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Abstract 18 

Gulf War Illness (GWI) affects up to one-third of 1990–1991 Gulf War veterans and is associated 19 

with chronic low-grade neuroinflammation, yet its cellular substrates remain unclear and targeted 20 

pharmacological therapies are still limited. By integrating hippocampal single-nucleus RNA 21 

sequencing (snRNA-seq) with bulk RNA-seq analyses of whole-brain and FACS-purified 22 

microglia in an established GWI mouse model, we uncovered a multi-lineage primed 23 

neuroimmune signature in aged GWI mice. Systemic lipopolysaccharide (LPS) elicited an 24 

amplified pro-inflammatory response in the brains of GWI mice compared to age-matched 25 

controls, yet paradoxically, microglia were transcriptionally hyporesponsive to LPS, with inverted 26 

antigen presentation module score indicative of a microglial exhaustion phenotype. Chronic 27 

cannabidiol (CBD) attenuated neuroimmune priming at baseline, reshaping microglial 28 

translational and energetic states. Under immune-stimulated conditions, CBD suppressed the 29 

parenchymal hyper-response and partially restored GWI-associated deficits in microglial antigen 30 

presentation and oxidative phosphorylation, defining a therapeutic axis amenable to 31 

pharmacological intervention.  32 
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Introduction 33 

Gulf War Illness (GWI) is a chronic multi-symptom disorder affecting an estimated 25–32% of the 34 

approximately 700,000 veterans of the 1990–1991 Persian Gulf War. It is characterized by 35 

persistent cognitive impairment, fatigue, pain, and mood dysregulation that have remained 36 

unresolved for more than three decades1-6. Neurologic and neuropsychiatric manifestations are 37 

among the most prominent concerns, encompassing difficulties with memory encoding and 38 

retrieval, sustained attention, mood regulation, and the attainment of restorative sleep. The 39 

etiology of GWI is widely attributed to wartime co-exposure to a constellation of neurotoxicants, 40 

including the acetylcholinesterase inhibitor and nerve-agent prophylactic pyridostigmine bromide 41 

(PB), the pyrethroid insecticide permethrin (PER), the repellant DEET, and organophosphate 42 

nerve agents, compounded by physiological stress7-9.  43 

Persistent neuroinflammation has emerged as the central mechanistic driver of GWI-associated 44 

brain dysfunction. The neuroimmune hypothesis of GWI holds that chronic elevation of cytokines 45 

and reactive oxygen species in the brain, persisting long after the initial instigating exposures, 46 

drives the associated neuropathology and behavioral deficits10-13. This was clinically 47 

demonstrated in a positron emission tomography (PET) study using the translocator protein 48 

(TSPO) ligand [¹¹C]PBR28, which provided the first in vivo imaging evidence of widespread 49 

neuroinflammation in veterans diagnosed with GWI14. At the molecular level, chronic 50 

neuroinflammation in rodent GWI models is characterized by persistent proinflammatory microglia 51 

with NLRP3 inflammasome activation, astrocyte hypertrophy, and elevated hippocampal and 52 

cortical concentrations of 5-lipoxygenase and its product, cysteinyl leukotrienes and leukotriene 53 

B4
7. Extracellular HMGB1, leaked from injured neurons, acts as a sustained paracrine alarmin 54 

that drives microglial activation and complement pathway induction, linking acute toxic injury to 55 

the self-sustaining neuroinflammatory loop observed at protracted timepoints in animal models15. 56 

These central inflammatory signals are amplified in GWI veterans, whose circulating cytokine 57 
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profiles and transcriptional signatures resemble those of autoimmune disorders and who show 58 

elevated serum HMGB1 capable of priming microglial reactivity ex vivo16. 59 

Critically, the neuroinflammatory substrate of GWI does not remain static over time but interacts 60 

with the biology of aging to progressively worsen cognitive outcomes. Approximately 12% of a 61 

middle-aged cohort of Gulf War veterans (median age 52) met diagnostic criteria for mild cognitive 62 

impairment (MCI) — a syndrome typically prevalent only in adults aged 70 years or older — 63 

implying substantial premature neurocognitive aging17,18. Longitudinal MRI in established GWI 64 

mouse models corroborates this observation, demonstrating markedly earlier reductions in total 65 

brain volume indicative of accelerated brain aging, consistent with clinical evidence that veterans 66 

with more severe GWI symptoms are disproportionately affected by age-related cognitive decline 67 

19. Organophosphate exposure during the Gulf War also has been linked to this trajectory through 68 

induction of a senescence-associated secretory phenotype (SASP), a pro-inflammatory 69 

secretome that propagates tissue dysfunction and accelerates biological aging 20,21. 70 

As the resident immune cells in brain parenchyma, microglia are the principal cellular interface 71 

through which aging and neuroinflammation converge. Research indicates that GWI-related 72 

toxic exposures induce a chronically primed microglial state that yields exacerbated responses 73 

to subsequent inflammatory challenges, consistent with a two-hit model in which initial chemical 74 

insults sensitize microglia to amplified reactivity upon later stressors, including aging itself 22,23. 75 

Using a GWI mouse model, we recently identified a paradoxical functional dissociation in 76 

microglia: GWI microglia exhibit sustained suppression of sensome and surveillance genes and 77 

a globally blunted transcriptional response to lipopolysaccharide (LPS), yet show heightened 78 

AP-1–driven induction of the pro-inflammatory cytokines Il1b and Tnf following immune 79 

stimulation24. This combination of impaired surveillance capacity and sensitized pro-80 

inflammatory signaling may foster the emergence of hyperreactive, exhaustion-like microglia 81 
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over time as they interact with aging-associated changes in the brain, a trajectory that remains 82 

to be systemically elucidated25. 83 

These microglial abnormalities were mechanistically linked to disruption of the endocannabinoid 84 

(ECB) system, an endogenous signaling network that constrains neuroinflammation via 85 

cannabinoid receptor activation on microglia and other brain cells. In our prior work, GWI mice 86 

exhibited reduced brain levels of the ECB agonist anandamide (AEA), accompanied by elevated 87 

transcription of fatty acid amide hydrolase (FAAH), the primary catabolic enzyme for AEA. 88 

Pharmacological FAAH inhibition restored AEA tone and corrected anxiety-, depression-, and 89 

extinction-related behavioral deficits in the GWI model24. Because the non-intoxicating 90 

phytocannabinoid cannabidiol (CBD) can enhance ECB tone and exert broad anti-91 

neuroinflammatory effects26,27, it represents a translationally attractive strategy for engaging this 92 

same axis. Furthermore, CBD has been recently shown to effectively alleviate cognitive and 93 

mood impairments as well as hyperalgesia in a rat model of GWI28.  94 

Here we applied a multi-resolution transcriptomic strategy in an aged GWI mouse model, 95 

combining hippocampal single-nucleus RNA sequencing (snRNA-seq), whole-brain bulk RNA-96 

seq under basal and LPS-challenged conditions, and bulk RNA-seq of FACS-purified microglia 97 

from the same experimental design. We further evaluated chronic CBD as a candidate 98 

intervention. The integrated analysis revealed a dual brain-hyperresponsive and microglia-99 

exhausted phenotype as the cellular substrate of aged GWI and identified a pharmacologically 100 

tractable, ECB-based therapeutic axis engaged by chronic CBD treatment. 101 

  102 
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Results 103 

A multi-lineage primed neuroimmune state in the aged GWI hippocampus 104 

To map disease-associated alterations of the cellular and molecular landscape in the 105 

hippocampus of aged GWI mice, we performed comparative snRNA-seq profiling of whole 106 

hippocampus from GWI and control (Ctrl) groups (Fig. 1a). A single library per group was 107 

generated from pooled hippocampal tissue of n = 3 biological replicates, and downstream 108 

analyses were accordingly focused on aggregated gene-level signals. After quality control, 37,745 109 

high-quality nuclei (19,115 from Ctrl and 18,630 from GWI) were retained, Harmony-integrated, 110 

and annotated into nine broad lineages and 24 fine cell-type subtypes (Fig. 1b-1d, 111 

Supplementary Fig. S1, S2, and Supplementary Table S1). Cellular composition was broadly 112 

preserved with selective shifts: at the broad lineage level, excitatory neurons decreased 9.8% in 113 

GWI, oligodendrocyte precursor cells (OPCs) expanded 56.7%, and microglia contracted 8.1% 114 

(Fig. 1e); at the fine level, the excitatory loss was driven by dentate granule cell subtypes (ExN-115 

DG-Zic1, −55.8%; ExN-DG-Drd1, −34.0%; and ExN-DG-Drd2, −29.2%) and the subicular ExN-116 

Sub-Foxp2 population (−32.0%) (Supplementary Table S1). Cell type-specific comparative 117 

analysis using GSEA on the broad cell types followed by GO:BP, KEGG, and Hallmark 118 

enrichment analyses revealed a multi-lineage signature in aged GWI hippocampus with major 119 

alterations in microglia, inhibitory neurons, and excitatory neurons (Fig. 1f and Supplementary 120 

Table S2). In particular, GSEA-GO:BP and -Hallmark analyses on the broad-lineage cell type 121 

clusters dataset found that microglia exhibit a chronically immune-activated, ‘primed’ 122 

transcriptional state, with upregulated genes significantly enriched for activation of immune 123 

response (normalized enrichment score (NES) = +1.74, Padj = 0.041), leukocyte-related 124 

processes, and endocytosis (Fig. 2a and Supplementary Fig. S3).  A similar enrichment was 125 

also observed in the fine cell type analysis, which localized the strongest immune-priming signal 126 

to the homeostatic microglia cluster (Micro-Homeo), in which both GSEA-GO:BP and Hallmark 127 
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reached statistical significance for positive regulation of immune response, complement, and Il6-128 

Jak-Stat3 signaling (Fig. 2b and Supplementary Fig. S4) with leading-edge contributions from 129 

C1qa, C1qb, C1qc, Stat3, and Il6st (Fig. 2c). Given that immune activation in microglia is coupled 130 

to a shift toward aerobic glycolysis29, we next examined glycolytic gene expression across the 131 

broad microglial cluster and its fine subsets (Supplementary Fig. S5). The glycolytic shift was 132 

concentrated in the activated microglia subset (Micro-Act), recapitulating the canonical mouse 133 

glycolytic-activation signature29,30: the most strongly upregulated genes were Ldha (+0.26), Pgk1 134 

(+0.28), and Hk2 (+0.24), with Eno1 (+0.13) and Gapdh (+0.11). By contrast, the homeostatic and 135 

broad microglial populations remained flat-to-negative across glycolytic enzymes, suggesting that 136 

the two fine microglia subsets capture distinct, complementary facets of the microglial response 137 

to chronic GWI pathology. OPCs were engaged in regeneration (NES = +1.80, Padj = 0.028) and 138 

cell adhesion, suggesting ongoing or attempted repair (Fig. 2d and Supplementary Fig. S3), and 139 

inhibitory neurons showed altered transcriptional programs (negative regulation of transcription 140 

by RNA polymerase II, NES = −1.95, Padj = 0.038), consistent with disturbed homeostasis and 141 

potential network-level dysfunction (Fig. 2e and Supplementary Fig. S3).  142 

Cell type-specific module score analysis across 39 functional modules (12 pan and 27 cell type-143 

specific) in the 8 broad cell lineages confirmed similar multi-lineage primed neuroimmune 144 

signature in GWI hippocampus (Fig. 2f and Supplementary Table S3). Microglia showed 145 

coordinated up-regulation across the innate immune panels (Phagocytosis_Lysosome module, Δ 146 

GWI-Ctrl = +1.27; Pan_Chemokine, +1.13; Pan_Complement, +0.63; and Lipid_DAM, +0.44). 147 

OPCs were primed by cytokine and interferon signaling (Pan_Complement, +0.79; Pan_Cytokine, 148 

+0.64; and Pan_Interferon_Response, +0.71), astrocytes exhibited an A1-leaning polarization 149 

(A1_Neurotoxic, +0.42; and A2_Neuroprotective, −0.71), inhibitory neurons showed elevated 150 

Pan_Chemokine, Pan_Interferon_Response, and Pan_Oxidative_Stress scores (Δ = +0.85 to 151 



 8 

+1.13), and endothelium engaged BBB_Tight_Junction (+0.79) and Pan_Interferon_Response 152 

(+0.71) signatures (Fig. 2f). 153 

Systemic LPS triggers an amplified brain-wide neuroinflammatory response in aged GWI 154 

mice 155 

To investigate the functional consequences of the chronically immune-activated state, we 156 

performed whole-brain bulk RNA-seq on aged Ctrl and GWI mice under systemic LPS (0.33 157 

mg/kg)-challenged and basal (PBS-injected) conditions (Supplementary Table S4). Principal 158 

component analysis (PCA) separated GWI samples from control in both basal and LPS-stimulated 159 

conditions (Fig. 3a and 3b). Consistent with the snRNA-seq findings, the unchallenged GWI brain 160 

showed subtle transcriptional alterations (no DEGs at Padj < 0.05; 365 DEGs at relaxed P < 0.05 161 

and |log₂FC| > 0.5) (Supplementary Table S4), but pre-ranked GSEA revealed a signature of 162 

elevated cytoplasmic translation and ribosome programs (GO:BP cytoplasmic translation, NES = 163 

+2.11, Padj = 3.90e-06; KEGG ribosome, NES = +2.68, Padj = 3.49e-08) and reduced mRNA 164 

processing/catabolism (Fig. 3c, Supplementary Fig. S6a). 165 

LPS elicited the canonical neuroinflammatory program in both GWI and control mice 166 

(Supplementary Fig. S7), but the magnitude was strikingly greater in GWI. In control brains, LPS 167 

induced 59 significant DEGs (52 up, 7 down at Padj < 0.05, |log₂FC| > 0.5) and 116 up-regulated 168 

GO:BP terms (Fig. 3d and Supplementary Table S4), led by synapse pruning (Padj = 4.98e-06), 169 

microglial cell activation, and macrophage activation (Supplementary Table S5). In GWI brains, 170 

the same challenge produced 143 DEGs (132 up, 11 down) and 620 up-regulated GO:BP terms 171 

— a 2.4- and 5.3-fold increase, respectively (Fig. 3d and Supplementary Table S4). Top GO 172 

terms in GWI mice after LPS reached enrichment significances orders of magnitude beyond 173 

control mice (leukocyte-mediated immunity, Padj = 2.71e-23; cell killing, Padj = 3.92e-15; 174 

phagocytosis, Padj = 1.02e-13; and positive regulation of cytokine production, Padj = 1.97e-10) 175 

(Supplementary Table S5), and core inflammatory mediators such as C1qa/b/c, Ly6a, Ly6c1, 176 
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Cx3cr1, Fcgr3, and Tyrobp populated the leading edges of multiple gene sets (Supplementary 177 

Fig. S7c). Direct comparison between GWI and control brains after LPS confirmed a clearly 178 

higher pro-inflammatory status in GWI, including significant enrichment to leukocyte-mediated 179 

immunity, positive regulation of innate immune response (GSEA-GO) and leukocyte trans-180 

endothelial migration (GSEA-KEGG) (Fig. 3e and Supplementary Fig. S6b) with strong 181 

increases of T-cell-related (Ctram, Il16, Il22, and Ptpn22), astrocyte-related (A2m, Sox9, and 182 

Trpv4), and mitochondrial (mt-Nd5 and mt-Nd6) transcripts (Fig. 3f). An unexpected reduction in 183 

ribosomes was identified in GSEA-KEGG analysis (NES = -2.05, Padj = 7.07e-06) 184 

(Supplementary Fig. S6b). 185 

In addition, the formal GWI × LPS interaction (ΔLPS) analysis isolated a GWI-specific phenotype 186 

that was not merely an enlarged control response (Fig. 3g and 3h). On the GWI-amplified positive 187 

side, GSEA was enriched for leukocyte-mediated immunity (NES = +1.79, Padj = 1.84e-04), 188 

regulation of innate immune response (NES = +1.72, Padj = 1.84e-04), and leukocyte 189 

transendothelial migration (KEGG NES = +1.95, Padj = 0.001), with leading-edge genes spanning 190 

T-cell co-stimulation and adhesion (Icosl, Crtam, Cd86, Itgal, Itgb2, Cldn5, Ocln, Pecam1), innate 191 

sensing (Tlr3/4/7, Nlrp3, Il1r1, Casp4), and microglial activation (Tyrobp, Ptprc, Fcgr1–4, Btk) 192 

(Fig. 3g, 3h, Supplementary Figure S6c, and Supplementary Table S6). On the GWI-amplified 193 

negative side, the interaction revealed pronounced suppression of synaptic and translational 194 

machinery: translation at synapse/presynapse/postsynapse (GO-BP NES ≈ −2.8; Padj ≤ 2.03e-195 

07), cytoplasmic translation (NES = −2.12, Padj = 6.89e-07), regulation of synapse organization, 196 

dendrite development, and KEGG oxidative phosphorylation (NES = −1.75, Padj = 0.002) (Fig. 197 

3g, 3h, Supplementary Figure S6c, and Supplementary Table S6). The GWI brain therefore 198 

mounts an exaggerated vascular/leukocyte-engagement response coupled to deeper repression 199 

of synaptic-translation and neuronal-activity programs compared to controls. 200 
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FACS-purified GWI microglia mount a blunted LPS response defining a microglial 201 

exhaustion phenotype 202 

To determine whether the amplified parenchymal LPS response is driven by aberrant activation 203 

of GWI microglia, we carried out comparative transcriptome analysis of FACS-purified (CD45mid 204 

/CD11b⁺/CD11a⁻) microglia from the brain of GWI and control mice (Fig. 4a, 4b, and 205 

Supplementary Fig. S8). At baseline, GWI microglia produced no FDR-significant DEGs vs 206 

control at Padj < 0.05, |log₂FC| > 0.5 (Supplementary Table S7), but exhibited a positive GSEA 207 

signature for translation (GO:BP translation at synapse, NES ≈ +2.9, Padj = 8.06e-08), ribosome, 208 

and oxidative phosphorylation (KEGG ribosome, NES = +3.30, Padj = 1.17e-08; KEGG oxidative 209 

phosphorylation, NES = +2.77, Padj = 1.17e-08), consistent with a primed basal state (Fig. 4c 210 

and Supplementary Fig. S8a). 211 

Under LPS challenge, however, GWI microglia were strikingly hyporesponsive. Control microglia 212 

produced 2,768 significant DEGs (1,391 up, 1,377 down) at Padj < 0.05, |log₂FC| > 0.5, and 445 213 

enriched GO:BP terms (Fig. 4d, Supplementary Table S7, and Supplementary Figure S9), led 214 

by the canonical microglial-activation program (ribosome biogenesis, Padj = 1.64e-36; rRNA 215 

processing, Padj = 2.22e-25; cytoplasmic translation, Padj = 6.84e-17) (Supplementary Table 216 

S8), with the classical homeostatic-to-activated module shift (Homeostatic, Δ = −1.81; 217 

Complement, +1.36; Interferon_Antiviral +1.74, Phagocytosis_Lysosome +0.87; all Padj < 0.05) 218 

(Fig. 4e). In contrast, GWI microglia produced only 1,427 DEGs (685 up, 742 down) and 82 219 

enriched GO terms under the same statistics power (Fig. 4d, Supplementary Table S7, and 220 

Supplementary Figure S9), with ribosome biogenesis (Padj = 2.14e-23) displaying a > 12-log-221 

unit attenuation compared to control microglia (Supplementary Table S8). None of the canonical 222 

activation module shifts reached significance in GWI microglia, and two modules inverted: 223 

Antigen_Presentation Δ = −1.46 (Padj = 0.011) and Lipid_DAM Δ = −1.31 (Padj = 0.028) (Fig. 224 

4e), indicating that GWI microglia decreased their antigen presentation and disease-associated 225 
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microglia (DAM)-like transcriptional programs upon LPS challenge — the inverse of the control 226 

response. Interestingly, direct comparison between GWI and control microglia after LPS using 227 

GSEA-GO:BP analysis found a significant enrichment with negative NES to the GO terms for 228 

proton motive force-driven ATP synthesis, mitochondrial translation, ATP biosynthetic process, 229 

and oxidative phosphorylation (NES = −2.89, −2.83, −2.69, and −2.67, respectively; all Padj = 230 

1.7e-08) (Fig. 4f) with reductions in the Rpl, Nduf, Atp5/6, Cox, and mt-Nd family genes (Fig. 4g), 231 

suggesting that GWI microglia respond to immune challenge with impaired metabolic flexibility 232 

and may not be sufficiently meeting energetic demands. 233 

The formal GWI × LPS interaction analysis recovered the same dissociation in GWI microglia 234 

(KEGG ribosome, NES = −3.70, Padj = 2.93e-09; KEGG oxidative phosphorylation, NES = −3.36, 235 

Padj = 2.93e-09; KEGG antigen processing and presentation, NES ≈ −2.85, Padj = 2.93e-09; 236 

GO:BP translation at synapse, NES = −3.24, Padj = 1.52e-08;) (Fig. 4h, Supplementary Fig. 237 

S8c), with leading edges spanning ribosomal proteins, MHC-I/II loci (H2-D1, H2-K1, H2-DMa, H2-238 

DMb1/2, B2m, Tap1, Tapbp), and interferon-stimulated genes (Ifit1/3, Mx1/2, Oas1a/g, Isg15, Irf7, 239 

Irf9) (Fig. 4i).  240 

The juxtaposition of a hyperresponsive brain tissue and a hyporesponsive microglial compartment 241 

defines a brain-microglia dissociation paradox proposing that the parenchymal neuroinflammation 242 

might be driven predominantly by non-microglial cells such as astrocytes, endothelium, and 243 

infiltrating leukocytes (Fig. 3e and 3g), while microglia fail to mount a competent immune 244 

activation response. We interpret this signature as a microglial-exhaustion phenotype reflecting 245 

the convergence of aging, chronic GWI-associated priming, and the acute LPS challenge. 246 

Chronic CBD partially rescues both arms of the dissociation phenotype of GWI brain 247 

To examine the effects of CBD on GWI-associated transcriptional deficits in the brain, we treated 248 

GWI mice with CBD (30 mg/kg, i.p.) once daily for 28 days, followed by a 2-week maintenance 249 
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phase at the same dose administered once every 2 days; vehicle-arm animals received an equal 250 

volume of vehicle. Then, mice were subjected to an immune challenge with LPS (0.33 mg/kg, i.p.) 251 

and sacrificed 24 hours later for brain tissue collection (Fig. 5a). At baseline, although CBD 252 

produced no FDR-significant DEGs in GWI mice at Padj < 0.05 (Supplementary Table S4 and 253 

Supplementary Fig. S10), pre-ranked GSEA revealed a coherent and statistically significant 254 

suppression of the constitutive ribosome and oxidative phosphorylation programs that defines the 255 

primed state of GWI brain (GO:BP translation at pre-/post-/synapse, NES ≤ −2.89; GO:BP ATP 256 

synthesis coupled electron transport, NES = −2.72, Padj ≤ 2.8e-08; KEGG Ribosome, NES ≤ 257 

−2.29; KEGG oxidative phosphorylation, NES ≤ −2.29; Padj ≤ 2.5e-05; Fig. 5b, Supplementary 258 

Fig. S10c). CBD therefore may act at immune baseline by attenuating chronic priming. After LPS, 259 

CBD strongly attenuated the GWI-amplified parenchymal neuroinflammatory program. Whole-260 

brain bulk RNA-seq identified 36 significant DEGs at Padj < 0.05, |log₂FC| > 0.5  (0 up, 36 down) 261 

(Supplementary Table S4) and 173 down-regulated GO:BP plus 28 down-regulated KEGG 262 

terms, led by leukocyte-mediated immunity (Padj = 7.56e-08) and lymphocyte-mediated immunity 263 

(Padj = 7.56e-08) — the inverse of the LPS-amplified GWI signature (Supplementary Table S9). 264 

GSEA-GO:BP analysis confirmed that CBD significantly dampens pro-inflammatory response to 265 

LPS in GWI brain, identifying a reduction in antigen processing and presentation of peptide 266 

antigen and leukocyte-mediated immunity (NES ≤ −2.63) (Fig. 5c).  267 

In FACS-purified microglia from the LPS group, CBD produced 344 significant DEGs at Padj < 268 

0.05, |log₂FC| > 0.5  (167 up, 177 down) (Supplementary Table S7 and Supplementary Fig. 269 

S11) and exhibited a distinct pattern: no upregulated GO:BP terms were identified, whereas 51 270 

down-regulated GO:BP terms were dominated by ribosome biogenesis (Padj = 2.24e-5), 271 

indicating that CBD does not reverse the most deeply suppressed axis of microglial exhaustion 272 

(Supplementary Table S10). However, under a more relaxed threshold (P < 0.05 and |log₂FC| > 273 

0.5), 934 up-regulated DEGs and 136 GO:BP terms were identified, dominated by mitotic and 274 
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chromosome-segregation pathways (chromosome segregation, Padj = 4.04e-18) 275 

(Supplementary Tables S7 and S10). GSEA-GO:BP analysis confirmed these findings, 276 

revealing a significantly elevated mitotic cell cycle process (NES = 2.26) and reduced ribosome 277 

biogenesis (NES = -3.19) (Fig. 5d). Critically, however, directed functional module scoring 278 

showed selective rescue of microglial competence: Antigen_Presentation Δ = +0.65 (Padj = 279 

0.029), partially reversing the GWI-induced suppression of Δ = −0.89 (Fig. 5e). The formal CBD 280 

× LPS interaction within microglia confirmed a partial-rescue profile dominated by elevated 281 

mitochondrial energy metabolism (GSEA-GO:BP proton motive force-driven ATP synthesis, NES 282 

= +3.20, Padj = 2.09e-08; GSEA-KEGG oxidative phosphorylation, NES = +3.17, Padj = 3.19e-283 

09) (Fig. 5f, Supplementary Table S11) and a notable up-regulation of GSEA-KEGG ribosome 284 

(NES = +3.03, Padj = 3.19e-09) driven by Rpl/Rps/Mrpl/Mrps gene families, alongside concurrent 285 

down-regulation of GSEA-GO:BP ribosome biogenesis (NES = −2.67, Padj = 2.09e-08) driven by 286 

upstream regulators (Nmd3, Surf6, Usp16, Ddx51, Gtpbp4)(Fig. 5g, Supplementary Table S11). 287 

Finally, CBD treatment was associated with significant reductions in Cnr2, which encodes 288 

cannabinoid CB2 receptors, in LPS-stimulated GWI mice in both whole brain and purified 289 

microglia (Log2[CBD/Veh] = -1.17, P = 0.046; and Log2[CBD/Veh] = -0.63, P = 0.031, respectively) 290 

(Supplementary Fig. S12).  291 

Therefore, these results indicate that CBD restores antigen presentation, oxidative metabolism, 292 

and structural ribosomal proteins while leaving regulators of ribosome biogenesis depressed in 293 

immune-stimulated GWI microglia. 294 

  295 



 14 

Discussion 296 

By integrating snRNA-seq, whole-brain bulk RNA-seq, and bulk RNA-seq of FACS-purified 297 

microglia from a model of GWI in aged mice under matched basal and LPS-challenged conditions, 298 

we identify a coherent dual transcriptional phenotype that defines the cellular substrate of aged 299 

GWI: a system-wide, low-amplitude priming of innate-immune and cellular-stress programs that 300 

becomes physiologically consequential under acute immune challenge, paradoxically coupled to 301 

a microglial compartment that is transcriptionally exhausted and unable to mount a competent 302 

activation program. The snRNA-seq atlas localizes the primed state across multiple lineages — 303 

microglia (complement, phagocytic/lysosomal, lipid-DAM), OPCs (IL-6/STAT3, interferon, UPR), 304 

astrocytes (A1-leaning polarization), and inhibitory neurons (interferon, chemokine, oxidative 305 

stress) — and is corroborated at the bulk-tissue level, providing cross-platform support for the 306 

chronic-pro-inflammation hypothesis of GWI derived from cytokine, neuroimaging, and post-307 

mortem evidence in veterans10-14. Notably, the immune-priming transcriptional signal and the 308 

glycolytic metabolic shift localized to different fine subsets—priming to Micro-Homeo and 309 

glycolysis to Micro-Act—indicating that the two subsets capture distinct, complementary facets of 310 

the microglial response to chronic GWI pathology. This dissociation aligns with the established 311 

microglial priming, or "two-hit," framework, in which an initial insult sensitizes microglia to a poised 312 

state — not elevated at baseline but predisposed to an exaggerated response upon secondary 313 

challenge — without itself constituting overt activation23. Our data extend this framework 314 

metabolically: whereas the immune-priming transcriptional signature localized to the homeostatic 315 

subset (Micro-Homeo), the glycolytic Warburg-like shift was confined to the activated subset 316 

(Micro-Act), suggesting that metabolic reprogramming is a feature of committed activation rather 317 

than the primed state itself. 318 

The most surprising finding is the dissociation between the brain-wide versus the microglia-319 

intrinsic responses to LPS. Whole-brain bulk RNA-seq revealed a 2.4-fold larger DEG response 320 
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and 5.3-fold more enriched GO:BP terms in GWI versus control brains, with a GWI-specific axis 321 

of vascular/BBB leukocyte engagement coupled to deeper synaptic-translation suppression. In 322 

striking contrast, FACS-purified microglia from the same animals were transcriptionally 323 

hyporesponsive, with the canonical microglial-activation module shifts absent in GWI and two 324 

activation modules (Antigen_Presentation, Lipid_DAM) moving in the wrong direction. This 325 

juxtaposition — to our knowledge, an unexpected configuration in neuroinflammation models — 326 

implies that the parenchymal neuroinflammation is driven predominantly by non-microglial 327 

compartments such as astrocytes, endothelium, infiltrating leukocytes, or neurons themselves, 328 

while microglia fail to provide the resolution functions including phagocytic clearance, antigen 329 

handling, and interferon-mediated debris removal that normally terminate such responses31-33. 330 

The configuration provides a framework for the chronic neurocognitive features of GWI: 331 

persistent, inadequately resolved low-grade neuroinflammation coupled to suppression of 332 

synaptic-translation and neuronal-activity programs is mechanistically aligned with the cognitive, 333 

mood, and fatigue symptoms experienced by veterans9,34 and with the treatment-refractoriness of 334 

those symptoms to broad anti-inflammatory monotherapies35. 335 

The microglial-exhaustion phenotype we describe extends a growing literature on microglial state 336 

biology beyond the canonical activation paradigm. Repeated peripheral LPS exposure in mice 337 

has been shown to induce durable innate immune memory in microglia that can manifest as either 338 

'training' (amplified subsequent responses) or 'tolerance' (reduced responses), depending on prior 339 

exposure history36. CD22 has been identified as a checkpoint that actively restrains phagocytic 340 

and clearance functions in aged microglia37, and age-related single-cell and transcriptomic studies 341 

have documented marked shifts in microglial state heterogeneity, including reduced activation 342 

capacity in subsets of aged microglia 38. In human brains, 'dystrophic' microglia have been 343 

described in aging and in Alzheimer's disease, with morphological evidence of compromised 344 

function rather than overt pro-inflammatory activation39,40. Across multiple neurodegenerative 345 
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models, the DAM state 41, the Activated Response Microglia signature 42, and human single-cell 346 

atlases of Alzheimer's microglia43 together demonstrate that microglial states are diverse, 347 

dynamic, and context-dependent. Our findings extend these frameworks in two specific ways. 348 

First, we describe a configuration in which primed and exhausted microglial states coexist — 349 

homeostatic microglia carry elevated complement and IL-6/JAK-STAT3 priming at baseline yet, 350 

under acute challenge, fail to deploy a canonical activation program and instead invert their 351 

antigen presentation and DAM-like modules. Second, the brain-vs-microglia dissociation localizes 352 

the parenchymal inflammatory response predominantly outside the microglial compartment, 353 

identifying non-microglial drivers as the immediate effectors that must be addressed 354 

therapeutically alongside microglial rescue. The configuration is mechanistically aligned with 355 

recent single-cell and biomarker work in post-acute SARS-CoV-2 (long COVID), which has 356 

similarly documented sustained parenchymal cytokine signatures alongside microglial reactivity 357 

and cognitive deficits44,45. 358 

In a rat model, CBD has been shown to effectively alleviate cognitive and mood impairments, as 359 

well as hyperalgesia, associated with chronic GWI28. In line with these findings, our results 360 

indicate that chronic CBD treatment normalizes both arms of the dual phenotype, and its 361 

mechanism of action is unlikely to reflect simple, acute immunosuppression. At baseline, pre-362 

ranked GSEA reveals that CBD selectively attenuates the constitutive elevation of ribosome 363 

biogenesis and oxidative-phosphorylation programs that defines the primed GWI microglial 364 

ground state. Rather than being transcriptionally silent, CBD therefore acts at baseline by 365 

attenuating the chronic priming itself, reducing the constitutive metabolic and translational load 366 

on aged GWI microglia. Under LPS challenge, this anti-priming action translates into three 367 

coordinated rescues: (i) suppression of the GWI-amplified inflammatory response across 173 368 

down-regulated GO:BP terms including leukocyte-mediated immunity; (ii) selective restoration of 369 

microglial competence functions — antigen presentation, oxidative phosphorylation, ATP 370 
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generation required for activation, and translation output via ribosomal-protein gene families — 371 

even though GO:BP ribosome biogenesis driven by upstream regulators remains down-regulated; 372 

(iii) induction of a microglial proliferation program, including chromosome segregation and mitotic 373 

nuclear division, consistent with cellular rejuvenation of the exhausted compartment and 374 

potentially the replacement of damaged microglia by newly generated cells. The therapeutic logic 375 

that emerges — pre-emption of chronic priming, rescue of energetic and translational capacity, 376 

and proliferation-driven rejuvenation — is mechanistically distinct from broad-spectrum anti-377 

inflammatory drugs that blunt acute cytokine responses without restoring microglial function. 378 

These findings suggest that CBD may engage either directly or indirectly microglial ECB-related 379 

(e.g., CB2, adenosine A2A, TRPV1) and metabolic pathways to dampen pro-inflammatory 380 

signaling, reduce oxidative stress, and normalize mitochondrial respiration. By doing so, CBD 381 

may de-prime chronically sensitized microglia at baseline and, upon immune challenge, limits 382 

parenchymal hyperactivation while partially restoring deficits in antigen presentation and oxidative 383 

phosphorylation pathways. 384 

Several limitations should frame interpretation. First, the snRNA-seq dataset uses a pooled-385 

replicate design (one library per condition derived from three biological replicates per pool), which 386 

provides biological averaging at the input level but precludes formal between-sample statistical 387 

inference; accordingly, we prioritized gene-set-level analyses (module scoring and pre-ranked 388 

GSEA) and treated DEG calls as exploratory effect-size estimates, with key snRNA-seq findings 389 

independently corroborated in the bulk whole-brain and FACS-microglia experiments. Second, 390 

some bulk RNA-seq comparisons, particularly at basal, unstimulated conditions, are 391 

underpowered for Padj-significant gene-level calls and rely primarily on pathway-level GSEA. 392 

Third, our FACS strategy targets CD45mid/CD11b⁺/CD11a⁻ microglia and does not directly 393 

resolve border-associated macrophages or perivascular myeloid populations46,47, which may 394 

contribute to the parenchymal response that microglia themselves do not mount. Finally, all data 395 
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are transcriptomic; functional validation of the microglial-exhaustion phenotype by phagocytosis, 396 

antigen presentation, and cytokine-release assays, together with direct quantification of brain-397 

infiltrating leukocytes, represents an important next step to refine the mechanistic interpretation 398 

of the dissociation paradox and the CBD rescue. 399 

Despite these constraints, the convergence of three independent transcriptomic modalities on a 400 

single coherent dual phenotype provides cross-platform support for the central finding, and the 401 

partial pharmacological rescue by chronic CBD indicates that both axes are biologically and 402 

therapeutically tractable. This framework of brain hyperresponsiveness coupled to microglial 403 

exhaustion may extend to other chronic conditions in which a primed parenchyma interacts with 404 

a compromised microglial compartment, including normal aging, post-acute sequelae of SARS-405 

CoV-2 infection, and chronic stress states associated with occupational or environmental toxicant 406 

exposure. 407 

  408 
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Methods 409 

Animals, GWI exposure paradigm, and experimental groups 410 

Male C57BL/6J mice (19 months at endpoint) were used (Jackson Labs, Farmington, CT). All 411 

animals were housed in ventilated cages (4 per cage) with free access to chow and water in 412 

rooms maintained on a 12-h light/12-h dark cycle (lights on at 6:30 AM, off at 6:30 PM) with 413 

constant temperature (22±2°C) and humidity (55-60%). All procedures were approved by the 414 

Institutional Animal Care and Use Committee of the University of California, Irvine, and were 415 

carried out in strict accordance with the National Institutes of Health guidelines for care and use 416 

of experimental animals. 417 

The GWI cohort was generated as described by Zakirova et al., using the combined Gulf War 418 

chemicals exposure protocol by administering 10 week-old mice with a 50 µL total volume of 0.7 419 

mg/kg of pyridostigmine bromide and 200 mg/kg permethrin in 100% DMSO, or a 50 µL volume 420 

of vehicle via intraperitoneal injection (i.p.) daily, for 10 days 8. Following exposure, animals were 421 

aged to 17.5 months and assigned to a 2 × 2 × 3 factorial design: Ctrl-Veh-PBS, Ctrl-Veh-LPS, 422 

GW-Veh-PBS, GW-Veh-LPS, GW-CBD-PBS, GW-CBD-LPS (n = 3–4 per condition for bulk RNA-423 

seq; three pooled hippocampi per condition for snRNA-seq). CBD-arm animals received daily i.p. 424 

administration of CBD (30 mg/kg in 5% Tween 80/PBS) for 28 consecutive days, followed by 425 

maintenance dosing once every 2 days for an additional 2 weeks; vehicle-arm animals received 426 

an equal volume of vehicle. On the morning after the final dose, LPS-arm mice received a single 427 

intraperitoneal injection of 0.33 mg/kg LPS from Escherichia coli strain O111:B4 (L4130, Sigma 428 

Aldrich); PBS mice received an equal volume of sterile PBS. After 24 hours, mice were 429 

anesthetized with isoflurane (Pivotal veterinary, Loveland, CO), killed by decapitation, and the 430 

brains were removed. 431 

Hippocampal nuclei isolation and snRNA-seq 432 
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Three hippocampi per condition (from three Control or GWI mice) were pooled and quickly frozen. 433 

They were processed as a single nuclei suspension per condition, yielding one sequencing library 434 

per group from three biological replicates. Single nuclei were isolated using a Miltenyi 435 

gentleMACS Dissociator (Miltenyi Biotec, Bergisch Gladbach, Germany), and suspensions were 436 

loaded onto a 10x Genomics Chromium Controller (Next GEM Single Cell 3' v3.1). Libraries were 437 

sequenced on an Illumina platform using paired-end 150 bp reads (PE150) to a depth of at least 438 

25,000 reads per nucleus; all library preparation and sequencing were performed by Novogene 439 

(Beijing, People’s Republic of China). Reads were aligned to the mouse reference genome 440 

(GRCm38/mm10) using Cell Ranger, and the resulting 10x HDF5 count matrices were imported 441 

into R for downstream analysis. 442 

snRNA-seq processing and cell-type annotation 443 

Analyses were performed in R 4.5.2 using Seurat v5.5.0. Nuclei were retained if 200 < 444 

nFeature_RNA < 6,000, nCount_RNA < 30,000, and percent.mt < 5%. Counts were log-445 

normalized, 3,000 highly variable genes were selected, data were scaled regressing out 446 

percent.mt, and 50 principal components were computed. Harmony integration was applied 447 

across libraries, and clustering at resolution 0.4 yielded 33 clusters that were embedded by 448 

UMAP. Cluster annotation combined SingleR (MouseRNAseqData + ImmGenData) majority 449 

labels with canonical marker review and FindAllMarkers output, yielding 24 fine cell-type labels 450 

collapsed into nine broad lineages for primary inferential analyses. 451 

Whole-brain bulk RNA-seq and FACS-purified microglia bulk RNA-seq 452 

Total RNA was extracted from the whole brain using a Trizol/RNeasy hybrid method 24,48. For 453 

microglia purification, quickly isolated brains were dissociated using the Adult Brain Dissociation 454 

kit (Miltenyi Biotec). Myelin was removed, and microglia were purified by flow cytometry cell 455 

sorting (FACS) as live CD45mid /CD11b⁺/CD11a⁻ cells, as previously described 24,48. Total RNA 456 
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was extracted,  and samples with RNA integrity number ≥ 8.5 were used for RNA sequencing. 457 

RNAseq was conducted at Novogene (Bejing, People’s Republic of China) using the Illumina 458 

NovaSeq platform with paired-end 150 bp (PE 150) sequencing strategy. Poly(A)-enriched 459 

stranded libraries were prepared and sequenced, and reads were aligned to GRCm38/mm10 to 460 

produce gene-level counts. 461 

snRNA-seq differential expression, pathway enrichment, and module scoring 462 

snRNA-seq transcriptional changes were assessed at all-nuclei, per-fine-celltype, and per-broad-463 

lineage granularities using Wilcoxon rank-sum tests (FindMarkers, min.pct = 0.1, logfc.threshold 464 

= 0.1). Because the pooled-replicate design yielded one library per group, formal between-sample 465 

inference was not possible; nuclei were used as the analytic unit for these comparisons, framed 466 

as exploratory effect-size estimates (adjusted P < 0.05 and |log₂FC| > 0.5). Pre-ranked GSEA 467 

used clusterProfiler v4.18 against MSigDB Hallmark, GO:BP, and KEGG collections (msigdbr 468 

v26.1, species = mouse). snRNA-seq cell-type module scoring used the module panel described 469 

in Supplementary Table S12, with member-gene expression aggregated into per-(sample × 470 

broad-cell-type) pseudobulks, gene-wise z-scored across samples, and averaged. 471 

Bulk RNA-seq differential expression, pathway enrichment, and module scoring 472 

Whole-brain and FACS-microglia bulk datasets were processed in identical pipelines using edgeR 473 

v4.8 and limma v3.66. Lowly expressed genes were filtered with filterByExpr, libraries normalised 474 

by TMM, and voom precision-weighting was followed by lmFit with a means parameterisation (~0 475 

+ Group). Eight prespecified contrasts were tested via makeContrasts / eBayes: (i) Ctrl LPS 476 

response; (ii) basal GWI effect; (iii) GWI effect under LPS; (iv) GWI LPS response; (v) GWI × LPS 477 

interaction (Δ-LPS); (vi) basal CBD effect within GWI; (vii) CBD effect under LPS within GWI; (viii) 478 

CBD × LPS interaction within GWI. DEGs were called at Padj < 0.05 with |log₂FC| > 0.5; relaxed 479 

P < 0.05 thresholds were reported where indicated. Pathway analysis used clusterProfiler v4.18 480 



 22 

(GO:BP, KEGG, MSigDB Hallmark via msigdbr v26.1, org.Mm.eg.db v3.22) in two modes: ORA 481 

on DEG sets and pre-ranked GSEA on signed −log₁₀ p ranked lists. Pathway hits were declared 482 

consistent if they appeared in ≥ 2 of four DEG-threshold strata or in any single stratum plus the 483 

GSEA call for the same comparison and direction.  484 

Cell-type module scores were computed on voom-normalised expression z-scored across 485 

samples; member-gene scores were averaged, modules with < 50% gene detection were flagged 486 

LOW_DETECTION, and contrast Δ values were tested with two-sample t-tests (Supplementary 487 

Table S12).  488 
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Figure Legends 510 

Figure 1. Single-nucleus transcriptomic atlas of the aged GWI hippocampus. 511 

(a) Schematic of the comparative transcriptome analysis between brain from control and GWI 512 

mice: hippocampus for snRNA-seq, whole-brain or FACS-purified microglia for bulk RNA-seq 513 

analyses. (b) UMAP of 37,745 high-quality nuclei, Harmony-integrated and colored by nine broad 514 

cell-type lineages. (c) UMAP split by condition: control (Ctrl) and GWI. (d) Dot plot of canonical 515 

lineage markers (Slc17a7, Gad2, Mbp, Pdgfra, Aqp4, Cx3cr1, Cldn5, Pdgfrb); dot size = fraction 516 

of nuclei expressing each marker, color = mean expression. (e) Stacked bar of broad-lineage 517 

composition per condition (n = 19,115 for Ctrl; and n = 18,630 for GWI). (f) Number of pathways 518 

with significant enrichment by GSEA, summarized by GO:BP, KEGG, and Hallmark categories 519 

on the broad cell-type clusters. 520 

Figure 2. A multi-lineage primed-neuroimmune signature in the aged GWI hippocampus. 521 

 (a, b) Pre-ranked GSEA GO:BP results for microglial cluster from the broad lineage (a) and 522 

homeostatic microglia (Micro-Homeo) cluster from the fine cell type cluster (b), with leading-edge 523 

microglial genes shown in (c). (d, e) GSEA GO:BP results for oligodendrocyte progenitor cells 524 

(OPC) (d), and inhibitory neurons (Inh Neurons) (e). (f) Cell-type module score matrix showing 525 

pseudobulk z-score differences (GWI − Ctrl) for 39 functional modules (rows) across eight broad 526 

cell-type lineages (columns); modules with < 50% marker gene detection in a lineage are masked. 527 

Gray shading indicates modules that are not relevant to the corresponding cell type. 528 

Figure 3. Whole-brain bulk RNA-seq reveals an amplified parenchymal response to 529 

systemic LPS in the aged GWI brain. 530 

(a, b) PCA and volcano plots for the comparative analysis of GWI effects under (a) basal (PBS) 531 

and (b) immune-stimulated (LPS) conditions (n = 3-4 per group). (c) Basal GWI signature: pre-532 

ranked GSEA-GO:BP results showing elevated cytoplasmic translation and reduced mRNA 533 
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processing. (d) Number of GO:BP terms significantly enriched in DEGs from over-representation 534 

analysis (ORA) comparing LPS- versus PBS-treated GWI and control mice across a range of 535 

statistical stringencies. (e) Immune-stimulated GWI signature: pre-ranked GSEA highlighting 536 

elevated leukocyte-mediated immunity and positive regulation of innate immune response. (f) 537 

Heatmap illustrating gene-level alterations in GWI versus control brains across basal and LPS-538 

stimulated conditions; values indicate the log2[GWI/Ctrl] for each gene. (g) GSEA-GO:BP results 539 

for the formal ΔLPS interaction, resolving a GWI-amplified positive arm (leukocyte-mediated 540 

immunity and regulation of innate immune response) and a GWI-amplified negative arm 541 

(translation at synapse/presynapse/postsynapse and cytoplasmic translation). (h) Leading-edge 542 

gene panels for the formal ΔLPS interaction, showing the vascular/BBB/leukocyte-engagement 543 

arm (Icam1, Pecam1, Itgb2) and ribosomal-protein gene families with their log2[LPS/PBS] values. 544 

Figure 4. GWI Microglia mount a blunted transcriptional response to systemic LPS — the 545 

microglial-exhaustion phenotype. 546 

(a, b) PCA and volcano plots for the comparative analysis for GWI effects under (a) basal (PBS) 547 

and (b) immune-stimulated (LPS) conditions (n = 3-4 per group). (c) Basal GWI microglia 548 

signature: pre-ranked GSEA-GO:BP showing elevated translation at synapse, ribosome, and 549 

oxidative phosphorylation categories in GWI microglia at baseline. (d) Number of GO:BP terms 550 

significantly enriched in DEGs from over-representation analysis (ORA) comparing LPS- versus 551 

PBS-treated GWI and control mice across a range of statistical stringencies. (e) Microglial cell-552 

type module score panel across the four experimental groups: in control mice, LPS drives the 553 

canonical decrease in Homeostatic and increases in Complement, Interferon_Antiviral, and 554 

Phagocytosis_Lysosome modules, whereas in GWI none of these reach significance and 555 

Antigen_Presentation and Lipid_DAM modules respond to LPS in the opposite direction. (f, g) 556 

Immune-stimulated GWI microglia signature: pre-ranked GSEA-GO:BP showing reduced proton 557 

motive force-driven ATP synthesis, mitochondrial translation, ATP biosynthetic process, and 558 
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oxidative phosphorylation (f), with leading-edge gene panels and corresponding log2[GWI/Ctrl] 559 

values in (g). (h, i) Pre-ranked GSEA summary of the formal GWI × LPS interaction (ΔLPS) within 560 

microglia, revealing reduced ribosome, oxidative phosphorylation, and translation at synapse 561 

pathways in GWI microglia (h) and leading-edge genes spanning ribosomal proteins, MHC 562 

molecules, and interferon-stimulated genes (i). 563 

Figure 5. Chronic CBD partially rescues both arms of the GWI dual phenotype. 564 

(a) Schematic of the CBD treatment paradigm: daily intraperitoneal CBD or vehicle for 28 days 565 

beginning 15 months after the GW chemicals exposure, followed by a single intraperitoneal LPS 566 

or PBS injection and tissue collection for bulk RNA-seq analysis of whole-brain and FACS-purified 567 

microglia. (b) Pre-ranked GSEA-GO:BP pathways down-regulated in whole brain by CBD, 568 

including translation at synapse and oxidative phosphorylation. (c) Top GSEA-GO:BP categories 569 

down-regulated in whole brain by CBD under LPS, led by antigen processing and presentation, 570 

leukocyte-mediated immunity, and lymphocyte/adaptive immunity. (d) GSEA-GO:BP results in 571 

LPS-stimulated microglia showing CBD-induced elevation of meiotic cell cycle program and 572 

reduction of ribosome biogenesis genes. (e) Functional module analysis indicating CBD-provided 573 

rescue of Antigen_Presentation and Interferon_Antiviral signatures in LPS-stimulated GWI 574 

microglia. (f) Formal CBD × LPS interaction in microglia revealing increased ATP synthesis, 575 

oxidative phosphorylation, and ribosome pathways driven by Rpl/Rps/Mrpl/Mrps gene families 576 

(g), alongside concurrent down-regulation of GO:BP ribosome biogenesis terms (f) driven by 577 

upstream regulators (g).  578 
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Supplementary information 579 

The following items will be provided as Supplementary information files. 580 

 581 

Supplementary Figures S1-S12 582 

Supplementary Figure S1. Fine cell-type annotation of the hippocampal snRNA-seq atlas.  583 

Supplementary Figure S2. Expression of canonical lineage markers.  584 

Supplementary Figure S3. Hallmark pathway enrichment in broad cell-type clusters.  585 

Supplementary Figure S4. Hallmark pathway enrichment in selected fine cell-type clusters.  586 

Supplementary Figure S5. Glycolytic gene expression across microglia clusters.  587 

Supplementary Figure S6. Whole-brain bulk RNA-seq GSEA-KEGG enrichment for GWI.  588 

Supplementary Figure S7. Brain-wide response to LPS stimulation in aged control and GWI 589 

mice.  590 

Supplementary Figure S8. Microglia bulk RNA-seq GSEA-KEGG and GSEA-GO:BP enrichment 591 

for GWI.  592 

Supplementary Figure S9. Microglial response to LPS stimulation in aged control and GWI mice.  593 

Supplementary Figure S10. Brain-wide response to CBD treatment in aged GWI mice.  594 

Supplementary Figure S11. Microglial response to CBD treatment in aged GWI mice.  595 

Supplementary Figure S12. Effects of CBD treatment on endocannabinoid (ECB)-related genes 596 

in GWI mice.  597 

 598 

Supplementary Tables S1-S12 599 
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Supplementary Table S1. Counts for the broad and fine cell-type clusters and associated 600 

markers 601 

(Excel file: Table_S1_Summary_snRNAseq_cell_annotation.xlsx) 602 

Supplementary Table S2. Counts for GSEA results in broad and fine cell-type clusters 603 

(Excel file: Table_S2_Summary_GSEA_snRNAseq_CellType.xlsx) 604 

Supplementary Table S3. Functional module analysis for broad cell-type clusters 605 

(Excel file: Table_S3_Global_module_analysis.xlsx) 606 

Supplementary Table S4. DEG analysis summary for the brain-wide bulk RNA-seq dataset 607 

(Excel file: Table_S4_Brainwide_DEG_GO_KEGG_summary_counts.xlsx) 608 

Supplementary Table S5. Significant GO:BP terms for LPS-upregulated DEGs from brain-wide 609 

bulk RNA-seq 610 

(Excel file: Table_S5_Brainwide_LPS_Effects_UpDEG_GO_BP)  611 

Supplementary Table S6. Brainwide GSEA-GO:BP and GSEA-KEGG analyses for the ΔLPS 612 

interaction  613 

(Excel file: Table_S6_Brainwide_delta_LPS_GSEA_GO_BP_KEGG.xlsx) 614 

Supplementary Table S7. DEG analysis summary for the microglia bulk RNA-seq dataset 615 

(Excel file: Table_S7_Microglia_DEG_GO_KEGG_summary_counts.xlsx) 616 

Supplementary Table S8. Significant GO:BP terms for LPS-upregulated DEGs from microglia 617 

bulk RNA-seq 618 

(Excel file: Table_S8_Microglia_LPS_Effects_UpDEG_GO_BP.xlsx) 619 



 29 

Supplementary Table S9. Significant GO:BP terms for CBD-downregulated DEGs from brain-620 

wide bulk RNA-seq in GWI-LPS mice 621 

(Excel file: Table_S9_Brainwide_CBD_Effects_DownDEG_GWI_LPS_GO_BP.xlsx) 622 

Supplementary Table S10. Significant GO:BP terms for CBD-upregulated and CBD-623 

downregulated DEGs from microglia bulk RNA-seq in GWI-LPS mice  624 

(Excel file: Table_S10_Microglia_CBD_Effects_Down_Up_DEG_GWI_LPS_GO_BP.xlsx) 625 

Supplementary Table S11. GSEA-GO:BP and GSEA-KEGG analyses for the effects of CBD 626 

on microglia for the ΔLPS interaction in GWI mice 627 

(Excel file: Table_S11_Microglia_CBD_Effects_GWI_LPS_GSEA_GOBP_KEGG.xlsx) 628 

Supplementary Table S12. List of marker genes for the cell-type selective functional module 629 

analysis 630 

(Excel file: Table_S12_List_Celltype_Module_Genes.xlsx)  631 
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Source data 632 

A Source Data file containing the underlying values for every panel of Figures 1–5 will be provided.  633 

Data availability 634 

Raw sequencing reads and processed count/expression matrices from snRNA-seq, whole-brain 635 

bulk RNA-seq, and FACS-purified microglia bulk RNA-seq generated in this study will be 636 

deposited to an online depository before the publication.  637 

Code availability 638 

The complete analysis pipeline (R scripts for snRNA-seq processing, bulk RNA-seq differential 639 

expression, pathway enrichment, and cell-type module scoring) will be deposited to an online 640 

depository before the publication.  641 
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Figure 1. Single-nucleus transcriptomic atlas of the aged GWI hippocampus.

(a) Schematic of the comparative transcriptome analysis between brain from control and GWI 

mice: hippocampus for snRNA-seq, whole-brain or FACS-purified microglia for bulk RNA-seq 

analyses. (b) UMAP of 37,745 high-quality nuclei, Harmony-integrated and colored by nine broad 

cell-type lineages. (c) UMAP split by condition: control (Ctrl) and GWI. (d) Dot plot of canonical 

lineage markers (Slc17a7, Gad2, Mbp, Pdgfra, Aqp4, Cx3cr1, Cldn5, Pdgfrb); dot size = fraction 

of nuclei expressing each marker, color = mean expression. (e) Stacked bar of broad-lineage 

composition per condition (n = 19,115 for Ctrl; and n = 18,630 for GWI). (f) Number of pathways 

with significant enrichment by GSEA, summarized by GO:BP, KEGG, and Hallmark categories on 

the broad cell-type clusters.
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Figure 2. A multi-lineage primed-neuroimmune signature in the aged GWI hippocampus.

 (a, b) Pre-ranked GSEA GO:BP results for microglial cluster from the broad lineage (a) and 

homeostatic microglia (Micro-Homeo) cluster from the fine cell type cluster (b), with leading-edge 

microglial genes shown in (c). (d, e) GSEA GO:BP results for oligodendrocyte progenitor cells 

(OPC) (d), and inhibitory neurons (Inh Neurons) (e). (f) Cell-type module score matrix showing 

pseudobulk z-score differences (GWI − Ctrl) for 39 functional modules (rows) across eight broad 

cell-type lineages (columns); modules with < 50% marker gene detection in a lineage are masked. 

Gray shading indicates modules that are not relevant to the corresponding cell type.



Figure 3

c

g

LPS-stimulated GWI signature: GSEA-GO:BP

Basal GWI signature: GSEA-GO:BPa

h

b

d

e

f
ΔLPS GWI signature: GSEA-GO:BP

PCA

PCA



Figure 3. Whole-brain bulk RNA-seq reveals an amplified parenchymal response to 

systemic LPS in the aged GWI brain.

(a, b) PCA and volcano plots for the comparative analysis of GWI effects under (a) basal (PBS) 

and (b) immune-stimulated (LPS) conditions (n = 3-4 per group). (c) Basal GWI signature: pre-

ranked GSEA-GO:BP results showing elevated cytoplasmic translation and reduced mRNA 

processing. (d) Number of GO:BP terms significantly enriched in DEGs from over-representation 

analysis (ORA) comparing LPS- versus PBS-treated GWI and control mice across a range of 

statistical stringencies. (e) Immune-stimulated GWI signature: pre-ranked GSEA highlighting 

elevated leukocyte-mediated immunity and positive regulation of innate immune response. (f) 

Heatmap illustrating gene-level alterations in GWI versus control brains across basal and LPS-

stimulated conditions; values indicate the log2[GWI/Ctrl] for each gene. (g) GSEA-GO:BP results 

for the formal ΔLPS interaction, resolving a GWI-amplified positive arm (leukocyte-mediated 

immunity and regulation of innate immune response) and a GWI-amplified negative arm 

(translation at synapse/presynapse/postsynapse and cytoplasmic translation). (h) Leading-edge 

gene panels for the formal ΔLPS interaction, showing the vascular/BBB/leukocyte-engagement 

arm (Icam1, Pecam1, Itgb2) and ribosomal-protein gene families with their log2[LPS/PBS] values. 
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Figure 4. GWI Microglia mount a blunted transcriptional response to systemic LPS — the 

microglial-exhaustion phenotype.

(a, b) PCA and volcano plots for the comparative analysis for GWI effects under (a) basal (PBS) 

and (b) immune-stimulated (LPS) conditions (n = 3-4 per group). (c) Basal GWI microglia 

signature: pre-ranked GSEA-GO:BP showing elevated translation at synapse, ribosome, and 

oxidative phosphorylation categories in GWI microglia at baseline. (d) Number of GO:BP terms 

significantly enriched in DEGs from over-representation analysis (ORA) comparing LPS- versus 

PBS-treated GWI and control mice across a range of statistical stringencies. (e) Microglial cell-

type module score panel across the four experimental groups: in control mice, LPS drives the 

canonical decrease in Homeostatic and increases in Complement, Interferon_Antiviral, and 

Phagocytosis_Lysosome modules, whereas in GWI none of these reach significance and 

Antigen_Presentation and Lipid_DAM modules respond to LPS in the opposite direction. (f, g) 

Immune-stimulated GWI microglia signature: pre-ranked GSEA-GO:BP showing reduced proton 

motive force-driven ATP synthesis, mitochondrial translation, ATP biosynthetic process, and 

oxidative phosphorylation (f), with leading-edge gene panels and corresponding log2[GWI/Ctrl] 

values in (g). (h, i) Pre-ranked GSEA summary of the formal GWI × LPS interaction (ΔLPS) within 

microglia, revealing reduced ribosome, oxidative phosphorylation, and translation at synapse 

pathways in GWI microglia (h) and leading-edge genes spanning ribosomal proteins, MHC 

molecules, and interferon-stimulated genes (i). 
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Figure 5. Chronic CBD partially rescues both arms of the GWI dual phenotype.

(a) Schematic of the CBD treatment paradigm: daily intraperitoneal CBD or vehicle for 28 days 

beginning 15 months after the GW chemicals exposure, followed by a single intraperitoneal LPS or 

PBS injection and tissue collection for bulk RNA-seq analysis of whole-brain and FACS-purified 

microglia. (b) Pre-ranked GSEA-GO:BP pathways down-regulated in whole brain by CBD, including 

translation at synapse and oxidative phosphorylation. (c) Top GSEA-GO:BP categories down-

regulated in whole brain by CBD under LPS, led by antigen processing and presentation, leukocyte-

mediated immunity, and lymphocyte/adaptive immunity. (d) GSEA-GO:BP results in LPS-stimulated 

microglia showing CBD-induced elevation of meiotic cell cycle program and reduction of ribosome 

biogenesis genes. (e) Functional module analysis indicating CBD-provided rescue of 

Antigen_Presentation and Interferon_Antiviral signatures in LPS-stimulated GWI microglia. (f) Formal 

CBD × LPS interaction in microglia revealing increased ATP synthesis, oxidative phosphorylation, and 

ribosome pathways driven by Rpl/Rps/Mrpl/Mrps gene families (g), alongside concurrent down-

regulation of GO:BP ribosome biogenesis terms (f) driven by upstream regulators (g).



b

a
c

Supplementary Figure S1. Fine cell-type annotation of the hippocampal snRNA-seq atlas. 

(a) UMAP of 37,745 high-quality nuclei, Harmony-integrated and colored by 24 fine cell-type 

clusters. (b) UMAP split by condition (Ctrl, GWI). (c) Dot plot of canonical lineage markers.
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Supplementary Figure S2. Expression of canonical lineage markers. (a) Composite marker 

score UMAP. (b) UMAPs for individual cell-type markers. (c) Violin plots for the same markers 

across fine cell-type clusters. 
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Supplementary Figure S3. Hallmark pathway enrichment in broad cell-type clusters. 

GSEA-Hallmark panels for broadly annotated hippocampal cell type clusters: (a) microglia, (b) 

astrocyte, (c) inhibitory neurons, (d) excitatory neurons, (e) oligodendrocyte, and (f) OPC.
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Supplementary Figure S4. Hallmark pathway enrichment in selected fine cell-type clusters. 

GSEA-Hallmark panels for selected fine cell type annotation clusters: (a) homeostatic microglia 

(Micro-Homeo), (b) activated microglia (Micro-Act), (c) astrocyte, (d) SST-expressing inhibitory 

neurons (e) CA3 excitatory neurons, and (f) Drd1-expressing excitatory neurons in DG.



Supplementary Figure S5. Glycolytic gene expression across microglia clusters. Heatmap 

for glycolytic gene expression across the broad microglial cluster and its fine subsets, including 

activated microglia (Micro-Act) and homeostatic microglia (Homeo-Act); values indicate the 

log2[GWI/Ctrl] for each gene.
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Supplementary Figure S6. Whole-brain bulk RNA-seq GSEA-KEGG enrichment for GWI. 

Whole-brain bulk RNA-seq GSEA-KEGG results for the effects of GWI versus control under 

basal unstimulated conditions (a), LPS-stimulated conditions (b), and the formal GWI × LPS 

interaction (ΔLPS) (c).
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Supplementary Figure S7. Brain-wide response to LPS stimulation in aged control and 

GWI mice. (a, b) Volcano plots for LPS versus PBS in (a) Ctrl and (b) GWI mice. (c) Heatmap 

showing LPS-induced transcriptional changes in select neuroinflammation-related genes in 

control and GWI mice; numbers indicate log2[LPS/PBS] for each gene.
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Supplementary Figure S8. Microglia bulk RNA-seq GSEA-KEGG and GSEA-GO:BP 

enrichment for GWI. Microglia bulk RNA-seq GSEA results for the effects of GWI versus control 

under basal, unstimulated conditions (a, GSEA-KEGG), LPS-stimulated conditions (b, GSEA-

KEGG), and the formal GWI × LPS interaction (ΔLPS) (c, GSEA-GO:BP).
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Supplementary Figure S9. Microglial response to LPS stimulation in aged control and GWI 

mice. Volcano plots for LPS versus PBS in microglia from (a) Ctrl and (b) GWI mice.
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Supplementary Figure S10. Brain-wide response to CBD treatment in aged GWI mice. (a, 

b) PCA and volcano plots for CBD versus vehicle treatment in GWI mice under (a) basal, 

unstimulated and (b) LPS-stimulated conditions. (c, d) Whole-brain bulk RNA-seq GSEA-KEGG 

results for CBD versus vehicle in GWI mice under basal (c) and LPS-stimulated (d) conditions. 

(e) GSEA-KEGG results for the formal GWI × LPS interaction (ΔLPS).
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Supplementary Figure S11. Microglial response to CBD treatment in aged GWI mice. (a, b) 

PCA and volcano plots for CBD versus vehicle in microglia from GWI mice under (a) basal, 

unstimulated and (b) LPS-stimulated conditions. 
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Supplementary Figure S12. Effects of CBD treatment on endocannabinoid (ECB)-related 

genes in GWI mice. Heatmap showing CBD-induced transcriptional changes in select ECB 

system genes in the (a) whole brain or (b) purified microglia from GWI mice, under unstimulated 

(PBS) or LPS-stimulated conditions; numbers indicate log2[CBD/Veh] for each gene.
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