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Abstract
Gulf War Illness (GWI), a disorder suffered by approximately 200,000 veterans of the first Gulf War, was caused by exposure 
to low-level organophosphate pesticides and nerve agents in combination with battlefield stress. To elucidate the mechanistic 
basis of the brain-related symptoms of GWI, human-induced pluripotent stem cells (hiPSCs) derived from veterans with or 
without GWI were differentiated into forebrain glutamatergic neurons and then exposed to a Gulf War (GW) relevant toxicant 
regimen consisting of a sarin analog and cortisol, a human stress hormone. Elevated levels of total and phosphorylated tau, 
reduced microtubule acetylation, altered mitochondrial dynamics/transport, and decreased neuronal activity were observed 
in neurons exposed to the toxicant regimen. Some of the data are consistent with the possibility that some veterans may have 
been predisposed to acquire GWI. Wistar rats exposed to a similar toxicant regimen showed a mild learning and memory 
deficit, as well as cell loss and tau pathology selectively in the CA3 region of the hippocampus. These cellular responses offer 
a mechanistic explanation for the memory loss suffered by veterans with GWI and provide a cell-based model for screening 
drugs and developing personalized therapies for these veterans.
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Introduction

Gulf War Illness (GWI) is a debilitating multi-symptom dis-
ease suffered by 30% of the nearly 700,000 United States 
veterans deployed during the 1991 Gulf War [1–3]. Symp-
toms include fatigue, musculoskeletal pain, gastrointestinal 
problems, and alterations in central nervous system (CNS) 
functioning [4]. CNS dysfunction includes short-term mem-
ory problems, poor attention/concentration, reduced infor-
mation processing speeds, persistent headaches, and mood 

and sleep disturbances [5–7]. The etiology of the disease 
remains unclear, with no effective treatments yet available 
[8].

Although high-dose organophosphate exposure irre-
versibly inhibits acetylcholinesterase [9], growing evi-
dence indicates that low-dose organophosphate exposure 
is responsible for the long-term cognitive deficits in GWI 
[10, 11], thus implicating novel biological targets. Stud-
ies have shown that GWI results from organophosphate 
pesticides and nerve agents combined with the stress of 
the battlefield, the latter of which can be mimicked in the 
laboratory by restraint of an animal’s mobility or intro-
duction of a stress hormone [12, 13]. The most prevalent 
mechanistic hypothesis for GWI is that its symptoms result 
from a toxicant-induced self-perpetuating state of neuro-
inflammation [14, 15], while other studies indicate that 
microtubule-based abnormalities (including axonal trans-
port deficits) might underlie the disease [16–18]. Rodents 
exposed to GW-relevant toxicants display neuronal micro-
tubules with fewer associated proteins than normal, lead-
ing to reduced microtubule width [19]. This may be due 
to abnormal phosphorylation (and hence detachment) of 
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