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1. Introduction

Gulf War illness (GWI) is a chronic and multi-symptomatic disorder affecting approximately one third (~175,000 to 
210,000) of Gulf War (GW) veterans. The symptoms vary among individuals and include cognitive difficulties, mood 
problems, chronic headache, sleep problems, debilitating fatigue, widespread pain, respiratory symptoms, gastrointestinal 
problems, and dermatological complaints. Nervous system problems are frequently reported. It is widely believed that 
these clinical symptoms are linked to a combination of war-related traumatic stress and exposure to chemical agents, 
such as pyridostigmine bromide (given to soldiers as an anti-nerve agent pretreatment), sarin nerve agent, pesticides, and 
smoke from burning oil wells. The long-term effects of such combined exposures in rodents have been extensively studied 
and indicate that exposed rodents developed GWI-like symptoms, such as increased anxiety- and depression-like 
behaviors and cognitive impairments. However, the underlying mechanisms linking the exposure, the pathological 
changes, and the symptoms have not been elucidated. 

Pyridostigmine bromide, pesticides, and sarin are organophosphate or carbamate acetylcholinesterase inhibitors. 
Under stress conditions, they can enter the brain and inhibit acetylcholinesterase activity leading to increased 
acetylcholine levels, which result in enhanced spontaneous glutamate release via overactivation of muscarinic receptors 
located on presynaptic terminals. Moreover, mounting evidence indicates that stress can cause dysregulation of 
glutamate transmission. Thus, chronic exposure to GW-related agents and stress could result in increased extracellular 
glutamate levels, which could cause excitotoxic damage and synaptic dysfunction. It has been reported that exposure to 
an organophosphate pesticide, individually or in combination with other GW agents, results in the impairment of 
hippocampal synaptic integrity in mice. In addition, it has been shown that stress causes loss of dendrites and their 
synapses, leading to decreased grey matter volume in the hippocampus. Abdel-Rahman et al. reported that exposure to a 
combination of stress and GW agents significantly decreases the thickness of hippocampal CA3 and CA1 in rats. 
Importantly, reduced hippocampal volume and hippocampal dysfunction have been extensively reported in veterans with 
GWI. Taken together, current literature indicates that traumatic stress and GW agents can cause hippocampal 
abnormalities and atrophy, which may result in or contribute to many neurological problems in veterans with GWI. In the 
present study, we investigated the underlying mechanisms of hippocampal abnormalities in a mouse model of GWI. 

Furthermore, we investigated whether restoration of hippocampal deficits could serve as a potential therapeutic 
strategy. We have discovered and developed a novel series of small-molecules, pyridazine derivatives, which can 
strengthen the structure and function of both the astrocytic processes and the glutamatergic synapses that together form 
the tripartite synapses. Studies on the mechanism of action reveal that pyridazine derivatives activate local translation of a 
subset of transcripts in the peri-synaptic astrocytic processes (PAP). This results in rapidly up-regulating a subset of 
astrocytic proteins and enhancing the plasticity of the PAP. Importantly, enhanced plasticity of PAP subsequently leads to 
increased synaptic protein expression in the synapse and strengthened synaptic long-term potentiation (LTP). We have 
demonstrated that pyridazine derivatives are capable of normalizing glutamate dyshomeostasis and restoring synapse 
integrity; they exhibit profound efficacy in several disease models, including Alzheimer’s disease, amyotrophic lateral 
sclerosis, and epilepsy. In the present study, we investigated an advanced small-molecule, LDN/OSU-215111, in GWI 
mice and found that LDN/OSU-215111 effectively normalized hippocampal deficits and ameliorated symptoms. 

file:///G:/flush%20drive%202/USB%20Drive%202/Xueqin's%20GWI%20paper/NS/3rd%20submission/Wang%20et%20al.%20Restoring....docx%23_ENREF_3
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3. Accomplishments

➢ What were the major goals of the project?

1. To investigate the underlying mechanisms of hippocampal abnormalities in a mouse model of GWI
2. To investigate whether LDN/OSU-215111, a small-molecule that can strength the plasticity of tripartite

glutamatergic synapses, can normalize hippocampal deficits in a mouse model of GWI
3. To investigate whether LDN/OSU-215111 can prevent development of cognitive and mood deficits in 

mice exposed to GW agents and stress 
4. To investigate whether LDN/OSU-215111 can improve cognitive and mood deficits when the symptoms 

are already present

➢ What was accomplished under these goals?

We have successfully finished the project and accomplished the four goals described above. This work 
was published in Neurobiology of Stress (2020 Jul 13; 13:100240; doi:10.1016/j.ynstr.2020.100240; PMID: 
33344696; PMCID: PMC7739039). A copy of this paper is attached. Results are presented below. 

GWI mice exhibit elevated extracellular glutamate levels, which can be normalized by LDN/OSU-215111 
We first established a GWI model in mice as follows. Three-month-old C57BL/6J mice were exposed to 

GW-related agents and stress (GW-exposure) daily for six weeks. GW agents included pyridostigmine bromide 
(1.3 mg/kg), permethrin (0.13 mg/kg), and DEET (40 mg/kg). GW agents were administrated in the morning (8-
9 am) followed by introduction of unpredictable stress. The stress regimen consisted of exposure to two 
different stressors each day, including restraint (1 h), cage rotation (25 rpm, 1 h), hot stress (37 °C, 1 h), cold 
stress (4-8 °C, 1 h), wet bedding (4 h), replace bedding with water (3 h), and cage tilt at 45° angle (4 h). At 
three-months post-exposure, mice exhibited several GWI-like symptoms, including anxiety- and depression-
like behavior, cognitive impairment, and fatigue. These symptoms were sustained for at least one-year post-
exposure.    

Previous studies indicate that GW agents and stress can cause dysregulation of glutamate 
transmission. We investigated whether GWI mice exhibited elevated extracellular glutamate levels during the 
exposure and at three-months post-exposure. Microdialysis was employed to measure extracellular glutamate 
levels in the hippocampal CA1 area. This study was conducted as illustrated in Fig. 1. Littermate-matched mice 
were randomly divided into three groups: control (no GW-exposure, treated with vehicle), GWI/vehicle (GW-
exposure, treated with vehicle), and GWI/LDN/OSU-215111 (GW-exposure, treated with LDN/OSU-215111). 
LDN/OSU-215111 or vehicle was given to the mice on the last day of exposure (Fig. 1 A) or at three-months 
post-exposure (Fig. 1 B); 10 mg/kg of LDN/OSU-215111 was used as in our previous stud. In vivo 
microdialysis was conducted the next day. Results showed a significant increase in glutamate levels (~1.5-2 
folds) in GWI/vehicle mice compared to control mice. Importantly, glutamate levels decreased following a 
single dose of LDN/OSU-215111 treatment (Fig. 1 A). We previously demonstrated that LDN/OSU-215111 can 
rapidly up-regulate a subset of proteins in the perisynaptic astrocytic processes, including excitatory amino 
acid transporter 2 (EAAT2), via activation of local translation. We found that hippocampal EAAT2 protein levels 
decreased (~25%) in GWI/vehicle mice and significantly increased following a single dose of LDN/OSU-
215111 (Fig. 1 A). Notably, at three-months post-exposure, glutamate levels in the exposed mice were still 
significantly higher than that in control mice and were decreased by LDN/OSU-215111 (Fig. 1 B). Hippocampal 
EAAT2 protein levels remained lower level in GWI/vehicle mice and was restored by LDN/OSU-215111 (Fig. 1 
B). These results suggest that GW-exposure causes long-term glutamatergic abnormalities but appears 
amenable to intervention by LDN/OSU-215111. 
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Fig. 1. GW-exposure causes elevated extracellular glutamate levels and decreased EAAT2 protein levels in the 
hippocampi, which can be normalized by LDN/OSU-215111. (A) During GW-exposure. (Left) Experimental procedure. 
Mice were randomly divided into three groups: control, GWI/vehicle, and GWI/LDN/OSU-215111. Both GWI/vehicle and 
GWI/LDN/OSU-215111 mice were exposed to GW agents and stress for six weeks. On the last day of exposure, mice 
received a single dose of LND/OSU-215111 (10 mg/kg) or vehicle. On the next day, extracellular glutamate levels in the 
hippocampal CA1 area were measured by microdialysis, and hippocampal EAAT2 protein levels were examined by 
Western blot analysis. GW-exposed mice exhibited elevated extracellular glutamate levels (middle, n=7) and decreased 
EAAT2 levels (right, n=5), which were normalized following LDN/OSU-215111 treatment. (B) At three-months post-
exposure. (Left) Experimental procedure. At three-months post-exposure, mice rece 

ived LND/OSU-215111 or vehicle. On the next day, extracellular glutamate levels and EAAT2 levels were measured. GW-
exposed mice still exhibited elevated extracellular glutamate levels (middle, n=8) and decreased EAAT2 levels (right, 
n=5), which were normalized following LDN/OSU-215111 treatment. Data are presented as mean ± SD. Statistics are 
based on a one-way ANOVA followed by uncorrected Fisher’s LSD method for pairwise comparisons. One-sample t test 
(hypothetical value=100) was used to compare control with GWI/vehicle in Western blot analysis. F and P values for one-
way ANOVA are shown. *P<0.05; **P<0.01; ***P<0.001. 

LDN/OSU-215111 prevents the development of mood and cognitive deficits 
We investigated whether normalizing extracellular glutamate levels by LDN/OSU-215111 could prevent 

the development of GWI. The experimental design of this study is illustrated in Fig. 2 A. Littermate-matched 
mice were randomly divided into three groups: control, GWI/vehicle, and GWI/LDN/OSU-215111. Since 
LDN/OSU-215111 at 10 mg/kg was able to normalize extracellular glutamate levels (Fig. 1), we used this dose 
in the study. Mice received either LDN/OSU-215111 or vehicle daily during and after six-week GW-exposure. 
At three-months post-exposure, mice were subjected to behavioral tests to assess mood and cognitive 
functions. Five tests were conducted to evaluate anxiety- and depressive-like behaviors, including open field, 
light/dark transition, elevated plus maze, novelty suppressed feeding, and tail suspension tests. Results 
showed that GWI/vehicle mice exhibited a significant decrease in the time spent in the center area, but not the 
total distance traveled in the open field test (Fig. 2, B-C), a decrease in the light area in the light/dark transition 
test (Fig. 2 D), a decrease in the open arms in the elevated plus maze test (Fig. 2 E), an increase in the latency 
to the first bite of food in the novelty suppressed feeding test (Fig. 2 F), and an increase in the immobility time 
in the tail suspension test (Fig. 2 G), indicating the development of anxiety- and depression-like behaviors. 
Significantly, LDN/OSU-215111 treatment principally prevented development of these deficits (Fig. 2, B-G). 

Next, we assessed cognitive functions by novel object recognition test to assess recognitive long-term 
memory and Barnes maze test to assess spatial learning memory. Results of both tests indicated that cognitive 
functions were significantly impaired in male GWI/vehicle mice and declined (but not statistically significant) in 
female mice. Importantly, LDN/OSU-215111 treatment significantly prevented the development of cognitive 
deficits (Fig. 3, A-D). Upon completion of behavioral assessments, a subset of mice was euthanized to analyze 
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long-term potentiation (LTP) changes in the hippocampal CA3-CA1 circuit along the Schaffer collateral 
pathway. Male GWI/vehicle mice exhibited significant impairment of LTP, while LDN/OSU-215111 treatment 
completely prevented this impairment. No significant change of LTP was observed in female GWI/vehicle mice 
(Fig. 3, E-F), which was consistent with the results of cognition tests (Fig. 3, A-C), suggesting that female mice 
may be more resilient to GW-exposure. Together, these data indicate that when treatment is introduced early 
on following GW-exposure, LDN/OSU-215111 effectively prevent mood and cognitive deficits. 

 

Fig. 2. LDN/OSU-215111 prevents mood deficits in mice exposed to GW agents and stress. (A) Experimental 
procedure. Mice were randomly divided into three groups: control, GWI/vehicle, and GWI/LDN/OSU-215111. Both 
GWI/vehicle and GWI/LDN/OSU-215111 groups were exposed to GW agents and stress for six weeks. Mice received 
either vehicle or LDN/OSU-215111 daily during and after GW-exposure. Behavioral assessments were conducted three-
months post-exposure. (B-G) Assessment of anxiety and depression by indicated five tests. Results of these tests 
indicated that GWI/vehicle mice developed anxiety- and depression-like behaviors. LDN/OSU-215111 treatment almost 
completely prevented these abnormalities. n=15-18 males and n=16-18 females each group. Data are presented as 
mean ± SD. Statistics are based on a two-way ANOVA comparison followed by uncorrected Fisher’s LSD method for 
pairwise comparisons. F and P values for two-way ANOVA are shown. FC indicates the F value among column (control, 
GWI/vehicle, and GWI/LDN/OSU-215111) and FG indicates the F value between male and female (gender). *P<0.05; 
**P<0.01; ***P<0.001. 
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Fig. 3. LDN/OSU-215111 prevents cognitive deficits in mice exposed to GW agents and stress. Male GWI/vehicle 
mice showed a significant decrease in the time spent exploring the novel object, but not the total time of exploration in the 
novel object recognition test (A-B) and an increase in the latency to find the target hole and a decrease in the time spent 
in the target quadrant in the probe trail of Barnes maze test (C-D), indicating memory deficits. LDN/OSU-215111 partially 
prevented these deficits. Female GWI/vehicle mice showed a decline (not statistically significant) in cognitive functions. 
n=15-18 males and n=16-18 females each group. (E-F) LTP assessment. Male GWI/vehicle mice showed a significant 
decrease in fEPSP LTP, and LDN/OSU-215111 treatment prevented the decrease. LTP was performed on CA1 apical 
dendrites. n=16-24 sections, 5-7 mice per group. No significant difference was found in female mice. n= 8-13 sections, 4-7 
mice per group. Data are presented as mean ± SD. Statistics are based on a two-way ANOVA comparison followed by 
uncorrected Fisher’s LSD method for pairwise comparisons. F and P values for two-way ANOVA are shown. FC indicates 
the F value among column (control, GWI/vehicle, and GWI/LDN/OSU-215111) and FG indicates the F value between male 
and female (gender). *P<0.05; **P<0.01; ***P<0.001. TBS: theta-burst stimulation. 
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LDN/OSU-215111 normalizes mood and cognitive impairments after symptom onset 
We investigated whether LDN/OSU-215111 could improve mood when symptoms were already 

present. The experimental design of this study is illustrated in Fig. 4 A. Littermate-matched mice were 
randomly divided into two groups: control (no GW-exposure) and GWI (GW-exposure). At five-months post-
GW-exposure, mice were assessed for anxiety and depression by the behavioral tests mentioned above. GWI 
mice then received LDN/OSU-215111, and control mice received vehicle daily. After four-week of treatment, 
behavioral tests were conducted again to evaluate LDN/OSU-215111 effects. Results indicated that overall, 
GWI mice exhibited anxiety- and depression-like behaviors before treatment (Fig. 4, B-F; "Before"); following 
treatment, however, these behaviors were significantly improved (Fig. 4, B-F; "After"). To investigate the 
duration and endurance of treatment, LDN/OSU-215111 administration was halted following all behavioral 
tests. One-month post-treatment cessation, behavioral tests were conducted again (Fig. 4 A). Notably, mice 
maintained anxiety- and depression-free behavior, only exhibiting a slight regression when compared to their 
performance immediately following treatment (Fig. 4, B-F; "Stop"), suggesting that the observed benefits are 
not palliative, and LDN/OSU-215111 may directly modify the disease. To confirm that the observed effects 
were not due to repeated testing, we analyzed the difference among "Before", "After", and "Stop" in the control 
group. Results showed no significant changes in the results of anxiety/depression tests, indicating that 
repeated testing did not change the behavior. 

We further investigated whether LDN/OSU-215111 treatment could improve cognitive functions at five 
months post-GW exposure, when the chronic progression of the disease has been established. The 
experimental design of this study is illustrated in Fig. 5 A. The study included three groups: control, 
GWI/vehicle, and GWI/LDN/OSU-215111. At five-months post-GW-exposure, mice received either vehicle or 
LDN/OSU-215111 daily. After four-week of treatment, mice were assessed for cognitive functions by novel 
object recognition and Barnes maze tests. Results indicated that both male and female GWI/vehicle mice 
exhibited significant cognitive impairments. Importantly, LDN/OSU-215111 treatment significantly improved 
cognitive functions (Fig. 5B-5E). Consistently, electrophysiological studies showed a significant reduction of 
LTP in GWI/vehicle mice, and LDN/OSU-215111 treatment significantly improved LTP (Fig. 5, F-G). It is 
notable that cognitive functions in female GWI/vehicle mice declined only at three months post-exposure (Fig. 
3) but were significantly impaired at six months post-exposure; in addition, male GWI/vehicle mice similarly
demonstrated greater impairment at six months post-exposure. This suggests that the disease worsens with
age.  Taken together, these behavioral data indicate that when symptoms were already present, LDN/OSU-
215111 still effectively improved mood and cognitive deficits.
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Fig. 4. LDN/OSU-215111 normalizes mood impairments after symptom onset. (A) Experimental procedure. 
Littermate-matched mice were randomly divided into two groups: control and GWI. GWI mice were exposed to GW agents 
and stress for six weeks. At five-months post-exposure, all mice were assessed for anxiety and depression ("before"). 
After the behavioral tests, GWI mice received LDN/OSU-215111, and control mice received vehicle. After one-month of 
treatment, behavioral tests were repeated ("after"). Following treatment cessation, behavioral tests were conducted again 
one-month later ("stop"). (B-F) Assessment of anxiety and depression. Overall, GWI mice exhibited anxiety- and 
depression-like behaviors before LDN/OSU-215111 treatment ("before"), and these behaviors significantly improved after 
the treatment ("after"). The effects of LDN/OSU-215111 lasted one month after treatment cessation ("stop"). The asterisk 
(*) indicates the difference between control and GWI mice, and the number sign (#) indicates the difference between 
"before" and "after", or "before" and "stop" in GWI mice. n=17-21 males and n=14-15 females each group. Data are 
presented as mean ± SD. Statistics are based on a two-way ANOVA comparison followed by uncorrected Fisher’s LSD 
method for pairwise comparisons. A repeated measures ANOVA was used to compare "before" with "after", or "before" 
with "stop" within GWI group. F and P values for repeated measures ANOVA are shown. Ftreatment indicates the F value 
among "before, after and stop" within the GWI group. *P<0.05; **P<0.01. #P<0.05; ##P<0.01; ###P<0.001. 
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Fig. 5. LDN/OSU-215111 normalizes cognitive impairments at five months post-GW exposure. (A) Experimental 
procedure. Littermate-matched mice were randomly divided into three groups: control, GWI/vehicle, and GWI/LDN/OSU-
215111. Both GWI/vehicle and GWI/LDN/OSU-215111 mice were exposed to GW agents and stress for six weeks. At 
five-months post-exposure, GWI/LDN/OSU-215111 mice received LDN/OSU-215111; control and GWI/vehicle mice 
received vehicle for one-month. Subsequently, behavioral tests were conducted. (B-E) Assessment of cognitive functions. 
Both male and female GWI/vehicle mice exhibited significant memory deficits. LDN/OSU-215111 treatment significantly 
improved cognitive functions. The probe trail results of Barnes Maze were presented in B-C.  n=16-25 males and n=15-27 
females each group. (F-G) LTP assessment. GWI/vehicle mice showed a significant decrease in fEPSP LTP, and 
LDN/OSU-215111 treatment normalized LTP. LTP was performed on CA1 apical dendrites. n= 18-21 sections, 4-7 mice 
per group for males; n= 19-25 sections, 4-5 mice per group for females. Data are presented as mean ± SD. Statistics are 
based on a two-way ANOVA comparison followed by uncorrected Fisher’s LSD method for pairwise comparisons. F and P 
values for two-way ANOVA are shown. FC indicates the F value among column (control, GWI/vehicle, and GWI/LDN/OSU-
215111) and FG indicates the F value between male and female (gender). *P<0.05; **P<0.01; ***P<0.001.   
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GWI mice exhibit fatigue, which can be improved by LDN/OSU-215111 
Fatigue is one of the most prevalent and debilitating symptoms affecting GW veterans. We conducted 

wire-hanging and inverted grid suspension tests to evaluate neuromuscular strength. Results showed that 
hang time significantly decreased in GWI/vehicle mice, suggesting that mice had muscle fatigue/weakness; 
importantly, hang time increased with LDN/OSU-215111 treatment (Fig. 6, A-B). Mitochondrial dysfunction is 
considered an underlying mechanism of chronic fatigue syndrome. We assessed limb skeletal muscle 
mitochondrial function by measuring total ATP levels. Consistently, total ATP levels were significantly 
decreased in GWI/vehicle mice and restored in GWI/LDN/OSU-215111 mice (Fig. 6 C). The subcortical brain 
regions, such as basal ganglia and thalamus, have been implicated in peripheral fatigue and also central 
fatigue. We found that total ATP levels were also significantly decreased in the subcortical brain regions of 
GWI/vehicle mice and partially restored in GWI/LDN/OSU-215111 mice (Fig. 6 D). The observed decreased 
ATP levels could be a major contributing factor to central fatigue that is reported in GW veterans. This central 
fatigue could potentially contribute to muscle weakness. 

Fig. 6. GW-exposure causes fatigue and decreased total ATP levels, which can be improved by LDN/OSU-215111. 
Upon completion of the behavioral assessments in Fig. 5, a subset of mice was assessed for neuromuscular strength by 
wire-hanging (A) and inverted grid suspension (B) tests. n=5-8 males and n=6-7 females each group. GWI/vehicle mice 
exhibited reduced muscular strength, which was improved by LDN/OSU-215111 treatment (A and B). After the tests, 
mice were euthanized to measure total ATP levels in limb skeletal muscles (C, n=8) and subcortex (D, n=6). GWI/vehicle 
mice exhibited decreased total ATP levels in both tissues, which were normalized by LDN/OSU-215111 treatment (C and 
D). Data are presented as mean ± SD. Statistics are based on a one-way ANOVA followed by uncorrected Fisher’s LSD 
method for pairwise comparisons. F and P values for one-way ANOVA are shown. *P<0.05; **P<0.01; ***P<0.001. 
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GW-exposure causes hippocampal abnormalities, which can be normalized by LDN/OSU-215111 
Upon completion of behavioral assessments, mice were euthanized for further pathological or 

electrophysiological studies. We conducted immunohistochemical staining using (I) neuronal nuclei (NeuN) 
antibodies to examine hippocampal pyramidal neurons, (II) glial fibrillary acidic protein (GFAP) antibodies to 
examine astrocytes, (III) ionized calcium binding adaptor molecule 1 (Iba1) antibodies to examine microglia, 
(IV) parvalbumin (PV) antibodies to examine GABAergic interneurons, and (V) doublecortin (DCX)
antibodies to examine newborn neurons. We did not observe significant changes for pyramidal neurons and
microglia regarding the number, morphology, and signal intensity among the three groups. However, we
observed significant changes for the following cell types in GWI/vehicle mice: (I) astrocytes - reduced the area
of GFAP-positive (GFAP+) elements (cell body as well as processes; Fig. 7 A), suggesting astrocytic atrophy ;
(II) PV-positive (PV+) interneurons - reduced number (Fig. 7 B), suggesting loss of parvalbumin-positive
interneurons; (III) DCX-positive (DCX+) newborn neurons - reduced number (Fig. 7 C), suggesting decreased
neurogenesis. Importantly, LDN/OSU-215111 treatment significantly improved these deficits. We further
examined expression levels of the following proteins in hippocampi by Western blot analysis, including (I)
synaptophysin and vesicular glutamate transporter 1 (vGLUT1), which are located at the presynaptic terminals
of glutamatergic neurons, (II) postsynaptic density protein 95 (PSD95), which is located at the
postsynaptic terminals of glutamatergic neurons, (III) vesicular GABA transporter (vGAT), which is located at
the presynaptic terminals of GABAergic interneurons, (IV) gephyrin and GABAA receptors, which are located at
the postsynaptic terminals of GABAergic interneurons, and (V) EAAT2 and GFAP, which are located at
astrocytes. Results showed that levels of these proteins, except gephyrin and GABAA receptors, were
significantly decreased in GWI/vehicle mice and restored following LDN/OSU-215111 treatment (Fig. 7, D-E).
Taken together, these results ─including impaired glutamatergic synapses, astrocyte atrophy, loss of
interneurons, and decreased neurogenesis─ suggest that GW-exposure causes long-term hippocampal
atrophy, which is reported in GW veterans. Importantly, this appears reversible by LDN/OSU-215111.
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Fig. 7. GW-exposure causes impaired glutamatergic synapses, astrocyte atrophy, loss of interneurons, and 
decreased neurogenesis, which can be restored by LDN/OSU-215111. Upon completion of the behavioral 
assessments in Fig. 5, a subset of mice was euthanized for the following pathological studies. (A) GFAP 
immunohistochemical staining to examine astrocytes. Representative images are shown (scale bars: 100 μm). Boxed 
areas are shown enlarged in the middle column (scale bars: 25 μm). Quantitative analysis indicates that the GFAP+ area 
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decreased in GWI/vehicle mice and was partially restored in LDN/OSU-215111 treated mice. Data was generated from 
the percentage of GFAP staining in 890 μm × 667 μm area and normalized by control. n=5-6 animals per group; average 
of ≥6 sections per animal. (B) Parvalbumin immunohistochemical staining to examine parvalbumin-expressing 
interneurons. Representative images are shown (scale bars: 100 μm). Quantitative analysis indicates that the number of 
PV+ interneurons decreased in GWI/vehicle mice and was partially restored in LDN/OSU-215111 treated mice. n=9-10 
animals per group; average of ≥6 sections per animal. (C) Doublecortin immunohistochemical staining to examine 
newborn neurons in the dentate gyrus. Representative images are shown (scale bars: 100 μm). Quantitative analysis 
indicates that the number of DCX+ cells decreased in GWI/vehicle mice and was partially restored in LDN/OSU-215111 
treated mice. n=9-10 animals per group; average of ≥6 sections per animal. (D-E) Western blot analysis of hippocampal 
lysates to examine expression levels of indicated synaptic and astrocytic proteins. Representative immunoblots are 
shown. Quantitative analysis indicates that levels of the indicated proteins, except gephyrin and GABAA receptors, were 
significantly decreased in GWI/vehicle mice and restored in LDN/OSU-215111 treated mice. n= 4-7 mice per group. Data 
are presented as mean ± SD. Statistics are based on a two-way ANOVA (A, B, D, E) or one-way ANOVA (C) followed by 
uncorrected Fisher’s LSD method for pairwise comparisons. One-sample t test (hypothetical value=100) was used to 
compare control with GWI/vehicle (D, E). F and P values for one-way (C) or two-way (A, B, D, E) ANOVA are shown. FC 
indicates the F value among column (control, GWI/vehicle, and GWI/LDN/OSU-215111). *P<0.05; **P<0.01; ***P<0.001. 
DG: dentate gyrus; CA: cornu ammonis; GFAP: glial fibrillary acidic protein; PV: parvalbumin; DCX: doublecortin. 

LDN/OSU-215111 normalizes excitatory and inhibitory synaptic transmission deficits 
Next, we conducted whole-cell patch clamp recordings to assess synaptic transmission in CA1 

pyramidal neurons. We measured glutamatergic synaptic transmission by recording both spontaneous and 
miniature excitatory postsynaptic currents (sEPSC and mEPSC). Results showed increases in sEPSC 
amplitude but decreases in mEPSC amplitude in GWI/vehicle mice (Fig. 8, A-B). Increased sEPSC amplitude 
likely results from the increased tone of excitatory transmission as indicated by elevated extracellular 
glutamate levels described above (Fig. 1 B), and decreased mEPSC amplitude suggests reduced postsynaptic 
strength and/or number, which is consistent with decreased levels of PSD95 described above (Fig. 7 D). The 
frequencies of both sEPSC and mEPSC were decreased in GWI/vehicle mice (Fig. 8, A-B). This suggests a 
reduction in the pre-synaptic glutamate release and/or the number of functional synapses, which is consistent 
with decreased levels of synaptophysin and vGLUT1 described above (Fig. 7 D). We further measured 
GABAergic synaptic transmission by recording both spontaneous and miniature inhibitory postsynaptic 
currents (sIPSC and mIPSC). Results showed decreases in sIPSC amplitude but no change in mIPSC 
amplitude in GWI/vehicle mice (Fig. 8, C-D). Decreased sIPSC amplitude likely results from the loss of PV+ 
interneurons described above (Fig. 7B), and no change in mIPSC amplitude is consistent with unchanged 
levels of gephyrin and GABAA receptor described above (Fig. 7E). The frequencies of both sIPSC and mIPSC 
were decreased in GWI/vehicle mice (Fig. 8, C-D). This is likely due to loss of PV+ interneurons (Fig. 7 B). 
Taken together, these results suggest that GW-exposure impairs both the excitatory and inhibitory synaptic 
transmission in CA1 pyramidal neurons, which may contribute to mood and cognitive deficits. Importantly, 
LDN/OSU-215111 effectively normalized the excitatory deficit. 
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Fig. 8. GW-exposure causes impaired excitatory and inhibitory synaptic transmissions in CA1 pyramidal 
neurons, which can be partially restored by LDN/OSU-215111. Upon completion of the behavioral assessments in Fig. 
5, a subset of mice were euthanized for conducting whole-cell patch clamp recordings to assess synaptic transmission in 
CA1 pyramidal neurons. (A) Spontaneous excitatory postsynaptic currents (sEPSC). Representative sEPSC traces are 
shown. Quantitative analysis shows increased amplitude but decreased frequency of sEPSC in GWI/vehicle mice, and 
both were restored by LDN/OSU-215111. n=16-27 neurons, 7-10 mice per group. (B) Miniature excitatory postsynaptic 
currents (mEPSC). Representative mEPSC traces are shown. Quantitative analysis shows decreased amplitude and 
frequency of mEPSC in GWI/vehicle mice, and both were restored by LDN/OSU-215111. n=19-31 neurons, 7-10 mice per 
group. (C) Spontaneous inhibitory postsynaptic currents (sIPSC). Representative sIPSC traces are shown. Quantitative 
analysis shows decreased amplitude and frequency of sIPSC in GWI/vehicle mice, which was partially restored (not 
statistically significant) by LDN/OSU-215111. n=12-22 neurons, 7-10 mice per group. (D) Miniature inhibitory postsynaptic 
currents (mIPSC). Representative mIPSC traces are shown. Quantitative analysis shows similar amplitude but decreased 
frequency of mIPSC in GWI/vehicle mice, which was not restored by LDN/OSU-215111. n=16-29 neurons, 7-10 mice per 
group. Data are presented as mean ± SD. Statistics are based on a one-way ANOVA comparison followed by uncorrected 
Fisher’s LSD method for pairwise comparisons. F and P values for one-way ANOVA are shown. *P<0.05; **P<0.01; 
***P<0.001. 
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In conclusion, we found that GW-exposure causes long-term abnormalities in the hippocampi of mice, including 
increased basal extracellular glutamate concentrations, impaired structural integrity and function of glutamatergic 
synapses, astrocyte atrophy, decreased numbers of parvalbumin interneurons, reduced numbers of newborn neurons, 
and altered excitatory and inhibitory synaptic transmission (Fig. 9). These hippocampal abnormalities may result in or 
contribute to the observed mood and cognitive deficits (Fig. 2 to 5). Importantly, LDN/OSU-215111 was able to effectively 
normalize hippocampal abnormalities and behavioral deficits. 

Fig. 9. A summary of the present research work. Left (control mice): Control mice have normal tripartite glutamatergic 
synapses and numbers of parvalbumin interneurons. Right (GW-exposed mice): GWI/vehicle mice exhibited increased 
basal extracellular glutamate concentrations, impaired structural integrity and function of glutamatergic synapses, reduced 
numbers of astrocytes, decreased numbers of parvalbumin interneurons, reduced numbers of newborn neurons, and 
altered excitatory and inhibitory synaptic transmission. LDN/OSU-215111 effectively normalizes hippocampal 
abnormalities and behavioral deficits. 

➢ What opportunities for training and professional development has the project provided?
Nothing to report - the project was not intended to provide training and professional development
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A B S T R A C T

Gulf War illness is associated with a combination of exposure to war-related chemical agents and traumatic 
stress. Currently, there are no effective treatments, and the pathophysiology remains elusive. Neurological 
problems are among the most commonly reported symptoms. In this study, we investigated the glutamatergic 
system in the hippocampi of mice exposed to war-related chemical agents and stress. Mice developed Gulf War 
illness-like symptoms, including mood deficits, cognitive impairments, and fatigue. They exhibited the following 
pathological changes in hippocampi: elevated extracellular glutamate levels, impaired glutamatergic synapses, 
astrocyte atrophy, loss of interneurons, and decreased neurogenesis. LDN/OSU-215111 is a small-molecule that 
can strengthen the structure and function of both the astrocytic processes and the glutamatergic synapses that 
together form the tripartite synapses. We found that LDN/OSU-215111 effectively prevented the development of 
mood and cognitive deficits in mice when treatment was implemented immediately following the exposure. 
Moreover, when symptoms were already present, LDN/OSU-215111 still significantly ameliorated these deficits; 
impressively, benefits were sustained one month after treatment cessation, indicating disease modification. LDN/ 
OSU-215111 effectively normalized hippocampal pathological changes. Overall, this study provides strong ev
idence that restoration of tripartite glutamatergic synapses by LDN/OSU-215111 is a potential therapy for Gulf 
War illness.   

1. Introduction

Gulf War illness (GWI) is a chronic and multi-symptomatic disorder
affecting approximately one third (~175,000 to 210,000) of Gulf War 
(GW) veterans (Nettleman, 2015). The symptoms vary among in
dividuals and include cognitive difficulties, mood problems, chronic 
headache, sleep problems, debilitating fatigue, widespread pain, respi
ratory symptoms, gastrointestinal problems, and dermatological 

complaints (Cory-Slechta and Wedge, 2016). Nervous system problems 
are frequently reported (Gray et al., 2002; Kang et al., 2009; Toomey 
et al., 2009; White et al., 2016). It is widely believed that these clinical 
symptoms are linked to a combination of war-related traumatic stress 
and exposure to chemical agents, such as pyridostigmine bromide (given 
to soldiers as an anti-nerve agent pretreatment), sarin nerve agent, 
pesticides, and smoke from burning oil wells (Fulco et al., 2000; Haley 
and Kurt, 1997; Steele et al., 2012; Wolfe et al., 2002). The long-term 
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transporter; vGLUT1, Vesicular glutamate transporter 1. 

* Corresponding author. Graves Hall 4066D, 333 W. 10th Ave, Columbus, OH, 43210, USA.
E-mail address: lin.492@osu.edu (C.-l.G. Lin).
URL: http://orcid.org/0000-0001-9055-9542 (C.-l.G. Lin).

Contents lists available at ScienceDirect 

Neurobiology of Stress 

journal homepage: www.elsevier.com/locate/ynstr 

https://doi.org/10.1016/j.ynstr.2020.100240 
Received 4 April 2020; Received in revised form 5 July 2020; Accepted 5 July 2020   

mailto:lin.492@osu.edu
http://orcid.org/0000-0001-9055-9542
www.sciencedirect.com/science/journal/23522895
https://www.elsevier.com/locate/ynstr
https://doi.org/10.1016/j.ynstr.2020.100240
https://doi.org/10.1016/j.ynstr.2020.100240
https://doi.org/10.1016/j.ynstr.2020.100240
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ynstr.2020.100240&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Neurobiology of Stress 13 (2020) 100240

2

effects of such combined exposures in rodents have been extensively 
studied and indicate that exposed rodents developed GWI-like symp
toms, such as increased anxiety- and depression-like behaviors and 
cognitive impairments (Carreras et al., 2018; Hattiangady et al., 2014; 
Kodali et al., 2018; Parihar et al., 2013; Zakirova et al., 2015). However, 
the underlying mechanisms linking the exposure, the pathological 
changes, and the symptoms have not been elucidated. 

Pyridostigmine bromide, pesticides, and sarin are organophosphate 
or carbamate acetylcholinesterase inhibitors (Colovic et al., 2013; 
Golomb, 2008). Under stress conditions, they can enter the brain and 
inhibit acetylcholinesterase activity leading to increased acetylcholine 
levels, which result in enhanced spontaneous glutamate release via 
overactivation of muscarinic receptors located on presynaptic terminals 
(Meyer and Shafer, 2006; Pavlovsky et al., 2003). Moreover, mounting 
evidence indicates that stress can cause dysregulation of glutamate 
transmission (Musazzi et al., 2010; Raudensky and Yamamoto, 2007; 
Yuen et al., 2009). Thus, chronic exposure to GW-related agents and 
stress could result in increased extracellular glutamate levels (Macht 
et al., 2020), which could cause excitotoxic damage and synaptic 
dysfunction (Li et al., 2011). It has been reported that exposure to an 
organophosphate pesticide, individually or in combination with other 
GW agents, results in the impairment of hippocampal synaptic integrity 
in mice (Abdel-Rahman et al., 2001; Ojo et al., 2014). In addition, it has 
been shown that stress causes loss of dendrites and their synapses, 
leading to decreased grey matter volume in the hippocampus (Kassem 
et al., 2013). Abdel-Rahman et al. reported that exposure to a combi
nation of stress and GW agents significantly decreases the thickness of 
hippocampal CA3 and CA1 in rats (Abdel-Rahman et al., 2004). 
Importantly, reduced hippocampal volume and hippocampal dysfunc
tion have been extensively reported in veterans with GWI (Apfel et al., 
2011; Chao et al., 2017; Vythilingam et al., 2005). Taken together, 
current literature indicates that traumatic stress and GW agents can 
cause hippocampal abnormalities and atrophy, which may result in or 
contribute to many neurological problems in veterans with GWI. In the 
present study, we investigated the underlying mechanisms of hippo
campal abnormalities in a mouse model of GWI. 

Furthermore, we investigated whether restoration of hippocampal 
deficits could serve as a potential therapeutic strategy. We have 
discovered and developed a novel series of small-molecules, pyridazine 
derivatives, which can strengthen the structure and function of both the 
astrocytic processes and the glutamatergic synapses that together form 
the tripartite synapses (Foster et al., 2018, 2019; Kong et al., 2014; 
Takahashi et al., 2015). Studies on the mechanism of action reveal that 
pyridazine derivatives activate local translation of a subset of transcripts 
in the peri-synaptic astrocytic processes (PAP) (Foster et al., 2018). This 
results in rapidly up-regulating a subset of astrocytic proteins and 
enhancing the plasticity of the PAP. Importantly, enhanced plasticity of 
PAP subsequently leads to increased synaptic protein expression in the 
synapse and strengthened synaptic long-term potentiation (LTP) (Foster 
et al., 2018). We have demonstrated that pyridazine derivatives are 
capable of normalizing glutamate dyshomeostasis and restoring synapse 
integrity; they exhibit profound efficacy in several disease models, 
including Alzheimer’s disease, amyotrophic lateral sclerosis, and epi
lepsy (Foster et al., 2019; Kong et al., 2014; Takahashi et al., 2015). In 
the present study, we investigated an advanced small-molecule, 
LDN/OSU-215111, in GWI mice and found that LDN/OSU-215111 
effectively normalized hippocampal deficits and ameliorated symptoms. 

2. Materials and methods

2.1. Primary antibodies and reagents

The following primary antibodies were used: actin (Sigma-aldrich, 
MAB1501), doublecortin (Abcam, ab18723), EAAT2 (custom antibody) 
(Kong et al., 2014), GABAA R α 1 (GeneTex, GTX133261), GAPDH 
(Santa cruz, sc-365062), Gephyrin (GeneTex, GTX109734), GFAP 

(Sigma-aldrich, G3893), parvalbumin (Sigma-aldrich, P3088), PSD95 
(Cell Signaling Technology, 3450S), synaptophysin (Cell Signaling 
Technology, 9020S), vGAT (Thermo fisher, PA5-96231), and vGLUT1 
(Sigma-aldrich, MAB5502). 

The following reagents were used: acetonitrile (Fisher scientific, 
A21-4), adenosine 50-triphosphate magnesium salt (Mg ATP, Sigma- 
aldrich, A9187), boric acid (Fisher scientific, A73-500), CaCl2 (Fisher 
scientific, C79-500), citric acid (Fisher scientific, A104-500), CsCl 
(Fisher scientific, BP210-500), D-glucose (Fisher scientific, D16-500), 
EDTA (Fisher scientific, S311-500), EGTA (Acros Organics, 
409911000), ethanol (Fisher scientific, BP28184), guanosine 5-triphos
phate sodium salt hydrate (Na3GTP, Sigma-aldrich, G8877), HEPES 
(Fisher scientific, BP310-100), KCl (Fisher scientific, P330-500), 
KH2PO4 (Fisher scientific, BP362-500), KOH (Fisher scientific, P250- 
500), kynurenic acid (Sigma-aldrich, K3375), L-glutamic acid hydro
chloride (Sigma-aldrich, G2128), methanol (Fisher scientific, A452-1), 
MgCl2 (Fisher scientific, M33-500), MgSO4 (Fisher scientific, M65- 
500), NaCl (Fisher scientific, S271-3), NaHCO3 (Fisher scientific, 
S233-500), NaH2PO4 (Fisher scientific, S397-500), N, N-diethyl-meta- 
toluamide (DEET, Sigma-aldrich, D100951), ortho-phthalaldehyde 
(Pickering Laboratories, O120), paraformaldehyde (Acros Organics, 
416780010), perchloric acid (Sigma-aldrich, 311421), permethrin 
(Sigma-aldrich, 45614), phosphoric acid (Fisher scientific, A242-500), 
pyridostigmine bromide (Sigma-aldrich, P9797), sucrose (Fisher scien
tific, S5-500), sodium azide (Fisher scientific, S2271-100), sodium sul
fite (Fisher scientific, S447-500) and tetrodotoxin (Abcam, ab120054). 

2.2. Animals 

Wild-type C57BL/6J mice (The Jackson Laboratory, 000664) were 
used and housed in a room at 24 �C on a 12-h light/dark cycle with free 
access to food and water ad libitum. All procedures were approved by the 
Institutional Animal Care and Use Committee of The Ohio State Uni
versity following the National Institutes of Health Guide for the Care and 
Use of Laboratory Animals. 

2.3. A GWI mouse model and LDN/OSU-215111 treatment 

Three-month old C57BL/6J mice were exposed to GW agents and 
traumatic stress daily for six weeks. GW agents included (I) pyridostig
mine bromide, which was given by voluntarily oral feeding (1.3 mg/kg, 
100 μl in ddH2O), (II) permethrin, which was applied on shaved skin 
areas located on the back of the neck (0.13 mg/kg, 100 μl in 70% 
ethanol), and (III) DEET, which was also applied on the skin as 
permethrin (40 mg/kg) (Parihar et al., 2013). GW agents were admin
istrated in the morning (8–9 am) followed by introduction of unpre
dictable stress. The stress regimen consisted of exposure to two different 
stressors each day, including restraint (1 h), cage rotation (25 rpm, 1 h), 
hot stress (37 �C, 1 h), cold stress (4–8 �C, 1 h), wet bedding (4 h), 
replace bedding with water (0.5 cm in height, 3 h), and cage tilt at 45�
angle (4 h) (Duric et al., 2010). 

LDN/OSU-215111 was given at 5–6 pm to avoid the reaction with 
GW agents. LDN/OSU-215111 has high solubility and easily dissolves in 
ddH2O. The dissolved LDN/OSU-215111 (100 mg/ml) was mixed with 
50% honey (100 μl per mouse) and administrated by voluntary feeding 
at 10 mg/kg, vehicle-treated mice received 100 μl of 50% honey. Control 
mice were handled in the same manner as GWI mice with the exception 
of no exposure to GW agents and stress. Body weight was measured 
every Tuesday morning before exposure to GW agents and stress. 

2.4. Behavioral studies 

Examiners were blinded to the treatment groups. Mice were habit
uated in test room for at least 30 min before the test. Tests were per
formed during the light phase of the circadian cycle (10 a.m. - 5 p.m.), 
and illumination was 20 lux, unless specific emphasized. We conducted 
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one test per-day and started with the least stressful test to reduce any 
potential effects from previous tests. The order of the tests was open 
field, light/dark transition, elevated plus maze, novelty suppressed 
feeding, tail suspension, novel object recognition, Barnes maze, wire- 
hanging and inverted grid suspension. The video was recorded by a 
web camera and data analyzed using an automatic video-tracking sys
tem (Harvard Apparatus, SMART v3.0), except for novelty suppressed 
feeding, wire-hanging, and inverted grid suspension tests, which were 
analyzed manually. Between each mouse, 70% ethanol solution was 
used to clean the apparatus, when all the mice have been tested, Opti- 
Cide3 cleaner (Micro-Scientific, OCP04-128) was used as disinfectant. 

2.4.1. Open field 
Mice were placed in a corner of grey rectangle box (30 � 27 � 30 cm) 

for 10 min. A rectangle zone (15 � 13.5 cm) in the center of box was 
defined as center area. The percentage of time spent in the center and 
total distance traveled were measured. 

2.4.2. Light/dark transition 
This test was performed as previously reported (Serchov et al., 

2016). The apparatus consisted of a rectangle box (45 � 14 � 15 cm) 
with one third of dark chamber and two thirds of brightly illuminated 
chamber; a restricted 3 � 4 cm opening connects the two chambers. The 
illumination in the light chamber is 200 lux or more, while the dark 
chamber is 5 lux or less. Mice were placed in a corner of the light 
chamber facing away from the door, released and recorded free moving 
for 5 min, the percentage of time spent in the light chamber was used for 
analysis. 

2.4.3. Elevated plus maze 
This test was performed as previously reported with a plus-shaped 

apparatus (Knowland et al., 2017), the length of arm is 35 cm, the 
width is 5 cm, with 12 cm height walls flanking on two opposite arms 
(closed arms), and it is elevated 55 cm from a table. Mice were placed in 
the center of the apparatus and recorded free moving for 10 min. The 
percentage of time spent in the open arms was used for analysis. 

2.4.4. Novelty suppressed feeding 
This test was performed under normal room illumination. The 

apparatus consisted of a dark grey plastic box (55 � 30 � 17 cm). Mice 
were food deprived for overnight (15–16 h) before the test. During the 
test, a single pre-weighted food pellet was placed at the center of the 
box, and mice were allowed to move freely in the arena. The test ended 
when the first bite happened or up to 10 min. Mice were then returned to 
their home cage with the food pellet for 5 min to determine whether the 
mice had similar desire to eat. The latency of first bite was used for 
analysis. If no bite happened during the 10 min period, 10 min were used 
instead. 

2.4.5. Tail suspension 
This test was performed under normal room illumination as previ

ously described (Knowland et al., 2017). Briefly, mice were suspended 
by tails with adhesive tape 1 cm from tip of tail and roughly 40 cm off 
the ground so no contact could be made. Pre-cut 1000 μl pipette tips 
were placed over mice tails to prevent climbing or hanging on to their 
tail. Mice were video recorded for 10 min, and time spent immobile in 
the last 6 min was analyzed. 

2.4.6. Novel object recognition 
This test was used to assess non-spatial long-term memory and was 

performed as previously described (Leger et al., 2013). On day 1 and day 
2, mice were allowed free moving in an empty arena (33 � 25 � 25 cm) 
for 10 min. On day 3, two identical objects (familiar) were placed 
equidistant on opposite ends of the arena, and mice were explored in the 
arena for 10 min. On day 4, one of the objects was replaced by a novel 
object with similar texture, size, and odor. Time spent with each object 

was analyzed. Data were presented as discrimination index, discrimi
nation index ¼ (Timenovel – Timefamiliar)/(Timenovel þ Timefamiliar). 
Higher number indicated that mice spent more time with novel object. 

2.4.7. Barnes maze 
This test was used to assess spatial learning memory and was per

formed as previously described (Sunyer et al., 2007). The paradigm 
consisted of a grey circular platform (92 cm of diameter) with 20 equally 
spaced holes (5 cm diameter, 7.5 cm between holes and 2 cm away from 
the edge) along the perimeter, which was elevated 105 cm above the 
floor. An escape box was placed underneath a certain hole (target hole); 
the location of escape box was fixed but the platform could be rotated to 
avoid any odor cue. Four different colors and shapes (triangle, rectangle, 
circle and cross) material were placed on the room wall surrounding the 
maze as visual cues. Bright light (>200 lux) and noise (electronic 
metronome, 125 bpm) used as stimulus to force mice enter the escape 
box. The procedure included three phases: habituation (day 1), training 
(day 2 and 3), and probe (day 5). During the day 1–3, mice were trained 
to enter the escape box. On day 5, the escape box was removed, and the 
mice were allowed to explore freely on the maze for 2 min. The latency 
to reach the target hole and the time spent in the target quadrant were 
analyzed. 

2.4.8. Wire-hanging 
A single 35 cm length, with a diameter of 2 mm metal wire was 

mounted between two stands. A standard mouse cage was filled with 
cotton padding and placed under it, the distance between the wire and 
the cotton surface was 30 cm. Mice were gently placed in the middle of 
wire, and the latency of drop off was recorded. The test was repeated 
four times, and average from each mouse was used for analysis. 

2.4.9. Inverted grid suspension 
A food rack (1 mm diameter wires and 1 cm spacing) from the 

mouse’s home cage and a 4-L beaker were used. The beaker was filled 
with cotton padding. Mice were gently placed on the food rack, the rack 
was slowly inverted, and then put the rack on the top of beaker to 
prevent mice from climbing to the top. The distance from the rack to 
cotton surface is 20 cm. The latency of drop off was recorded. The test 
was repeated four times, and average from each mouse was used for 
analysis. 

2.5. Electrophysiological studies 

Briefly, mice were anaesthetized with isoflurane (Piramal), the 
brains were quickly removed and placed in ice-cold cutting solution 
containing 250 mM sucrose, 25 mM D-glucose, 2.5 mM KCl, 24 mM 
NaHCO3, 1.25 mM NaH2PO4, 2.0 mM CaCl2, 1.5 mM MgSO4, and 1.0 
mM kynurenic acid; pH 7.3–7.4. Coronal sections of 400 μm were sliced 
on a vibratome (Leica, VT1200S) and allowed to recover in oxygenated 
(95% O2/5% CO2) artificial cerebral spinal fluid (ACSF) containing 124 
mM NaCl, 3 mM KCl, 24 mM NaHCO3, 1.25 mM NaH2PO4, 2.0 mM 
CaCl2, 1.0 mM MgSO4, and 10 mM D-glucose; pH 7.3–7.4 for at least 1 h 
before recording. 

2.5.1. Long-term potentiation (LTP) 
Recordings for LTP were performed as previously reported (Foster 

et al., 2019). Field excitatory postsynaptic potentials (fEPSP) of the 
stratum radiatum of CA1 were recorded after stimulation (100 μs 
duration, every 20 s) of the Schaffer collaterals. Input-output curves (IO 
curve) were used for each slice to identify the stimulation intensity that 
evoked 50% the maximum response (approximately 0.2–0.3 mA). Five 
minutes after achieving a stable baseline, theta-burst stimulation (TBS) 
was used to induce LTP and recording continued for at least 30 min. The 
evoked peak fEPSP was normalized to baseline for analysis. Data was 
analyzed using Clampex 10.6 software (Molecular Devices). The average 
of each slice was used for statistical analysis. 
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2.5.2. Excitatory/inhibitory postsynaptic current (EPSC/IPSC) 
Recordings for EPSC/IPSC were performed as previously reported 

(Kida et al., 2017). When recording, slices were placed into a recording 
chamber superfused (2 ml/min) with ACSF at 32 �C. Pyramidal neurons 
in CA1 were visualized with infrared optics using an upright fixed mi
croscope equipped with a 40 � water-immersion lens (BX51WI, 
Olympus) and a digital camera (C11440, Hamamatsu). Patch pipettes 
were prepared with a horizontal pipette puller (P-97, Sutter In
struments) with a resistance of 4–6 MΩ and when recording, filled with 
intracellular solution containing 139 mM CsCl, 10 mM HEPES, 5 mM 
EGTA, 2 mM MgCl2, 2 mM Mg ATP, 0.1 mM Na3 GTP, 10 mM Glucose. In 
our protocol, the spontaneous excitatory postsynaptic currents (sEPSCs) 
and inhibitory postsynaptic currents (sIPSC) were sequentially recorded 
from the same neurons. After entering whole-cell mode, series resistance 
was corrected up to 60% if necessary. First, the sEPSC event was 
recorded for 5 min with holding potential at � 70 mV. For recording 
sIPSC, the holding potential was set at 20 mV. For mEPSC and mIPSC 
recording, slices were bathed in tetrodotoxin (TTX, 0.5 μM) to block 
presynaptic action potentials and evoked neurotransmitter release. After 
giant postsynaptic currents (sEPSC and sIPSC) were completely inhibi
ted, mEPSC and mIPSC were separately recorded for 5 min, respectively. 
Clampfit 10.7 software was used for EPSC and IPSC offline analysis. 
Firstly, a few typical mEPSC and mIPSC were selected to create the 
related templates, and then both templates were later used to search 
whole recording traces to generate amplitudes and frequency, respec
tively. The average of each neuron was used for statistical analysis. 

2.6. Western blotting 

Hippocampal tissues were homogenized in a 2 ml dounce tissue 
grinders (DWK Life Sciences, KT885300-0002) followed by sonication 
(Fisher Scientific, F60 Sonic Dismembrator). The protein concentration 
in the homogenate was determined by DCA methods (DC™ Protein 
Assay Kit I, Biorad, 5000111). The following primary antibodies were 
used: synaptophysin (1:2000), vGLUT1 (1:2000), PSD95 (1:2000), 
EAAT2 (1:20,000), GFAP (1:5000), actin (1:10,000), vGAT (1:2000), 
gephyrin (1:500), GABAA R α 1 (1: 500), and GAPDH (1:2000). All im
ages were captured with ChemiDoc Imaging Systems (Bio-Rad) and 
analyzed with Image Lab software (Bio-Rad, V 5.2.1). The intensity for 
proteins of interest was normalized by the loading control (actin or 
GAPDH). Data were presented as percentage change relative to the 
sample from the control mouse. 

2.7. Immunohistochemistry 

Immunohistochemistry was performed as previously described 
(Knowland et al., 2017). Briefly, mice were intracardially perfused with 
ice-cold phosphate-buffered saline (PBS: 137 mM NaCl, 2.7 mM KCl, 10 
mM Na2HPO4, 1.8 mM KH2PO4; PH ¼ 7.4), post-fixed in 4% para
formaldehyde at 4 �C for 48 h, and then cryoprotected by immersion in 
30% sucrose solution (in PBS with 0.02% sodium azide) for 24–48 h. 
Sagittal sections of 30 μm were sliced on a sliding microtome (Leica, 
SM2010R) and then stored in PBS with 0.02% sodium azide at 4 �C for 
further use,. The primary antibodies used were GFAP (1:1000), PV 
(1:1000) and DCX (1:500). Alexa Fluor 594 goat anti-mouse or 
anti-rabbit IgG was used as secondary antibodies (Invitrogen, A-11032 
and A-11037, respectively, 1:500). All photographs (10�magnification, 
890 μm � 667 μm) were captured by a fluorescence microscope (Zeiss, 
Axioskop 2 plus) with a 10 � objective (Zeiss Microscope Achroplan 
10�/0.25 Objective, 440030), using AxioVision Rel. 4.8 software 
(Zeiss). For the quantitative evaluation of GFAPþ cells, the GFAPþ area 
was measured using ImageJ software (National Institutes of Health). For 
the quantitative evaluation of PVþ and DCXþ cells, the number of each 
positive cell was manually counted from the digital images acquired by 
the microscope. The average data of �6 slices (1 out of every 8 series 
slices) from each mouse was used for analysis. 

2.8. Hippocampal microdialysis and glutamate measurement 

Mice were anaesthetized under inhalation of isoflurane (5% for in
duction, 1–2% for maintenance) during the whole surgery. Micordialysis 
probes with 1 mm length of dialyzing membrane (Sci-pro, Mab 10.8.1 
PES) and its guide cannula (Sci-pro, Mab.10.8.IC) were implanted in the 
CA1 region of hippocampus (anteroposterior ¼ � 2.0 mm, mediolateral 
¼ � 1.9 mm, dorsoventral ¼ � 2.2 mm) and secured to the skull with 
anchor screw (Sci-pro, 4002002) (Sha et al., 2017) and dental glue 
(Prime dental, A2). 

Sample collection was performed at least 36 h post-surgery. On the 
day of sample collection, microdialysis perfusion fluid (147 mM NaCl, 4 
mM KCl, 1.2 mM CaCl2, 1.2 mM MgCl2; PH ¼ 7.2–7.4) was used to wash 
out probes on free moving mice at a flow rate of 1.5 μl/min via a 
microinfusion pump (BASi, MD-1001), starting 2 h before and 
continuing during sample collection. A total of six samples (every 5 min) 
were collected per mouse. 

For the analysis of glutamate concentration, an automated pre- 
column in-needle derivatization with o-phthaldialdehyde (OPA) and 
sulphite has been applied followed by a UHPLC separation by ALEXYS 
Neurotransmitter Analyzer based on DECADE II electrochemical detec
tor with SenCell (Antec Scientific). A working potential of 850 mV (vs 
Ag/AgCl reference) and a range setting of 5 nA/V were used. The final 
chromatographic conditions for the analysis consisted of a Waters 
Acquity UPLC, HSS T3 column (50 � 1 mm i.d., 100 Å, 1.8 μm, Waters 
Corporation, 186003535). The mobile phase (solvent A) consisted of 50 
mM phosphoric acid, 50 mM citric acid, and 0.1 mM EDTA; pH 3.1, 1.5% 
v/v acetonitrile was added prior to use. Solvent B, applied for post run 
cleanup of late eluting peaks, was the same mobile phase with 50% v/v 
acetonitrile. The system was operated at a flow rate of 200 μl/min at a 
pressure of 380 bar. The average glutamate concentration from each 
mouse was used for analysis. 

2.9. ATP assay 

The adenosine triphosphate (ATP) level was measured by ATP Assay 
Kit (Abcam, ab83355) according to manufacturer’s instruction, which 
was based on the phosphorylation of glycerol in order to generate a 
product that can be easily quantified fluorometrically. Briefly, tissues 
were homogenized in 100 μl ice cold 2 N perchloric acid, diluted with 
400 μl ATP buffer and then neutralized to PH ¼ 6.5–8 by 2 M potassium 
hydroxide (KOH). Samples were then mixed with ATP reaction mix and 
incubated at room temperature for 30 min protected from light. The 
output was measured by a microplate reader (Molecular Devices, 
Spectramax M2) at wavelength of Excitation/Emission ¼ 535/587 nm, 
and the data was normalized to percentage of control mice and then 
used for statistical analysis. 

2.10. Statistical analysis 

All statistical analyses were performed with GraphPad Prism 7.0 
(GraphPad software, CA, USA). Outliers were identified and removed 
using ROUT method with Q value set a 1%. A one-way ANOVA com
parison followed by uncorrected Fisher’s LSD method for pairwise 
comparisons was used in Figs. 1, 6 and 7C, and 8. A one-sample t-test 
(hypothetical value ¼ 100) was used to compare control with GWI/ 
vehicle in all Western bolt analysis (Figs. 1 and 7D–E) (Hong et al., 
2016). A repeated measures ANOVA was used to analyze Fig. 4 
(compare “before” with “after” or “before” with “stop” within GWI 
group) and Fig. S2. For the rest statistical analysis, a two-way ANOVA 
comparison followed by uncorrected Fisher’s LSD method for pairwise 
comparisons was used. All data are represented as mean � standard 
deviation (SD). *P < 0.05; **P < 0.01; ***P < 0.001. #P < 0.05; ##P <
0.01; ###P < 0.001. 
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3. Results 

We first established a GWI model in mice as follows. Three-month- 
old C57BL/6J mice were exposed to GW-related agents and stress 
(GW-exposure) daily for six weeks. The GW agents and stress conditions 
applied in this study are described in the Method section. At three- 
months post-exposure, mice exhibited several GWI-like symptoms, 
including anxiety- and depression-like behavior, cognitive impairment, 
and fatigue. These symptoms were sustained for at least one-year post- 
exposure. 

3.1. GWI mice exhibit elevated extracellular glutamate levels, which can 
be normalized by LDN/OSU-215111 

As mentioned above, previous studies indicate that GW agents and 
stress can cause dysregulation of glutamate transmission. We investi
gated whether GWI mice exhibited elevated extracellular glutamate 
levels during the exposure and at three-months post-exposure. Micro
dialysis was employed to measure extracellular glutamate levels in the 
hippocampal CA1 area. This study was conducted as illustrated in Fig. 1. 
Littermate-matched mice were randomly divided into three groups: 
control (no GW-exposure, treated with vehicle), GWI/vehicle (GW- 
exposure, treated with vehicle), and GWI/LDN/OSU-215111 (GW- 
exposure, treated with LDN/OSU-215111). LDN/OSU-215111 or vehicle 
was given to the mice on the last day of exposure (Fig. 1 A) or at three- 
months post-exposure (Fig. 1 B); 10 mg/kg of LDN/OSU-215111 was 
used as in our previous study (Foster et al., 2019). In vivo microdialysis 
was conducted the next day. Results showed a significant increase in 
glutamate levels (~1.5–2 folds) in GWI/vehicle mice compared to 
control mice. Importantly, glutamate levels decreased following a single 

dose of LDN/OSU-215111 treatment (Fig. 1 A). We previously demon
strated that LDN/OSU-215111 can rapidly up-regulate a subset of pro
teins in the perisynaptic astrocytic processes, including excitatory amino 
acid transporter 2 (EAAT2), via activation of local translation (Foster 
et al., 2018). We found that hippocampal EAAT2 protein levels 
decreased (~25%) in GWI/vehicle mice and significantly increased 
following a single dose of LDN/OSU-215111 (Fig. 1 A). Notably, at 
three-months post-exposure, glutamate levels in the exposed mice were 
still significantly higher than that in control mice and were decreased by 
LDN/OSU-215111 (Fig. 1 B). Hippocampal EAAT2 protein levels 
remained lower level in GWI/vehicle mice and was restored by 
LDN/OSU-215111 (Fig. 1 B). These results suggest that GW-exposure 
causes long-term glutamatergic abnormalities but appears amenable to 
intervention by LDN/OSU-215111. 

3.2. LDN/OSU-215111 prevents the development of mood and cognitive 
deficits 

We investigated whether normalizing extracellular glutamate levels 
by LDN/OSU-215111 could prevent the development of GWI. The 
experimental design of this study is illustrated in Fig. 2 A. Littermate- 
matched mice were randomly divided into three groups: control, 
GWI/vehicle, and GWI/LDN/OSU-215111. Since LDN/OSU-215111 at 
10 mg/kg was able to normalize extracellular glutamate levels (Fig. 1), 
we used this dose in the study. Mice received either LDN/OSU-215111 
or vehicle daily during and after six-week GW-exposure. Bodyweight 
was measured weekly. As shown in supplementary Fig. 1, GW-exposure 
significantly decreased bodyweight in the first week (5.31% decrease in 
males and 2.43% decrease in females). In male mice, significant body
weight loss was observed during the entire eight-week recording period, 

Fig. 1. GW-exposure causes elevated extracellular glutamate levels and decreased EAAT2 protein levels in the hippocampi, which can be normalized by LDN/OSU- 
215111. (A) During GW-exposure. (Left) Experimental procedure. Mice were randomly divided into three groups: control, GWI/vehicle, and GWI/LDN/OSU-215111. 
Both GWI/vehicle and GWI/LDN/OSU-215111 mice were exposed to GW agents and stress for six weeks. On the last day of exposure, mice received a single dose of 
LND/OSU-215111 (10 mg/kg) or vehicle. On the next day, extracellular glutamate levels in the hippocampal CA1 area were measured by microdialysis, and hip
pocampal EAAT2 protein levels were examined by Western blot analysis. GW-exposed mice exhibited elevated extracellular glutamate levels (middle, n ¼ 7) and 
decreased EAAT2 levels (right, n ¼ 5), which were normalized following LDN/OSU-215111 treatment. (B) At three-months post-exposure. (Left) Experimental 
procedure. At three-months post-exposure, mice received LND/OSU-215111 or vehicle. On the next day, extracellular glutamate levels and EAAT2 levels were 
measured. GW-exposed mice still exhibited elevated extracellular glutamate levels (middle, n ¼ 8) and decreased EAAT2 levels (right, n ¼ 5), which were normalized 
following LDN/OSU-215111 treatment. Data are presented as mean � SD. Statistics are based on a one-way ANOVA followed by uncorrected Fisher’s LSD method for 
pairwise comparisons. One-sample t-test (hypothetical value ¼ 100) was used to compare control with GWI/vehicle in Western blot analysis. F and P values for one- 
way ANOVA are shown. *P < 0.05; **P < 0.01; ***P < 0.001. 
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and this effect was partially prevented by treatment with LDN/OSU- 
215111 (Fig. S1 A). In female mice, significant bodyweight loss was 
only observed in the first week (Fig. S1 B). 

At three-months post-exposure, mice were subjected to behavioral 
tests to assess mood and cognitive functions. Five tests were conducted 
to evaluate anxiety- and depressive-like behaviors, including open field, 
light/dark transition, elevated plus maze, novelty suppressed feeding, 
and tail suspension tests. Results showed that GWI/vehicle mice 
exhibited a significant decrease in the time spent in the center area, but 
not the total distance traveled in the open field test (Fig. 2B–C), a 
decrease in the light area in the light/dark transition test (Fig. 2 D), a 
decrease in the open arms in the elevated plus maze test (Fig. 2 E), an 
increase in the latency to the first bite of food in the novelty suppressed 
feeding test (Fig. 2 F), and an increase in the immobility time in the tail 
suspension test (Fig. 2 G), indicating the development of anxiety- and 
depression-like behaviors. Significantly, LDN/OSU-215111 treatment 
principally prevented development of these deficits (Fig. 2, B-G). 

Next, we assessed cognitive functions by novel object recognition 

test to assess recognitive long-term memory and Barnes maze test to 
assess spatial learning memory. Results of both tests indicated that 
cognitive functions were significantly impaired in male GWI/vehicle 
mice and declined (but not statistically significant) in female mice. 
Importantly, LDN/OSU-215111 treatment significantly prevented the 
development of cognitive deficits (Fig. 3A–D). Upon completion of 
behavioral assessments, a subset of mice was euthanized to analyze 
long-term potentiation (LTP) changes in the hippocampal CA3-CA1 
circuit along the Schaffer collateral pathway. Male GWI/vehicle mice 
exhibited significant impairment of LTP, while LDN/OSU-215111 
treatment completely prevented this impairment. No significant 
change of LTP was observed in female GWI/vehicle mice (Fig. 3E–F), 
which was consistent with the results of cognition tests (Fig. 3, A-C), 
suggesting that female mice may be more resilient to GW-exposure. 
Together, these data indicate that when treatment is introduced early 
on following GW-exposure, LDN/OSU-215111 effectively prevent mood 
and cognitive deficits. 

Fig 2. LDN/OSU-215111 prevents mood deficits in mice exposed to GW agents and stress. (A) Experimental procedure. Mice were randomly divided into three 
groups: control, GWI/vehicle, and GWI/LDN/OSU-215111. Both GWI/vehicle and GWI/LDN/OSU-215111 groups were exposed to GW agents and stress for six 
weeks. Mice received either vehicle or LDN/OSU-215111 daily during and after GW-exposure. Behavioral assessments were conducted three-months post-exposure. 
(B–G) Assessment of anxiety and depression by indicated five tests. Results of these tests indicated that GWI/vehicle mice developed anxiety- and depression-like 
behaviors. LDN/OSU-215111 treatment almost completely prevented these abnormalities. n ¼ 15–18 males and n ¼ 16–18 females each group. Data are pre
sented as mean � SD. Statistics are based on a two-way ANOVA comparison followed by uncorrected Fisher’s LSD method for pairwise comparisons. F and P values 
for two-way ANOVA are shown. *P < 0.05; **P < 0.01; ***P < 0.001. 

X. Wang et al.



Neurobiology of Stress 13 (2020) 100240

7

3.3. LDN/OSU-215111 normalizes mood and cognitive impairments 
after symptom onset 

We investigated whether LDN/OSU-215111 could improve mood 
when symptoms were already present. The experimental design of this 
study is illustrated in Fig. 4 A. Littermate-matched mice were randomly 
divided into two groups: control (no GW-exposure) and GWI (GW- 

exposure). At five-months post-GW-exposure, mice were assessed for 
anxiety and depression by the behavioral tests mentioned above. GWI 
mice then received LDN/OSU-215111, and control mice received 
vehicle daily. After four-week of treatment, behavioral tests were con
ducted again to evaluate LDN/OSU-215111 effects. Results indicated 
that overall, GWI mice exhibited anxiety- and depression-like behaviors 
before treatment (Fig. 4, B–F; “Before”); following treatment, however, 

Fig. 3. LDN/OSU-215111 prevents cognitive deficits in mice exposed to GW agents and stress. Male GWI/vehicle mice showed a significant decrease in the time 
spent exploring the novel object, but not the total time of exploration in the novel object recognition test (A–B) and an increase in the latency to find the target hole 
and a decrease in the time spent in the target quadrant in the probe trial of Barnes maze test (C–D), indicating memory deficits. LDN/OSU-215111 partially prevented 
these deficits. Female GWI/vehicle mice showed a decline (not statistically significant) in cognitive functions. n ¼ 15–18 males and n ¼ 16–18 females each group. 
(E–F) LTP assessment. Male GWI/vehicle mice showed a significant decrease in fEPSP LTP, and LDN/OSU-215111 treatment prevented the decrease. LTP was 
performed on CA1 apical dendrites. n ¼ 16–24 sections, 5–7 mice per group. No significant difference was found in female mice. n ¼ 8–13 sections, 4–7 mice per 
group. Data are presented as mean � SD. Statistics are based on a two-way ANOVA comparison followed by uncorrected Fisher’s LSD method for pairwise com
parisons. F and P values for two-way ANOVA are shown. *P < 0.05; **P < 0.01; ***P < 0.001. TBS: theta-burst stimulation. 
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these behaviors were significantly improved (Fig. 4, B–F; “After”). To 
investigate the duration and endurance of treatment, LDN/OSU-215111 
administration was halted following all behavioral tests. One-month 
post-treatment cessation, behavioral tests were conducted again 
(Fig. 4 A). Notably, mice maintained anxiety- and depression-free 
behavior, only exhibiting a slight regression when compared to their 
performance immediately following treatment (Fig. 4, B–F; “Stop”), 
suggesting that the observed benefits are not palliative, and LDN/OSU- 
215111 may directly modify the disease. To confirm that the observed 
effects were not due to repeated testing, we analyzed the difference 
among “Before”, “After”, and “Stop” in the control group. Results 
showed no significant changes in the results of anxiety/depression tests 
(Fig. S2), indicating that repeated testing did not change the behavior. 

We further investigated whether LDN/OSU-215111 treatment could 
improve cognitive functions at five months post-GW exposure, when the 

chronic progression of the disease has been established. The experi
mental design of this study is illustrated in Fig. 5 A. The study included 
three groups: control, GWI/vehicle, and GWI/LDN/OSU-215111. At 
five-months post-GW-exposure, mice received either vehicle or LDN/ 
OSU-215111 daily. After four-week of treatment, mice were assessed 
for cognitive functions by novel object recognition and Barnes maze 
tests. Results indicated that both male and female GWI/vehicle mice 
exhibited significant cognitive impairments. Importantly, LDN/OSU- 
215111 treatment significantly improved cognitive functions 
(Fig. 5B–E). Consistently, electrophysiological studies showed a signif
icant reduction of LTP in GWI/vehicle mice, and LDN/OSU-215111 
treatment significantly improved LTP (Fig. 5F–G). It is notable that 
cognitive functions in female GWI/vehicle mice declined only at three 
months post-exposure (Fig. 3) but were significantly impaired at six 
months post-exposure; in addition, male GWI/vehicle mice similarly 

Fig. 4. LDN/OSU-215111 normalizes mood impairments after symptom onset. (A) Experimental procedure. Littermate-matched mice were randomly divided into 
two groups: control and GWI. GWI mice were exposed to GW agents and stress for six weeks. At five-months post-exposure, all mice were assessed for anxiety and 
depression (“before”). After the behavioral tests, GWI mice received LDN/OSU-215111, and control mice received vehicle. After one-month of treatment, behavioral 
tests were repeated (“after”). Following treatment cessation, behavioral tests were conducted again one-month later (“stop”). (B–F) Assessment of anxiety and 
depression. Overall, GWI mice exhibited anxiety- and depression-like behaviors before LDN/OSU-215111 treatment (“before”), and these behaviors significantly 
improved after the treatment (“after”). The effects of LDN/OSU-215111 lasted one month after treatment cessation (“stop”). The asterisk (*) indicates the difference 
between control and GWI mice, and the number sign (#) indicates the difference between “before” and “after”, or “before” and “stop” in GWI mice. n ¼ 17–21 males 
and n ¼ 14–15 females each group. Data are presented as mean � SD. Statistics are based on a two-way ANOVA comparison followed by uncorrected Fisher’s LSD 
method for pairwise comparisons. A repeated measures ANOVA was used to compare “before” with “after”, or “before” with “stop” within GWI group. F and P values 
for repeated measures ANOVA are shown. Ftreatment indicates the F value among “before, after and stop” within the GWI group. *P < 0.05; **P < 0.01. #P < 0.05; ##P 
< 0.01; ###P < 0.001. 
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Fig. 5. LDN/OSU-215111 normalizes cognitive impairments at five months post-GW exposure. (A) Experimental procedure. Littermate-matched mice were 
randomly divided into three groups: control, GWI/vehicle, and GWI/LDN/OSU-215111. Both GWI/vehicle and GWI/LDN/OSU-215111 mice were exposed to GW 
agents and stress for six weeks. At five-months post-exposure, GWI/LDN/OSU-215111 mice received LDN/OSU-215111; control and GWI/vehicle mice received 
vehicle for one-month. Subsequently, behavioral tests were conducted. (B–E) Assessment of cognitive functions. Both male and female GWI/vehicle mice exhibited 
significant memory deficits. LDN/OSU-215111 treatment significantly improved cognitive functions. The probe trial results of Barnes Maze were presented in D-E. n 
¼ 16–25 males and n ¼ 15–27 females each group. (F–G) LTP assessment. GWI/vehicle mice showed a significant decrease in fEPSP LTP, and LDN/OSU-215111 
treatment normalized LTP. LTP was performed on CA1 apical dendrites. n ¼ 18–21 sections, 4–7 mice per group for males; n ¼ 19–25 sections, 4–5 mice per 
group for females. Data are presented as mean � SD. Statistics are based on a two-way ANOVA comparison followed by uncorrected Fisher’s LSD method for pairwise 
comparisons. F and P values for two-way ANOVA are shown. *P < 0.05; **P < 0.01; ***P < 0.001. 
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demonstrated greater impairment at six months post-exposure. This 
suggests that the disease worsens with age. Taken together, these 
behavioral data indicate that when symptoms were already present, 
LDN/OSU-215111 still effectively improved mood and cognitive 
deficits. 

3.4. GWI mice exhibit fatigue, which can be improved by LDN/OSU- 
215111 

Fatigue is one of the most prevalent and debilitating symptoms 
affecting GW veterans (Kang et al., 2003; Kipen et al., 1999). We con
ducted wire-hanging and inverted grid suspension tests to evaluate 
neuromuscular strength. Results showed that hang time significantly 
decreased in GWI/vehicle mice, suggesting that mice had muscle fati
gue/weakness; importantly, hang time increased with 
LDN/OSU-215111 treatment (Fig. 6A–B). Mitochondrial dysfunction is 
considered an underlying mechanism of chronic fatigue syndrome 
(Kodali et al., 2018; Shetty et al., 2017; Zakirova et al., 2017). We 
assessed limb skeletal muscle mitochondrial function by measuring total 
ATP levels. Consistently, total ATP levels were significantly decreased in 
GWI/vehicle mice and restored in GWI/LDN/OSU-215111 mice (Fig. 6 
C). The subcortical brain regions, such as basal ganglia and thalamus, 
have been implicated in peripheral fatigue and also central fatigue 

(Chaudhuri and Behan, 2000; Hou et al., 2016; Miller et al., 2014; 
Nakagawa et al., 2016). We found that total ATP levels were also 
significantly decreased in the subcortical brain regions of GWI/vehicle 
mice and partially restored in GWI/LDN/OSU-215111 mice (Fig. 6 D). 
The observed decreased ATP levels could be a major contributing factor 
to central fatigue that is reported in GW veterans (Wylie et al., 2019). 
This central fatigue could potentially contribute to muscle weakness 
(Marcora et al., 2009). 

3.5. GW-exposure causes hippocampal abnormalities, which can be 
normalized by LDN/OSU-215111 

Upon completion of behavioral assessments, mice were euthanized 
for further pathological or electrophysiological studies. We conducted 
immunohistochemical staining using (I) neuronal nuclei (NeuN) anti
bodies to examine hippocampal pyramidal neurons, (II) glial fibrillary 
acidic protein (GFAP) antibodies to examine astrocytes, (III) ionized 
calcium binding adaptor molecule 1 (Iba1) antibodies to examine 
microglia, (IV) parvalbumin (PV) antibodies to examine GABAergic in
terneurons, and (V) doublecortin (DCX) antibodies to examine newborn 
neurons. We did not observe significant changes for pyramidal neurons 
and microglia regarding the number, morphology, and signal intensity 
among the three groups. However, we observed significant changes for 
the following cell types in GWI/vehicle mice: (I) astrocytes - reduced the 
area of GFAP-positive (GFAPþ) elements (cell body as well as processes; 
Fig. 7 A), suggesting astrocytic atrophy; (II) PV-positive (PVþ) in
terneurons - reduced number (Fig. 7 B), suggesting loss of parvalbumin- 
positive interneurons; (III) DCX-positive (DCXþ) newborn neurons - 
reduced number (Fig. 7 C), suggesting decreased neurogenesis (Parihar 
et al., 2013). Importantly, LDN/OSU-215111 treatment significantly 
improved these deficits. We further examined expression levels of the 
following proteins in hippocampi by Western blot analysis, including (I) 
synaptophysin and vesicular glutamate transporter 1 (vGLUT1), which 
are located at the presynaptic terminals of glutamatergic neurons, (II) 
postsynaptic density protein 95 (PSD95), which is located at the post
synaptic terminals of glutamatergic neurons, (III) vesicular GABA 
transporter (vGAT), which is located at the presynaptic terminals of 
GABAergic interneurons, (IV) gephyrin and GABAA receptors, which are 
located at the postsynaptic terminals of GABAergic interneurons, and 
(V) EAAT2 and GFAP, which are located at astrocytes. Results showed 
that levels of these proteins, except gephyrin and GABAA receptors, were 
significantly decreased in GWI/vehicle mice and restored following 
LDN/OSU-215111 treatment (Fig. 7, D-E). Taken together, these results 
─including impaired glutamatergic synapses, astrocyte atrophy, loss of 
interneurons, and decreased neurogenesis─ suggest that GW-exposure 
causes long-term hippocampal atrophy, which is reported in GW vet
erans (Apfel et al., 2011; Chao et al., 2017; Vythilingam et al., 2005). 
Importantly, this appears reversible by LDN/OSU-215111. 

3.6. LDN/OSU-215111 normalizes excitatory and inhibitory synaptic 
transmission deficits 

Next, we conducted whole-cell patch clamp recordings to assess 
synaptic transmission in CA1 pyramidal neurons. We measured gluta
matergic synaptic transmission by recording both spontaneous and 
miniature excitatory postsynaptic currents (sEPSC and mEPSC). Results 
showed increases in sEPSC amplitude but decreases in mEPSC amplitude 
in GWI/vehicle mice (Fig. 8A–B). Increased sEPSC amplitude likely re
sults from the increased tone of excitatory transmission as indicated by 
elevated extracellular glutamate levels described above (Fig. 1 B), and 
decreased mEPSC amplitude suggests reduced postsynaptic strength 
and/or number, which is consistent with decreased levels of PSD95 
described above (Fig. 7 D). The frequencies of both sEPSC and mEPSC 
were decreased in GWI/vehicle mice (Fig. 8A–B). This suggests a 
reduction in the pre-synaptic glutamate release and/or the number of 
functional synapses, which is consistent with decreased levels of 

Fig. 6. GW-exposure causes fatigue and decreased total ATP levels, which can 
be improved by LDN/OSU-215111. Upon completion of the behavioral assess
ments in Fig. 5, a subset of mice were assessed for neuromuscular strength by 
wire-hanging (A) and inverted grid suspension (B) tests. n ¼ 5–8 males and n ¼
6–7 females each group. GWI/vehicle mice exhibited reduced muscular 
strength, which was improved by LDN/OSU-215111 treatment (A and B). After 
the tests, mice were euthanized to measure total ATP levels in limb skeletal 
muscles (C, n ¼ 8) and subcortex (D, n ¼ 6). GWI/vehicle mice exhibited 
decreased total ATP levels in both tissues, which were normalized by LDN/ 
OSU-215111 treatment (C and D). Data are presented as mean � SD. Statis
tics are based on a one-way ANOVA followed by uncorrected Fisher’s LSD 
method for pairwise comparisons. F and P values for one-way ANOVA are 
shown. *P < 0.05; **P < 0.01; ***P < 0.001. 
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synaptophysin and vGLUT1 described above (Fig. 7 D). We further 
measured GABAergic synaptic transmission by recording both sponta
neous and miniature inhibitory postsynaptic currents (sIPSC and 
mIPSC). Results showed decreases in sIPSC amplitude but no change in 
mIPSC amplitude in GWI/vehicle mice (Fig. 8C–D). Decreased sIPSC 
amplitude likely results from the loss of PVþ interneurons described 
above (Fig. 7B), and no change in mIPSC amplitude is consistent with 
unchanged levels of gephyrin and GABAA receptor described above 
(Fig. 7E). The frequencies of both sIPSC and mIPSC were decreased in 
GWI/vehicle mice (Fig. 8C–D). This is likely due to loss of PVþ in
terneurons (Fig. 7 B). Taken together, these results suggest that GW- 

exposure impairs both the excitatory and inhibitory synaptic trans
mission in CA1 pyramidal neurons, which may contribute to mood and 
cognitive deficits. Importantly, LDN/OSU-215111 effectively normal
ized the excitatory deficit. 

4. Discussion 

In the present study, we found that GW-exposure causes long-term 
abnormalities in the hippocampi of mice, including increased basal 
extracellular glutamate concentrations, impaired structural integrity 
and function of glutamatergic synapses, astrocyte atrophy, decreased 

Fig. 7. GW-exposure causes impaired glutamatergic synapses, astrocyte atrophy, loss of interneurons, and decreased neurogenesis, which can be restored by LDN/ 
OSU-215111. Upon completion of the behavioral assessments in Fig. 5, a subset of mice was euthanized for the following pathological studies. (A) GFAP immu
nohistochemical staining to examine astrocytes. Representative images are shown (scale bars: 100 μm). Boxed areas are shown enlarged in the middle column (scale 
bars: 25 μm). Quantitative analysis indicates that the GFAPþ area decreased in GWI/vehicle mice and was partially restored in LDN/OSU-215111 treated mice. Data 
was generated from the percentage of GFAP staining in 890 μm � 667 μm area and normalized by control. n ¼ 5–6 animals per group; average of �6 sections per 
animal. (B) Parvalbumin immunohistochemical staining to examine parvalbumin-expressing interneurons. Representative images are shown (scale bars: 100 μm). 
Quantitative analysis indicates that the number of PVþ interneurons decreased in GWI/vehicle mice and was partially restored in LDN/OSU-215111 treated mice. n 
¼ 9–10 animals per group; average of �6 sections per animal. (C) Doublecortin immunohistochemical staining to examine newborn neurons in the dentate gyrus. 
Representative images are shown (scale bars: 100 μm). Quantitative analysis indicates that the number of DCXþ cells decreased in GWI/vehicle mice and was 
partially restored in LDN/OSU-215111 treated mice. n ¼ 9–10 animals per group; average of �6 sections per animal. (D–E) Western blot analysis of hippocampal 
lysates to examine expression levels of indicated synaptic and astrocytic proteins. Representative immunoblots are shown. Quantitative analysis indicates that levels 
of the indicated proteins, except gephyrin and GABAA receptors, were significantly decreased in GWI/vehicle mice and restored in LDN/OSU-215111 treated mice. n 
¼ 4–7 mice per group. Data are presented as mean � SD. Statistics are based on a two-way ANOVA (A, B, D, E) or one-way ANOVA (C) followed by uncorrected 
Fisher’s LSD method for pairwise comparisons. One-sample t-test (hypothetical value ¼ 100) was used to compare control with GWI/vehicle (D, E). F and P values for 
one-way (C) or two-way (A, B, D, E) ANOVA are shown. *P < 0.05; **P < 0.01; ***P < 0.001. DG: dentate gyrus; CA: cornu ammonis; GFAP: glial fibrillary acidic 
protein; PV: parvalbumin; DCX: doublecortin. 

Fig. 8. GW-exposure causes impaired excitatory and inhibitory synaptic transmissions in CA1 pyramidal neurons, which can be partially restored by LDN/OSU- 
215111. Upon completion of the behavioral assessments in Fig. 5, a subset of mice were euthanized for conducting whole-cell patch clamp recordings to assess 
synaptic transmission in CA1 pyramidal neurons. (A) Spontaneous excitatory postsynaptic currents (sEPSC). Representative sEPSC traces are shown. Quantitative 
analysis shows increased amplitude but decreased frequency of sEPSC in GWI/vehicle mice, and both were restored by LDN/OSU-215111. n ¼ 16–27 neurons, 7–10 
mice per group. (B) Miniature excitatory postsynaptic currents (mEPSC). Representative mEPSC traces are shown. Quantitative analysis shows decreased amplitude 
and frequency of mEPSC in GWI/vehicle mice, and both were restored by LDN/OSU-215111. n ¼ 19–31 neurons, 7–10 mice per group. (C) Spontaneous inhibitory 
postsynaptic currents (sIPSC). Representative sIPSC traces are shown. Quantitative analysis shows decreased amplitude and frequency of sIPSC in GWI/vehicle mice, 
which was partially restored (not statistically significant) by LDN/OSU-215111. n ¼ 12–22 neurons, 7–10 mice per group. (D) Miniature inhibitory postsynaptic 
currents (mIPSC). Representative mIPSC traces are shown. Quantitative analysis shows similar amplitude but decreased frequency of mIPSC in GWI/vehicle mice, 
which was not restored by LDN/OSU-215111. n ¼ 16–29 neurons, 7–10 mice per group. Data are presented as mean � SD. Statistics are based on a one-way ANOVA 
comparison followed by uncorrected Fisher’s LSD method for pairwise comparisons. F and P values for one-way ANOVA are shown. *P < 0.05; **P < 0.01; ***P 
< 0.001. 
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numbers of parvalbumin interneurons, reduced numbers of newborn 
neurons, and altered excitatory and inhibitory synaptic transmission 
(Fig. 9). These hippocampal abnormalities may result in or contribute to 
the observed mood and cognitive deficits (Figs. 2–5). Importantly, LDN/ 
OSU-215111 was able to effectively normalize hippocampal abnormal
ities and behavioral deficits. 

As mentioned above, studies have shown that GW agents and stress 
can cause an increase in glutamate release from hippocampal neurons 
(Macht et al., 2020). We demonstrate for the first time in vivo that 
extracellular glutamate levels in the hippocampal CA1 of GW-exposed 
mice were significantly elevated (Fig. 1). This occurred not only dur
ing GW exposure, but also at three-months post-GW-exposure, suggest
ing alternations in glutamate homeostasis, i.e. the interplay between 
glutamate release and glutamate clearance, after chronic exposure. The 
observed decreased EAAT2 protein levels (Fig. 1) may contribute to 
elevated glutamate levels. Our electrophysiological results showing 
increased sEPSC amplitude (Fig. 8 A) also suggest elevated extracellular 
glutamate levels. Literature indicate that long-term glutamate dysho
meostasis can result in impairment of synaptic plasticity, alternation of 
excitatory and inhibitory transmission, and even synaptic loss (Talan
tova et al., 2013; Van Elst et al., 2014; Yuen et al., 2012). These damages 
were observed in the present study (Figs. 7 and 8). 

Astrocytes play a critical role in the regulation of glutamate ho
meostasis (Coulter and Eid, 2012). It has been reported that chronic 
stress can cause atrophy of astrocytic process length, branching, and 
volume (Tynan et al., 2013). In addition, studies in mouse models of 
Alzheimer’s disease demonstrated progressive astrocytic atrophy with 
decreased GFAP staining in the hippocampus in the early stage of the 
disease (Beauquis et al., 2013; Yeh et al., 2011). We observed similar 
astrocytic atrophy in this study (Fig. 7 A). Astrocytic deficits can result in 
decreased glutamate clearance and other functions, leading to impaired 
glutamatergic synapses. 

Activity-dependent regulation controls the balance of synaptic 
excitation and inhibition in neural circuits, and disruption of this 
regulation impairs learning/memory and mood (Bateup et al., 2013; Lee 
et al., 2015, 2018; Wallace et al., 2012). PV interneurons play an 
important role in the balance of excitation and inhibition (Ferguson and 
Gao, 2018; Filice et al., 2016; Wohr et al., 2015). We found a significant 
reduction in PV interneurons in the hippocampus of GWI mice (Fig. 7 B), 
which is consistent with a previous report in a rat model of GWI (Meg
ahed et al., 2014). Loss of PV interneurons likely contributes to impaired 
excitatory and inhibitory synaptic transmission as observed in our 
electrophysiological studies (Fig. 8). Furthermore, neuronal activity, 
especially the balance between glutamatergic and GABAergic inputs 

regulate adult hippocampal neurogenesis (Sun et al., 2009; Zhao et al., 
2008). PV interneurons play a critical role in maintaining neurogenesis 
(Song et al., 2013); loss of PV interneurons may contribute to decreased 
neurogenesis (Fig. 7 C). 

The most striking finding in this study is that LDN/OSU-215111 has 
preventive and therapeutic potential for GWI (Figs. 2–6). LDN/OSU- 
215111 effectively normalizes hippocampal deficits, including 
impaired glutamatergic synapses, astrocyte atrophy, loss of in
terneurons, and decreased neurogenesis (Figs. 7 and 8). As mentioned 
above, our studies on the mechanism of action reveal that LDN/OSU- 
215111 can strengthen the structure and function of both the astro
cytic processes and the glutamatergic synapses that together form the 
tripartite synapses (Foster et al., 2018). This explains how 
LDN/OSU-215111 normalizes behavioral and hippocampal deficits in 
GWI mice. Several studies have demonstrated reduced hippocampal 
volume and hippocampal dysfunction in veterans with GWI (Apfel et al., 
2011; Chao et al., 2017; Vythilingam et al., 2005). Thus, restoration of 
tripartite glutamatergic synapses by LDN/OSU-215111 is a potential 
therapy for GWI. Given LDN/OSU-215111’s capacity to restore multiple 
hippocampal deficits, it could have application to other diseases, such as 
post-traumatic stress disorder (PTSD) (Bonne et al., 2008; Bremner 
et al., 2003; Herrmann et al., 2012). LDN/OSU-215111 is an advanced 
small-molecule that has valuable drug-like properties. Continued 
development of this small-molecule series is currently under way. 
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Fig. 9. A summary of the present research work. Left (control mice): Control mice have normal tripartite glutamatergic synapses and numbers of parvalbumin 
interneurons. Right (GW-exposed mice): GWI/vehicle mice exhibited increased basal extracellular glutamate concentrations, impaired structural integrity and 
function of glutamatergic synapses, reduced numbers of astrocytes, decreased numbers of parvalbumin interneurons, reduced numbers of newborn neurons, and 
altered excitatory and inhibitory synaptic transmission. LDN/OSU-215111 effectively normalizes hippocampal abnormalities and behavioral deficits. 
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