, and TNF-α) or trending upwards (IL-1β) were no 
longer significantly elevated in STINGgt/gt and NLRP3− /− GWIC-exposed 
male mice (Supplementary Fig. 4B, Supplementary Fig. 5B). 

The percent fraction of GFAP+ cells in the DG and CA1 hippocampal 
regions of brains from STINGgt/gt and NLRP3− /− GWIC-exposed female 
mice was significantly lower (DG STINGgt/gt: t = 5.221, df = 9, 
p < 0.001; DG NLRP3− /− : t = 4.735, df = 9, p < 0.01; CA1 STINGgt/gt: 
t = 2.623, df = 10, p < 0.05; CA1 NLRP3− /− : t = 2.568, df = 9, p < 0.05; 
CA3 STINGgt/gt: t = 1.614, df = 10, p = 0.1377; CA3 NLRP3− /− : 
t = 1.104, df = 10, p = 0.2956) than those observed in WT GWIC- 
exposed female mice (Fig. 4A and 4B), even though expression of 
GFAP in the hippocampi of DMSO-treated WT, STINGgt/gt, and NLRP3− / 

− was comparable (Supplementary Fig. 6C). This suggests that this is due 
to lessened GWIC-induced astrocyte hypertrophy in the absence of 
STING or NLRP3. Analysis of hippocampi from STINGgt/gt and NLRP3− / 

− GWIC-exposed male mice yielded similar observations (Supplemen-
tary Fig. 6A and B). In addition, the increase in IBA-1+ cells with acti-
vated morphology observed in the DG region of hippocampi from WT 
GWIC-exposed female mice is ablated in STINGgt/gt and NLRP3− /−

GWIC-exposed female mice (Fig. 4C), suggesting that these signaling 
pathways may contribute to the increase in activated IBA-1+ cells in the 
DG that we observed in our model. 

As STINGgt/gt and NLRP3− /− GWIC-exposed mice displayed changes 
in cytokine expression and reduced neuroinflammation, we expected to 
observe decreased GWIC-dependent cognitive impairment in these mice. 
Indeed, STINGgt/gt GWIC-exposed female mice were unimpaired in the 
OLT and NORT, in contrast to WT female cohorts, with discrimination 
indices for DMSO- and GWIC-exposed mice failing to differ significantly 
for either test (OLT: t = 1.405, df = 12, p = 0.1855; NORT: t = 1.024, 
df = 14, p = 0.3234) (Fig. 4D, Supplementary Table 3). In contrast, 
NLRP3− /− GWIC-exposed female mice were unimpaired in the NORT 
(t = 0.4192, df = 14, p = 0.6815), but still impaired in the OLT 
(t = 4.169, df = 14, p < 0.001) (Fig. 4D, Supplementary Table 3). As 
with WT GWIC-exposed male mice, STINGgt/gt GWIC-exposed male mice 
were unimpaired in the OLT (t = 0.6143, df = 8, p = 0.5561), although a 
decreased N due to low object exploration time by several mice makes 
conclusions difficult. Likewise, NORT studies using STINGgt/gt male 
mice were inconclusive, as both DMSO- and GWIC-exposed mice failed 
to spend significantly more time with the novel object in these tests. 
Studies with NLRP3− /− mice showed that NLRP3− /− GWIC-exposed 
male mice were unimpaired in the OLT like WT cohorts (t = 0.2316, 
df = 12, p = 0.8208) and that NLRP3 ablation rescued GWIC-exposed 

male mice from impairment in the NORT (t = 2.069, df = 14, 
p = 0.0575) (Supplementary Table 3). Control data for all behavioral 
tests using STINGgt/gt and NLRP3− /− mice are in Supplementary Table 1. 

4. Discussion 

Using an established murine model of GWI (Ojo, 2014; Zakirova, 
2015; Zakirova et al., 2015), we show that GWIC exposure results in sex 
differences in cognitive impairment, hippocampal astrocyte hypertro-
phy and activation of IBA-1+ cells, alterations in the levels of hippo-
campal and plasma cytokines, and changes in the expression of 
mitochondrial proteins. Assessment of cognitive impairment revealed 
that GWIC-exposed female mice display impaired object location 
memory and novel object recognition (Fig. 1B and F), while GWIC- 
exposed male mice show impairment in novel object recognition only 
(Fig. 1C and G). These results reveal a significant effect of sex on GWIC- 
dependent cognitive impairment (Fig. 1D and H) and indicate that fe-
males may display more pronounced impairment. A previous study 
examining both female and male C57BL/6 mice demonstrated increased 
GWIC-dependent anxiety in female mice, as measured by the open field 
test (OFT) (Abdullah, 2012). However, the majority of GWI rodent 
model studies have focused on male mice only, using tests including the 
Barnes maze (Abdullah et al., 2016; Zakirova, 2015; Zakirova et al., 
2015; Joshi, 2018), forced swim test (Joshi, 2018; Joshi et al., 2020), 
and OFT (Zakirova, 2015; Abdullah, 2012; Abdullah, 2011) to reveal 
cognitive impairment and depression- and anxiety-related behavior. We 
tested both GWIC-exposed female and male mice using the OLT and 
NORT, which have been used in GWI rat models to show impairment in 
male animals with demonstrated hippocampal inflammation (Hattian-
gady, 2014; Kodali, 2018; Madhu, 2019; Shetty, 2020). This study is 
therefore the first time GWIC-exposed female mice have been shown to 
have cognitive impairment using the OLT and NORT. 

In addition to cognitive impairment, we observed astrocyte hyper-
trophy within all three examined regions (DG, CA1, and CA3) of the 
hippocampi of GWIC-exposed female mice (Fig. 2A–C), as compared to 
only two regions (DG and CA3, but not CA1) in male mice (Fig. 2D–F). 
Comparison of DMSO-exposed female and male mice revealed that 
control males appear to have heightened astrocyte hypertrophy as 
compared to control females, which may explain the diminished GWIC- 
dependent increase. We also observed an increase in IBA-1+ cells with 
an activated morphology in the DG of GWIC-exposed female mice, 
suggesting microgliosis (Fig. 4C). This contrasts with the decrease seen 
in GWIC-exposed male mice (Supplementary Fig. 6D), an observation 
consistent with a previous study using males only (Zakirova, 2015). 
Overall, this observation of more pronounced hippocampal astrocyte 
hypertrophy and activation of IBA-1+ cells observed in GWIC-exposed 
female mice emphasizes the value of considering both female and 
male mice for future GWI study. 

Sex differences were also observed upon analysis of plasma cyto-
kines. While none of the eight cytokines we examined were increased in 
the plasma of GWIC-exposed female mice, we observed significantly 
elevated proinflammatory cytokines IL-23, GM-CSF, MCP-1, and TNF-α, 
as well as a trend toward elevated IL-1β in the plasma of GWIC-exposed 
male mice (Fig. 2G). This indicates an intriguing sex-dependent differ-
ence in systemic responses to GWIC-exposure: female mice show more 
pronounced hippocampal astrocyte hypertrophy, activation of IBA-1+
cells, and cognitive impairment, while male mice show increased 
proinflammatory cytokines in the periphery, associated with mitigated 
astrocyte hypertrophy and cognitive impairment. 

Analysis of cytokines in the hippocampi of GWIC-exposed female and 
male mice identified interesting inflammatory profiles after GWIC 
exposure. Analysis of GWIC-exposed female mice revealed a largely 
proinflammatory cytokine profile, with increases in cytokines associated 
with inflammation and neuronal cell death including CRP, pentraxin 3, 
PCSK9, MMP-2, and endostatin. (Supplementary Fig. 2A and B). CRP is 
commonly measured in the blood as an indicator of systemic 
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inflammation (Di Napoli, 2011), and CRP expression positively corre-
lates with GWI severity in veterans (Butterick et al., 2019; James et al., 
2019). Although CRP is predominantly produced in the liver (Di Napoli, 
2011), it is also produced by central nervous system (CNS)-resident cells 
such as neurons, astrocytes, and microglia (Yasojima et al., 2000; Wight, 
2012; Juma, 2011), and increases in the CNS in response to neuro-
inflammation (Malla et al., 2013). Pentraxin 3 and endostatin are 
secreted by astrocytes and have been identified as biomarkers of brain 
injury severity (Shindo et al., 2016; Jeon et al., 2010; Ryu et al., 2012; 
Malik et al., 2020; Chen et al., 2013; Zhang et al., 2020). PCSK9 is a 
driver of neuronal inflammation and mediates neuronal cell death by 
apoptosis (Bingham, 2006; Apaijai, 2019). MMP-2 is often elevated after 
injury to the brain, such as after ischemia (Planas et al., 2001), and can 
reduce the integrity of the blood brain barrier (Yin, 2019; Goasdoue 
et al., 2019; Ni et al., 2018). In addition, we observed a decrease in the 
expression of the cytokines IL-10 and IL-11, both of which have immune 
suppressive roles in the brain (Zhang et al., 2020; Zhang, 2019). Finally, 
consistent with our findings that GWIC-exposed female mice show 
impaired hippocampal function as measured by the OLT, we observed a 
decrease in CCL21, which contributes to neurogenesis and memory 
formation in mice (Turbic et al., 2011). GWIC-exposed male mice dis-
played a different pattern. Hippocampal analysis demonstrated an in-
crease in CRP and the inflammatory cytokine IL-1β, as well as decreases 
in anti-inflammatory IL-13 and neurogenerative cytokine CCL21. 
However, male mice also displayed increases in anti-inflammatory IL-4 
and neuroprotective HGF (Benkhoucha, 2010; Kato, 2012; Niimura, 
2006), in addition to a decrease in EGF, which modulates the differen-
tiation of neuronal precursors and regulates post-mitotic neurons 
(Cameron et al., 1998; Wong and Guillaud, 2004; Yamada et al., 1997) 
(Supplementary Fig. 2C and D). 

An important caveat of these analyses is that the cytokine/chemo-
kine blot arrays used to generate these data required significant amounts 
of protein. We therefore pooled hippocampal lysates from four mice per 
genotype and condition. This approach that does not allow statistical 
analysis of the fold change values depicted in Supplementary Fig. 2B and 
D, thus precluding comparison between experimental cohorts. To draw 
more definitive conclusions on sex-dependent changes in hippocampal 
cytokine expression due to GWIC exposure, future studies including 
more animals and more quantitative techniques are required. However, 
overall trends observed in these data indicate that GWIC-dependent 
changes in cytokine expression vary in female and male hippocampi, 
supported by statistical analysis of plasma cytokines in GWIC-exposed 
female and male mice. 

Our findings strongly emphasize the need to consider sex differences 
in studies of GWI. While women represented a relatively small per-
centage (7%) of the active duty population during PGW-1 (Patten and 
Parker, 2011), chronic GWI conditions differ in female and male PGW-1 
veterans (Zundel et al., 2019), with some studies showing female vet-
erans of PGW-1 as more likely to meet the clinical criteria of GWI and to 
display heightened, longer-lasting GWI symptoms than male veterans 
(Pierce, 2005; Coughlin, 2017). These sex differences could be caused by 
multiple factors, including the impact of sex hormones on pathophysi-
ology and disease manifestation (Mauvais-Jarvis et al., 2020), and sex 
differences in immune responses (Klein and Flanagan, 2016). However, 
these factors and their contribution to disease are unclear for GWI, 
establishing a critical need to better understand sex differences in GWI 
pathology. Our observations of GWIC-exposed female and male mice 
make a strong argument for the inclusion of both sexes in future pre- 
clinical GWI studies involving rodents, as further study is needed to 
parse sex differences in responses to GWIC. 

In addition to inclusion of female and male mice in in vivo GWI 
studies to explore sex differences, we also sought to characterize the 
immediate impact of GWIC on cells through in vitro studies. LPS treat-
ment of BMDMs revealed that GWIC exposure synergizes with LPS to 
enhance IL-6 and TNF-α production (Fig. 3A and B), supporting previous 
findings that alterations to the microbiome due to GWIC exposure 

engages TLR4 to drive inflammation and GWI pathology (Seth et al., 
2019; Alhasson et al., 2017; Bose et al., 2020). In addition, GWIC- 
exposed BMDMs transfected with ISD, which signals through the 
cGAS-STING pathway, showed heightened production of the interferon- 
stimulated genes STAT1 and Viperin, as well as an increase in caspase 1, 
a key component of the NLRP3 inflammasome (Fig. 3C and 3D). As both 
the cGAS-STING and NLRP3 signaling pathways are downstream of 
mitochondrial dysfunction and are key signaling pathways in the 
response to mtDAMPs, these findings raise that possibility that GWIC- 
dependent mitochondrial dysfunction and mtDAMP production con-
tributes to inflammation during GWI. 

Mitochondrial dysfunction (Koslik et al., 2014) and mtDNA lesions 
(Chen et al., 2017) have been documented in veterans with GWI, and 
animal studies analyzing expression of nuclear and mitochondrially 
encoded OXPHOS proteins from whole brain extracts have demon-
strated widespread expression changes in mice (Zakirova et al., 2017) 
and rats (Shetty et al., 2017). We observed sex differences in expression 
of OXPHOS proteins in hippocampi from GWIC-exposed mice, with fe-
males showing significant changes in the abundance of four OXPHOS 
proteins that were unchanged in male mice (Supplementary Fig. 3C and 
D). Moreover, we noted decreased expression of manganese superoxide 
dismutase (MnSOD) and transcription factor A mitochondrial (TFAM) in 
the hippocampi of female GWIC-treated mice, which play important 
roles in oxidative stress resistance and mitochondrial DNA homeostasis, 
respectively. Accordingly, in vitro studies of GWIC-exposed BMDMs 
showed metabolic changes, including a shift to glycolysis similar to that 
seen in inflammatory M1 macrophages (Freemerman, 2014) (Supple-
mentary Fig. 3A and B). These GWIC-induced mitochondrial changes 
may result in release of mtDAMPs that could engage innate immune 
signaling pathways, contributing to GWI-related inflammatory 
pathology. 

To explore this, we conducted GWIC-exposure studies with STINGgt/ 

gt and NLRP3− /− mice, which lack the cGAS-STING and NLRP3 signaling 
nodes that lie downstream of mitochondrial dysfunction (Chen et al., 
2016; Gao et al., 2013; Elliott and Sutterwala, 2015; Man and Kanne-
ganti, 2016). Loss of STING or NLRP3 resulted in changes to the cytokine 
profile observed in the hippocampi of female mice after GWIC exposure 
(Supplementary Fig. 2A and B), although we are unable to draw statis-
tical conclusions from these data. However, STING and NLRP3 deficient 
male cohorts did exhibit reduced serum proinflammatory cytokine 
profiles compared to GWIC-exposed WT mice (Supplementary Fig. 4B 
and Supplementary Fig. 5B). In addition, both STINGgt/gt and NLRP3− /−

female and male mice showed a reduction in astrocyte hypertrophy in 
the hippocampus after GWIC exposure (Fig. 4A and 4B and Supple-
mentary Fig. 6A and B). Moreover, the microglial activation observed in 
the DG region of GWIC-exposed hippocampi was also absent in STINGgt/ 

gt and NLRP3− /− female mice (Fig. 4C), accompanied by improvement 
on cognitive tests. STINGgt/gt GWIC-exposed female mice were suc-
cessful at both the OLT and NORT, while NLRP3− /− female mice were 
able to complete the NORT, indicating that both pathways contribute to 
GWIC-dependent cognitive changes, with potentially a greater role for 
STING (Fig. 4D) that is consistent with its ability to both engage inter-
feron signaling and activate NLRP3 (Li, 2019). 

We have developed a model (Fig. 5), based on our findings and other 
published studies, that summarizes the proposed mechanisms by which 
GWIC exposure results in inflammation and cognitive impairment. Our 
data indicate that exposure to GWIC engages STING and NLRP3 
signaling pathways, which contribute to a proinflammatory cytokine 
profile, astrocyte hypertrophy, and activated IBA-1+ cells in the 
hippocampi of female mice and astrocyte hypertrophy and elevated 
proinflammatory cytokines in the plasma of male mice. STING and 
NLRP3 also appear to contribute to impairments in location memory in 
female mice and novel object recognition in both female and male mice. 
STING and NLRP3 signaling pathways represent two of the main 
mtDAMP sensing pathways, yet it remains unclear what engages these 
pathways following GWIC-exposure. We hypothesize that mitochondrial 
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dysfunction, which has been documented in veterans (Koslik et al., 
2014; Golomb, 2014; Chen et al., 2017) and in animal models (Shetty 
et al., 2017; Zakirova et al., 2017; Abdullah et al., 2016; Emmerich et al., 
2017), and confirmed by our in vitro studies (Supplementary Fig. 3), 
alters metabolism and promotes the exposure of mtDAMPS that trigger 
STING and/or NLRP3 to promote inflammatory processes in GWI. 
However, the endogenous ligand(s) that engage these signaling path-
ways downstream of GWIC-exposure remains unknown and will require 
further study to uncover. An additional possibility is that the gut dys-
biosis and gut injury documented in GWI (Seth et al., 2019; Alhasson 
et al., 2017; Bose et al., 2020) generate pathogen-associated molecular 
patterns (PAMPs) that trigger STING and NLRP3, and that this process 
may supersede or synergize with mtDAMP production as a driver of 
inflammation during GWI. 

An intriguing future direction is to evaluate whether 

pharmacological inhibitors of STING and NLRP3 can be utilized to treat 
aspects of GWI pathology. In addition, emerging links between mito-
chondria and the innate immune system raise the possibility that ther-
apeutic approaches to improve mitochondrial health may also serve to 
decrease inflammation, likely by reducing mtDAMP release/accumula-
tion. Therefore, future studies are warranted to determine whether 
mitochondria-targeted therapies can lower cognitive impairments and 
neuroinflammation in veterans with GWI. 
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Fig. 5. Proposed model of the contri-
bution of STING and NLRP3 to GWIC- 
related inflammation and cognitive 
impairment. Based on our data and 
other published studies, we developed 
the following model: GWIC exposure 
engages STING and NLRP3, resulting 
in inflammation and cognitive impair-
ment. In our model, we observe sex 
differences in GWIC-dependent 
inflammation, with a proin-
flammatory cytokine profile and 
increased activated IBA-1+ cells seen 
in the hippocampi of female mice, and 
elevated proinflammatory cytokines 
seen in the plasma of male mice. 
GWIC-induced astrocyte hypertrophy 
was observed in both female and male 
mice, though it was more pronounced 
in females. In addition, we observed 
sex differences in GWIC-dependent 
cognitive impairment, with female 
mice showing impairment in both 
location memory and novel object 
recognition, while males show impair-
ment in novel object recognition only. 
STINGgt/gt and NLRP3− /− mice show 
attenuated inflammation and cognitive 
impairment, indicating that both 
signaling molecules are implicated in 
the inflammation and cognitive 
impairment observed downstream to 
GWIC exposure. We propose that 
GWIC engages STING and NLRP3 
signaling through two mechanisms. 
First, GWIC exposure has been linked 
with gut dysbiosis (Seth et al., 2019; 
Alhasson et al., 2017; Bose et al., 
2020), which results in the release of 
pathogen-associated molecular pat-
terns (PAMPs) that can initiate STING 
and NLRP3 signaling pathways. In 
addition, GWIC exposure causes mito-
chondrial dysfunction (Shetty et al., 
2017; Zakirova et al., 2017; Koslik 
et al., 2014; Golomb, 2014; Chen et al., 
2017; Abdullah et al., 2016; Emmerich 
et al., 2017), supported by our results 
demonstrating GWIC-dependent 
changes in mitochondrial protein 
expression and metabolism. This could 
result in the release of mtDAMPs that 
can likewise engage STING and 

NLRP3, driving GWIC-dependent inflammation and cognitive impairment. Figure made with biorender.com.   
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Supplementary Figure 1 

 

Supplementary Figure 1. The experimental GWI model used in this study does not result in changes in weight gain or voluntary 
wheel running activity. (A) This diagram summarizes the design for studies using the GWIC-exposure murine model of GWI. C57BL/6 
mice (10 female and 10 male mice for GWIC groups, 6-10 female and 6-10 male mice for control groups) were allowed to acclimate 
for 2-4 weeks to the animal facility. After weighing, these mice, which were 12 weeks of age, were then injected daily with 50 microliters 
of 100% DMSO (control group) or 50 microliters of 100% DMSO containing 0.7 milligrams per kilogram body weight pyridostigmine 
bromide (PB) and 200 milligrams per kilogram body weight permethrin (Per) (GWIC group). Daily injections occurred for 10 
consecutive days, then ceased. Five and twelve months after injection, all mice were subjected to neurobehavioral testing. Following 
behavioral testing at twelve months, mice were then euthanized to allow for analysis of GFAP+ and IBA+ cells in the hippocampus and 
expression of hippocampal and plasma cytokines. (B) Percent weight change in C57BL/6 wild-type female and male DMSO- and GWIC-
exposed mice at 14 days and 3 months post exposure. Data represented as mean ± SEM of biological replicates, N=10. (C) Hourly wheel 
running activity in DMSO- and GWIC-exposed mice 85 days post GWIC-exposure. Data represented as mean ± SEM of biological 
replicates, N=9-10. Statistics calculated using 2-way ANOVA (factor = treatment, F(1,408) = 0.6084, p = 0.4359). (D) Sum of average 
daily wheel revolutions for DMSO- and GWIC-exposed mice 85 days post GWIC-exposure. Data represented as mean ± SEM of 
biological replicates, N=9-10. Statistics calculated using two-tailed t-test (t = 0.7665, df = 8, p = 0.4654). 



Supplementary Figure 2 

 
Supplementary Figure 2.  GWIC exposure induces changes in hippocampal cytokine expression. Hippocampal protein lysates 
were generated from WT, STINGgt/gt, and NLRP3-/- DMSO- and GWIC-exposed female (A, B) and male (C, D) mice at 12 months post-
exposure. Lysates from 4 mice for each group were pooled and analyzed on Mouse XL Cytokine Arrays. Each cytokine in the array is 
represented by a duplicate pair of spots. The integrated pixel density was measured for each spot and averaged for each cytokine. Fold 
change was calculated by dividing the mean pixel intensity for each cytokine in the GWIC-exposed group by the pixel intensity in the 
DMSO control group. “NC” indicates that fold change could not be calculated because one or both cytokines were below the limit of 
detection (see Section 2.4.2 of Materials and Methods for more details). 
 



Supplementary Figure 3 

 

Supplementary Figure 3. GWIC exposure alters respiration and glycolysis in LPS-treated BMDMs and induces rewiring of 
mitochondrial protein expression in the hippocampus of female mice. Oxygen consumption rate (OCR, A) and extracellular 
acidification rate (ECAR, B) in LPS-stimulated BMDMs treated with GWICs. BMDMs were treated for 3 days with GWICs as indicated. 
Cells were treated with 200 ng/mL LPS (LPS) for 6 hours, then OCR and ECAR were measured on a Seahorse XF96 Analyzer using a 
modified protocol as described in Section 2.9 of Materials and Methods. Significance values for post hoc pairwise comparisons after 
one-way ANOVA were calculated using the two-stage step-up method to yield q values that have been corrected for the false discovery 
rate. * q < 0.05; ** q < 0.01; *** q < 0.001; **** q < 0.0001. At 12 months post-exposure, tissue extracts were generated from 
microdissected hippocampi from DMSO- and GWIC-exposed female mice (C) and male mice (D) and immunoblotted for the listed 
proteins as described in Section 2.6 of Materials and Methods. Labels in parentheses next to listed proteins designate proteins as part of 
complex I (CI), complex II (CII), complex III (CIII), complex IV (CIV) or complex V (CV) of the electron transport chain. Densitometry 
for each protein was performed in ImageJ and normalized to the VDAC expression level. Bars represent the log2 fold change (FC) of 
biological replicates +/- SEM (N=3). Indicated p-values were calculated using a two-tailed, unpaired, Student’s t-test. *p < 0.05; **p < 
0.01. 

 



Supplementary Figure 4 

 

Supplementary Figure 4. Loss of STING partially rescues elevated plasma inflammatory cytokines in GWIC-exposed male mice. 
Peripheral cytokines measured in plasma collected from STINGgt/gt DMSO- and GWIC-exposed female (A) and male (B) mice at 12 
months post-exposure. Bars represent the mean concentration of biological replicates +/- SEM (N=4 for STINGgt/gt DMSO females (A), 
N=5 for STINGgt/gt GWIC females (A), N=4 for STINGgt/gt DMSO males (B), N=4 for STINGgt/gt GWIC males (B)). Cytokine 
concentrations from WT mice in Figure 3E are included as a reference for comparison. Indicated p-values were calculated using a two-
tailed, unpaired, Student’s t-test. *p < 0.05;. 
 
 



Supplementary Figure 5 

 

Supplementary Figure 5. Loss of NLRP3 partially rescues elevated plasma inflammatory cytokines in GWIC-exposed male mice. 
Peripheral cytokines measured in plasma collected from NLRP3-/- DMSO- and GWIC-exposed female (A) and male (B) mice at 12 
months post-exposure. Bars represent the mean concentration of biological replicates +/- SEM (N=5 for NLRP3-/- DMSO females (A), 
N=5 for NLRP3-/- GWIC females (A), N=5 for NLRP3-/- DMSO males (B), N=5 for NLRP3-/- GWIC males (B)). Cytokine 
concentrations from WT mice in Figure 3E are included as a reference for comparison. Indicated p-values were calculated using a two-
tailed, unpaired, Student’s t-test. *p < 0.05;. 



Supplementary Figure 6 

 
 
Supplementary Figure 6. Percent fraction of GFAP+ cells, GFAP expression, and IBA-1+ cells in the hippocampi of STINGgt/gt 
and NLRP3-/- GWIC-exposed male mice. (A) Images show representative distribution and morphology of GFAP+ astrocytes in these 
three regions in WT, STINGgt/gt, and NLRP3-/- GWIC-exposed male mice (scale bar = 100 µM). Insets show magnified views (scale bar 
= 50 µM). (B) Quantification of percent fraction GFAP+ cells within three regions of the hippocampus (DG, CA1, and CA3) in DMSO-
exposed WT male mice and WT, NLRP3-/- and STINGgt/gt GWIC-exposed male mice.  (C) Tissue extracts were generated from 
microdissected hippocampi from DMSO-exposed WT, NLRP3-/- and STINGgt/gt mice and immunoblotted for GFAP as described in 
Materials and Methods. Each lane represents one mouse, with N=3 for each genotype and sex. (D) Quantification of percent IBA-1+ 
cells with activated morphology in three hippocampal regions (CA1, CA3, and DG) in WT DMSO- and GWIC-exposed and NLRP3-/- 

and STINGgt/gt GWIC-exposed male mice. Sections were scored blindly for total number of IBA-1+ cells and number of IBA-1+ cells 
with activated morphology; these values were then used to calculate percent fraction of IBA-1+ cells with activated morphology (number 
of IBA-1+ cells with activated morphology divided by total number of IBA-1+ cells). (B and D) Error bars represent the mean of 
biological replicates +/- SEM (N=5-6). Indicated p-values were calculated using two-tailed, unpaired, Student’s t-test. *p < 0.05; 
p<0.01;***p < 0.001; **** p < 0.0001.  
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