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Abstract

Persistent cognitive and mood impairments in Gulf War Illness (GWI) are associated with chronic 

neuroinflammation, typified by hypertrophied astrocytes, activated microglia, and increased 

proinflammatory mediators in the brain. Using a rat model, we investigated whether a simple 

lifestyle change such as moderate voluntary physical exercise would improve cognitive and mood 

function in GWI. Because veterans with GWI exhibit fatigue and post-exertional malaise, we 

employed an intermittent voluntary running exercise (RE) regimen, which prevented exercise-

induced stress. The GWI rats were provided access to running wheels three days per week for 

13 weeks, commencing ten weeks after the exposure to GWI-related chemicals and stress (GWI-

RE group). Groups of age-matched sedentary GWI rats (GWI-SED group) and naïve rats were 

maintained parallelly. Interrogation of rats with behavioral tests after the 13-week RE regimen 

revealed improved hippocampus-dependent object location memory and pattern separation 

function and reduced anxiety-like behavior in the GWI-RE group compared to the GWI-SED 

group. Moreover, 13 weeks of RE in GWI rats significantly reversed activated microglia with 
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short and less ramified processes into non-inflammatory/antiinflammatory microglia with highly 

ramified processes and reduced the hypertrophy of astrocytes. Moreover, the production of new 

neurons in the hippocampus was enhanced when examined eight weeks after the commencement 

of RE. Notably, increased neurogenesis continued even after the cessation of RE. Collectively, the 

results suggest that even a moderate, intermittent physical exercise has the promise to improve 

brain function in veterans with GWI in association with suppression of neuroinflammation and 

enhancement of hippocampal neurogenesis.
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1. Introduction

Even after three decades since the first Gulf War, over a third of 700,000 United States 

service personnel who served in that war are still suffering from Gulf War Illness (GWI). 

GWI is a multisymptom illness linked mainly to the central nervous, musculoskeletal, and 

gastrointestinal systems (Golomb, 2008, White et al., 2016; Coughlin and Sullivan, 2018; 

Dickey et al., 2020). The central nervous system (CNS) related impairments include reduced 

cognitive function, memory problems, mood and sleep disturbances, chronic pain, and 

fatigue (Odegard et al., 2013; Rayhan et al., 2013; Hubbard et al., 2014; Janulewicz et al., 

2017). Epidemiological studies have suggested that intake of the nerve gas prophylactic drug 

pyridostigmine bromide (PB), heavy exposure to one or more chemicals during the war, or 

the interaction of chemical exposures with the war-related stress, underlie GWI (Steele et 

al., 2012; White et al., 2016; Bjørklund et al., 2020). The veterans were exposed to multiple 

chemicals, including the mosquito-repellant N, N-diethyl-m-toluamide (DEET), insecticide 

permethrin (PER), several pesticides, fuels from burning oil wells, depleted uranium, and 

low-doses of sarin released in the atmosphere during the combat (Golomb, 2008; White et 

al., 2016; Dickey et al., 2020).

Several animal model studies, using 10–28 days exposure to one or more GWI-related 

chemicals or a combination of a few chemicals with or without stress, have demonstrated 

the significant chronic symptoms of GWI (Abdel-Rahman et al., 2002; Abdullah et al., 

2011; Parihar et al., 2013; O’Callaghan et al., 2015; Zakirova et al., 2015; Phillips and 

Deshpande, 2016; Locker et al., 2017; Miller et al., 2018). Our laboratory, using a rat model 

involving 28-day exposure to low-doses of PB (oral), DEET (dermal), and PER (dermal) 

with mild to moderate stress, has recapitulated the major symptoms of GWI with chronic 

cellular and molecular alterations in the brain. The most salient features of this prototype 

include persistent cognitive and mood dysfunction associated with several chronic changes 

in the hippocampus, which include decreased neurogenesis, incessantly elevated oxidative 

stress, and chronic inflammation typified by astrocyte hypertrophy, activated microglia, and 

increased concentration of proinflammatory mediators (Hattiangady et al., 2014; Shetty et 

al., 2017, 2020; Kodali et al., 2018; Madhu et al., 2019). Because reduced neurogenesis, 
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elevated oxidative stress, and chronic inflammation in the hippocampus could contribute 

to persistent cognitive and mood impairments (Kohman and Rhodes, 2013; Peng and 

Bonaguidi, 2018), our previous preclinical studies in the above rat model of GWI have 

investigated the efficacy of antioxidant and/or antiinflammatory drugs and suggested that 

such therapies have the promise to improve brain function in veterans afflicted with GWI 

(Kodali et al., 2018; Shetty et al., 2020; Madhu et al., 2021).

In this study, we examined whether a simple lifestyle change such as moderate, intermittent 

voluntary physical exercise (PE) would improve cognitive and mood function in the rat 

model of GWI. We chose voluntary running exercise (RE) because of its ability to 

improve cognitive function, diminish the adverse glial changes and enhance hippocampal 

neurogenesis in a variety of animal models (Van Praag et al., 1999a; van Praag et al., 

1999b; Kannangara et al., 2011; Hamilton and Rhodes, 2015; Ahn et al., 2017; Kodali et al., 

2016; Ryan and Kelly, 2016). Since veterans with GWI display fatigue and post-exertional 

malaise (Lindheimer et al., 2020), we employed an intermittent voluntary RE regimen, in 

which the GWI rats were provided access to running wheels three days per week for 13 

weeks. Such an intermittent, voluntary PE regimen employed in the study would likely 

avoid stress to GWI rats compared to the forced RE regimen involving treadmill with or 

without shocks (Svensson et al., 2016). Multiple previous studies have also shown beneficial 

effects of voluntary RE, including chronic stress models (Greenwood et al., 2012; Lee et 

al., 2016). Interrogation of GWI rats with behavioral tests after the 13-week RE regimen in 

this study demonstrated improved hippocampus-dependent cognitive function and reduced 

anxiety-like behavior associated with reversion of activated microglia with short processes 

into non-inflammatory/antiinflammatory microglia with highly ramified processes, reduced 

astrocyte hypertrophy, and enhanced neurogenesis.

2. Materials and methods

2.1. Animals

Eight-week-old male Sprague Dawley rats (n = 24) bought from Harlan (Indianapolis, IN) 

were kept in the vivarium, with ad libitum access to rat chow and water. Animals were 

next randomly ascribed to either the naïve control group (n = 8) or the GWI group (n = 

16). A combined institutional animal care and use committee of the Texas A&M College 

of Medicine and Olin E. Teague Veterans’ Medical Center authorized all experiments 

performed in this study.

2.2. Study design

The various experiments and timelines are illustrated (Fig. 1 [A]). The details comprise 

daily exposure to GWI-related chemicals (GWIR-Cs) and moderate stress for 4 weeks, 

voluntary intermittent RE for 13 weeks (3 days/week) commencing 10 weeks post-exposure. 

The animals received daily 5′-bromodeoxyuridine (BrdU) injections for 7 days in the 8th 

week of the RE regimen (a time-point equivalent to 18 weeks post-exposure). Immediately 

after the RE regimen, the animals were interrogated with behavioral tests for assessing 

cognitive and mood function (i.e., at 22–28 weeks post-exposure) and brain tissue analysis 

for neurogenesis, astrocytes, and microglia at 28 weeks post-exposure.
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2.3. Exposure of animals to GWIR-Cs and stress

The chemicals DEET and PER were purchased from Chemical Service Incorporated (West 

Chester, PA), whereas the drug PB was purchased from Sigma (St. Louis, MO). Animals 

chosen for the GWI group (n = 16) were exposed daily to DEET, PER, and PB and 15 min 

of restraint stress for 4 weeks (Abdel-Rahman et al., 2002, Parihar et al., 2013, Hattiangady 

et al., 2014, Shetty et al., 2017). The chemicals DEET (200 μl, 60 mg/Kg) and PER (200 

μl, 0.2 mg/Kg) were applied dermally over shaved skin areas located on the dorsal surface 

of the neck and the upper thoracic region between scapulae. The drug PB was administered 

via oral gavage (500 μl, 2 mg/Kg). Age-matched naïve control animals (n = 8), maintained 

parallel to GWI animals, did not receive exposure to chemicals or stress.

2.4. Voluntary running exercise paradigm

Ten weeks after exposure to GWIR-Cs and stress, GWI-rats were randomly assigned to 

either the RE group (GWI-RE group, n = 9) or the sedentary group (GWI-SED group, n = 

7).

Each animal in the GWI-RE group was provided intermittent access to running wheels 

(three days per week, Monday, Wednesday, and Friday) for 13 weeks. Animals in the GWI-

RE group were housed in regular cages on non-exercise days. Animals in the GWI-SED 

group and naïve group were continuously housed in regular cages.

2.5. Behavioral tests for analyses of cognitive and mood function

Animals in all groups were interrogated with a series of behavioral tests to discern their 

cognitive and mood function. An object location test (OLT, a hippocampus-dependent 

cognitive test) measured animals’ ability to discern minor changes in the environment. 

A pattern separation test (PST), a cognitive test dependent on the dentate gyrus 

function and the extent of neurogenesis, evaluated animals’ proficiency to distinguish 

identical experiences from similar experiences. A novelty suppressed feeding test (NSFT) 

investigated the extent of motivation and anxiety-like behavior.

2.6. Object location test (OLT)

As detailed in our previous studies (Hattiangady et al., 2014, Shetty et al., 2020), the rat 

was first habituated to an empty open field apparatus for 5 min (Trial-1, T1). In trial-2 

(T2), commencing 60 min after T1, the animal freely explored two similar objects placed 

on opposite sides of the arena for 5 min (Fig. 2 [A]). In trial-3 (T3), starting 90 min after 

T2, the animal was placed in the same open field with one of the objects relocated to a 

new locality (i.e., the object in a novel place; OINP) while the other object was maintained 

in its T2 location (i.e., the object in a familiar place; OIFP) (Fig. 2 [A]). The animal was 

allowed to explore objects for 5 min. The movement of the rat was continuously recorded 

via video-tracking using the Noldus Ethovision XT. Only animals that explored objects for 

≥ 5 s in T4 were included for data analysis. A majority of animals met this criterion (n 

= 6–8 out of 7–9 animals per group). Time spent in exploring the OINP and the OIFP 

in T3 were acquired and compared within groups to discern the propensity of animals in 

each group to prefer the OINP over the OIFP. The total object exploration times (TOETs) 

were compared across the three groups to determine variances in object exploration between 
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groups. Furthermore, data such as the total distances moved, and movement velocities were 

compared across the three groups to determine whether one or more groups displayed motor 

impairment.

2.7. Pattern separation test (PST)

As detailed in our previous study (Shetty et al., 2020), after exploring an empty open field 

apparatus in T1, the animal was placed in the same arena with two identical objects placed 

on floor pattern-1 (i.e., type 1 objects on P1) in T2 for 5 min (Fig. 2 [I]). After an inter-trail 

interval of 60 min, the animal was placed again in the arena with another set of identical 

objects placed on floor pattern 2 (i.e., type 2 objects on P2) in T3 for 5 min (Fig. 2 [I]). In 

T4, commencing 180 min after T3, the animal explored the arena with one of the objects 

from T3 remaining in its location on P2 (i.e., the familiar object on P2; FO on P2) and 

the other T3-object replaced with T2-object (i.e., the novel object on P2; NO on P2). The 

animal explored the objects for 5 min. Only animals that explored objects for ≥ 5 s in T4 

were included for data analysis. A majority of animals met this criterion (n = 6–8 out of 7–9 

animals per group). Time spent in exploring the NO and the FO in T4 were acquired and 

compared within groups to ascertain animals’ choice in each group to prefer the NO over the 

FO. The TOETs were compared across groups to measure differences in object exploration 

between groups. Moreover, the results such as the total distances moved, and movement 

velocities were compared across groups to determine if one or more groups exhibited motor 

impairment.

2.8. Novelty suppressed feeding test (NSFT)

Each animal was first subjected to fasting for 24 h (by withdrawing food pellets from the 

cage), but drinking water provided ad libitum during the fasting period (n = 7–9/group). 

Next, a single trial lasting 5 min was conducted in an open field apparatus to measure the 

extent of motivation or anxiety-like behavior. A shallow plastic dish containing food pellets 

was placed in the center of an open field apparatus, and the rat was released from one of 

the corners. The animal’s movement was video tracked using the Noldus Ethovision XT 

program to measure the latency to the first bite of food. After every trial, the open field box 

was cleaned with 70% alcohol, and fresh food pellets were used for each rat to eliminate 

any odor-related cues. The time (latency) to the first nibble of food was used as an index 

of motivation or anxiety-like behavior in each rat. A higher latency value implied increased 

anxiety-like behavior in this test.

2.9. Tissue processing and immunohistochemical methods

Animals were deeply anesthetized through exposure to isoflurane vapor and then perfused 

through the heart using 4% paraformaldehyde. The detailed protocols of animal perfusion 

and tissue processing are available in our previous reports (Hattiangady et al., 2011; Rao et 

al., 2008; Kodali et al., 2018). The immunohistochemical studies comprised visualization of 

ionized calcium-binding adaptor molecule 1-positive (IBA-1 +) microglia and glial fibrillary 

acidic protein-positive (GFAP +) astrocytes in every 20th section, and 5-bromodeoxyuridine-

positive (BrdU +) newly born cells and doublecortin-positive (DCX +) newly born neurons 

in every 15th section through the entire septo-temporal axis of the hippocampus. The 

primary antibodies comprised goat anti-IBA-1 (1:1000, Abcam, Cambridge, MA), rabbit 
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anti-GFAP (1:3000, Dako, Santa Clara, CA), mouse anti-BrdU (1:200, BD, San Jose, 

CA), goat polyclonal anti-DCX (1:250; Santa Cruz Biotechnology, Santa Cruz, CA). The 

secondary antibodies employed were biotinylated anti-goat, anti-rabbit, or anti-mouse IgGs 

(1:250, Vector Laboratories, Burlingame, CA). The avidin–biotin complex reagent and 

chromogens Vector Gray and 3,3′-diaminobenzidine were purchased from Vector Labs. 

Finally, the sections were mounted on subbed slides, counterstained with nuclear fast red or 

hematoxylin, processed for coverslipping using permount, and observed under a Nikon E600 

microscope.

2.10. Measurement of microglial activation and astrocyte hypertrophy

Area fractions of microglia (IBA-1 + structures) and astrocytes (GFAP + structures) were 

measured in the DG and hippocampal CA1 and CA3 subfields using Image J (n = 6/group). 

Three serial sections (every 20th) were employed in each animal for these measurements 

(Kodali et al., 2018). Moreover, the average area occupied by individual IBA-1 + microglial 

cells was measured in the CA1 subfield using image J (9 microglia randomly chosen from 

three serial sections in each animal). Furthermore, we measured the morphology of IBA-1 

+ microglia and GFAP + astrocytes in the CA1 stratum radiatum of naïve, GWI-SED, and 

GWI-RE groups by tracing the soma and processes using Neurolucida (Microbrightfield 

Inc., Williston, VT), as detailed in our previous reports (Kodali et al., 2015, 2021). In each 

of the three groups, 30 microglia and 30 astrocytes (5 cells/animal, 6 animals/group) were 

individually traced in their entirety using an oil immersion 100X lens. The measurements, 

such as the total process length, and the number of intersections, nodes and endings, 

were collected. Sholl’s concentric circle analysis was performed using the NeuroExplorer 

component of the Neurolucida program to determine the pattern and extent of processes at 

different distances from the soma in microglia and astrocytes.

2.11. Quantification of hippocampal neurogenesis

All cell counts were accomplished via the optical fractionator method available in the 

StereoInvestigator system (Microbrightfield) interfaced with a Nikon E600 microscope 

through a color digital video camera (Optronics Inc., Muskogee, OK). The numbers of 

newly born BrdU + cells and immature DCX + neurons in the subgranular zone-granule 

cell layer (SGZ-GCL) were quantified (n = 6/group). The detailed procedure employed 

for stereological cell counting is available in our previous reports (Rao and Shetty, 2004; 

Hattiangady et al., 2008; Kodali et al., 2018). The extent of neuronal differentiation of newly 

born cells and net neurogenesis was measured through BrdU and neuron-specific nuclear 

antigen (NeuN) dual immunofluorescence and Z-section analysis in a Nikon confocal 

microscope (n = 6/group). The primary and secondary antibodies comprised mouse anti-

NeuN (1:1000, EMD Millipore, Temecula, CA), rat anti-BrdU (1:250, Serotech), donkey 

anti-mouse IgG tagged with Alexa Flour 488 (1:200, Invitrogen, Grand Island, NY), and 

donkey anti-rat IgG tagged with Alexa Flour 594 (1:200, Invitrogen). Percentages of BrdU + 

cells that expressed NeuN were then quantified by examination of individual BrdU + cells in 

1-μm thick optical Z-sections.
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2.12. Statistical analysis

The animal numbers for behavioral studies per group were determined through a power 

analysis using G*Power software, using the effect size f as 10 (based on our previous data) 

and alpha as 0.05, which suggested a requirement of final data from at least 6 rats/group 

to obtain a power of 0.8 and above. We obtained final data from 6 to 8 rats in this study 

after applying the object exploration criterion. A two-tailed, unpaired, Student’s t-test in 

the Prism software was employed to compare two data columns. The Mann-Whitney U test 

was employed when standard deviations between groups were statistically significant. One-

way ANOVA with Student Neuman-Keuls post hoc tests was employed for comparisons 

involving three or more groups. The values in the bar charts are Mean ± S.E.M., and p < 

0.05 was considered statistically significant.

3. Results

3.1. The extent of RE by GWI rats

Animals in the GWI-RE group (n = 9) ran an average of 1.1–3.0 km (kms) per week 

and 7.7–8.3 kms per month over 13 weeks (Fig. 1 [B–D]). ANOVA analysis showed that 

distance ran per week or month during the 13 weeks did not change significantly (Fig. 1 

[C–D]; p > 0.05). For the entire duration of 13 weeks, the rats ran an average of 26.9 ± 4 

Kms.

3.2. Moderate, intermittent voluntary RE reversed object location memory dysfunction in 
GWI rats

The OLT provides a measure of hippocampus-dependent spatial memory and is particularly 

sensitive to changes in the hippocampal CA1 subfield (Barker and Warburton, 2015). 

The OLT relies on the animal’s innate liking for novelty without additional external 

reinforcement and hence efficiently detects the proficiency of animals to perceive subtle 

variations in their immediate environment. Animals belonging to the naive group displayed 

a greater propensity to explore the OINP in T3, implying an intact spatial memory function 

(Fig. 2 [B], t = 4.7, p < 0.001). Animals in the GWI-SED group explored both OIFP and 

OINP for comparable periods, suggesting location memory impairment (Fig. 2 [C], t = 1.3, 

p > 0.05). In contrast, animals in GWI-RE behaved similarly as naïve controls, which was 

evident from their exploration of the OINP for more extended periods than the OIFP (Fig. 2 

[D], t = 3.7, p < 0.01). We calculated the discrimination index using the formula, DI = time 

spent with NO - time spent with FO/total time spent with the objects (Radiske et al., 2017; 

Gulinello et al., 2019) and then compared DI across groups using one-way ANOVA, which 

revealed significant differences between groups (Fig. 2 [D], F = 4.6, p < 0.05). Compared to 

the naïve control group, the DI was reduced in the GWI-SED group (p < 0.05). The DI in the 

GWI-RE group was comparable to the naïve group (p > 0.05) and higher than the GWI-SED 

group (p < 0.05). The TOET, the total distance moved, and the velocity of movement in 

T3 were comparable between groups (Fig. 2 [F–H], F = 0.2–0.3; p > 0.05), implying that 

neither motor dysfunction nor variable levels of object exploration in one or more groups 

influenced the test results. Thus, moderate and intermittent voluntary RE could reverse a 

hippocampus-dependent cognitive dysfunction in GWI rats.
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3.3. Moderate, intermittent voluntary RE improved pattern separation ability in GWI rats

Pattern separation, a capability to distinguish highly similar sensory inputs into divergent 

representations in the hippocampus, is a natural function of the DG important for making 

episodic memories (Yassa and Stark, 2011). Animals in the naïve group showed a 

proficiency for pattern separation, which was apparent from the exploration of NO on P2 for 

higher durations than the FO on P2 (Fig. 2 [J], t = 3.3, p < 0.01). Animals in the GWI-SED 

group showed no such preference, as they spent nearly similar percentages of TOET with the 

NO and the FO on P2 (Fig. 2 [K], t = 1.5, p > 0.05), which suggested an impaired pattern 

separation function. On the other hand, animals in the GWI-RE group spent significantly 

higher percentages of their TOET with the NO on P2 (Fig. 2 [L], t = 3.9, p < 0.01), akin 

to the behavior of animals in the naive control group. Comparison of the DI across groups 

using one-way ANOVA revealed significant differences between groups with naïve and 

GWI-RE groups displaying higher values than the GWI-SED group (Fig. 2 [M], F = 3.9, p < 

0.05). However, the post-hoc tests did not show statistically significant differences between 

groups (p > 0.05). The TOET, the total distance moved, and the velocity of movement in 

T4 were comparable between groups (Fig. 2 [N–P], F = 0.8–2.5, p > 0.05), implying that 

neither motor dysfunction nor variable levels of object exploration in one or more groups 

affected the test results. Thus, moderate and intermittent voluntary RE improved GWI rats’ 

ability to create non-overlapping representations of similar but not identical experiences in 

the hippocampus.

3.4. Moderate, intermittent voluntary RE improved mood function in GWI rats

The extent of anxiety-like behavior in an NSFT was assessed by measuring the latency 

to approach and eat a familiar food pellet in a novel environment. The test examined the 

animal’s competence to overcome anxiety in a new setting that engenders anxiety and the 

motivation to progress towards an appetitive stimulus (Merali et al., 2003). ANOVA analysis 

revealed significant differences between groups (Fig. 2 [Q], F = 6.6, p < 0.01). Animals in 

the naïve control group displayed minimal latency to take the first bite of food, compared 

to much longer latencies observed in animals to perform the same task in the GWI-SED 

group (Fig. 2 [Q], p < 0.01). Animals in the GWI-RE group quickly moved and took the 

first bite, a behavior closely resembling animals in the naïve control group (Fig. 2 [Q], p > 

0.05). Thus, moderate and intermittent RE could restore motivation and reduce anxiety-like 

behavior in GWI rats.

3.5. Moderate, intermittent voluntary RE modulated microglia into non-inflammatory 
types displaying highly ramified processes in the hippocampus of GWI rats

The occurrence of activated microglia is another sign of chronic neuroinflammation (Kodali 

et al., 2018; Shetty et al., 2020). Activated microglia typically shows fewer and significantly 

less ramified processes and survey a reduced brain tissue area than standard resting 

microglia. We visualized microglia through IBA-1 staining and quantified the area fraction 

of IBA-1 + structures in the DG and CA1 and CA3 subfields of the hippocampus (Fig. 

3 [A–V]). The morphology of microglia in the GWI-SED group in different regions (Fig. 

3 [E, K, Q]) differed from the naïve group (Fig. 3 [D, J, P]) by having fewer processes 

and diminished ramification of processes, the features of activated microglia. However, 
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the morphology of microglia in the GWI-RE group (Fig. 3 [F, L, R]) was comparable to 

the naïve group (Fig. 3 [D, J, P]) in terms of the number of processes and the extensive 

ramification of processes, the resting microglia features. ANOVA analysis of area fraction 

of IBA + structures in the DG, CA1, and CA3 subfields and the entire hippocampus 

revealed significant differences between groups (Fig. 3 [S–V], F = 26.6–41.1, p < 0.0001). 

Post-hoc analyses consistently revealed a reduced area fraction of IBA-1 + structures in the 

GWI-SED group compared to the naïve group for all measured regions (Fig. 3 [S–V], p < 

0.001). In contrast, area fractions of IBA-1 + structures were highly comparable between the 

GWI-RE and naïve groups for all measured regions (Fig. 3 [S–V), p > 0.05). Also, the area 

fraction of IBA-1 + structures in the GWI-RE group was higher than the GWI-SED group 

(Fig. 3 [S–V), p < 0.001). Quantification of the area occupied by individual microglia in 

the hippocampal CA1 subfield (n = 6/group) also revealed significant differences between 

groups (Fig. 3 [W], F = 33.3, p < 0.0001). Compared to the naïve group, the area occupied 

by individual microglia was reduced in the GWI-SED group (p < 0.001). However, in the 

GWI-RE group, the area occupied by individual microglia matched their counterparts in the 

naïve control group (p > 0.05) but was significantly greater than microglia in the GWI-SED 

group (p < 0.001).

Fig. 4 illustrates examples of traced microglia from different groups (Fig. 4 [A–F]). 

Morphometric analyses of traced microglia suggested the presence of M1 phenotypes in the 

hippocampus of GWI-SED rats, compared to microglia in naïve control rats [Fig. 4 [A–B, 

D–E]. In contrast, GWI rats that underwent RE regimen displayed microglia resembling an 

M2 phenotype, akin to microglia seen in naïve control rats [Fig. 4 [A, C, D, F]. The M2 

features of microglia in the naïve and GWI-RE groups include the increased area occupied 

by individual microglia, a higher number of nodes and endings compared to microglia in 

the GWI-SED group (Fig. 4 [G, I, J] F = 14.8–41.8, p < 0.001–0.00001). One-way ANOVA 

analysis for the total process length also revealed significant differences between groups 

(Fig. 4 [H] F = 3.8, p < 0.05). Post-hoc analysis showed no significant differences between 

the naïve and GWI-SED groups (p > 0.05) but revealed that RE enhanced the total process 

length of microglia in GWI rats compared to the GWI-SED group (p < 0.05). Furthermore, 

Sholl analysis demonstrated that microglia in the GWI-RE group exhibited a higher number 

of intersections (at 0–50 μm distances), nodes (0–60 μm distances), and endings (0–60 

μm distances), and increased process length (at 0–50 μm distances), in comparison to 

the GWI-SED group (Fig. 4 [K–N], F = 9.7–38.4, p < 0.05–0.0001). Thus, 13 weeks of 

moderate, intermittent voluntary RE modified activated microglia into noninflammatory 

resting microglia in the hippocampus of GWI rats.

3.6. Moderate, intermittent voluntary RE reduced astrocyte hypertrophy in the 
hippocampus of GWI rats

The presence of astrocyte hypertrophy (i.e., reactive astrocytes) is one of the signs of chronic 

neuroinflammation in the hippocampus of GWI rats (Parihar et al., 2013; Madhu et al., 

2019). We visualized astrocytes through GFAP immunostaining and quantified the area 

fraction of GFAP + structures in the DG, and CA1 and CA3 subfields of the hippocampus 

(Fig. 5 [A–L]). In the DG, the area fraction of GFAP + structures did not differ between 

groups (Fig. 5 [D], F = 1.1, p > 0.05). However, the area fraction of GFAP + structures in the 
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hippocampal CA1 and CA3 subfields differed between groups (Fig. 5 [H, L], F = 4.1–6.3, p 

< 0.05). Post-hoc analysis revealed the increased density of hypertrophied astrocytes in the 

CA1 and CA3 subfields of GWI-SED compared to the naïve control group (p < 0.05–0.01). 

In contrast, the area fraction of GFAP + structures in the GWI-RE group was normalized to 

the level observed in the naïve control group (p > 0.05).

Fig. 6 illustrates examples of traced astrocytes from different groups (Fig. 6 [A–F]). 

Morphometric analyses of traced astrocytes revealed significant differences between groups 

for the area of the brain tissue occupied by individual astrocytes, the total process length, 

and the number of nodes and endings per astrocyte (Fig. 6 [G–J], F = 6.0–12.8, p < 0.05–

0.01). Compared to naïve controls, the GWI-SED group displayed increased values for all 

of these parameters (Fig. 6 [G–J], p < 0.05–0.001). In contrast, astrocytes in GWI rats 

that underwent RE displayed features comparable to astrocytes in naïve control rats (Fig. 6 

[G–J], p > 0.05). All measurements in the GWI-RE group were reduced compared to the 

GWI-SED group (Fig. 6 [G–J], p < 0.05–0.01), implying that intermittent voluntary RE 

reduced the thickening and lengthening of astrocyte processes. In addition, Sholl analysis 

of astrocyte processes revealed that compared to the GWI-SED group, astrocytes in the 

GWI-RE group exhibited reduced intersections (at 20–40 μm distances), nodes (at 0–20 μm 

and 30–40 μm distances), and length of processes (at 0–20 μm and 30–50 μm distances 

(Fig. 6 [K, L, N], F = 4.4–9.3, p < 0.05–0.001). Furthermore, all Sholl measurements were 

comparable between the naive group and the GWI-RE group (Fig. 6 [K–N], p > 0.05). Thus, 

13 weeks of intermittent RE in GWI rats reduced reactive astrocytes in the hippocampus of 

GWI rats.

3.7. Moderate, intermittent voluntary RE for 8 weeks is sufficient to enhance hippocampal 
neurogenesis in GWI rats

We quantified the production of newly born cells in the SGZ-GCL of the hippocampus 

in the 8th week of the voluntary RE regimen by administering the birth-dating marker 

BrdU and BrdU immunohistochemistry (Fig. 7 [A–F]). Stereological quantification revealed 

differences in the number of BrdU + newly born cells between groups (Fig. 7 [P], F = 

53.5, p < 0.0001). Compared to the naïve control group, the numbers were reduced in the 

GWI-SED and GWI-RE groups (Fig. 7 [P], p < 0.001). However, the total number of BrdU 

+ cells in the GWI-RE group was significantly higher than the GWI-SED group (Fig. 7 [B–

C, E–F, P], p < 0.05). Measurement of the percentage of newly born cells that differentiated 

into NeuN + neurons in the SGZ-GCL suggested no differences in the neuronal fate-choice 

decision by newly born cells between groups (Fig. 7 [Q], F = 2.6, p > 0.05). Representative 

images of newly born cells that differentiated into NeuN + mature neurons in the SCZ-GCL 

are illustrated (Fig. 7 [G–I]). Quantification of net hippocampal neurogenesis using data 

such as the total number of BrdU + cells and percentages of BrdU + cells expressing NeuN 

revealed significant differences between groups (Fig. 7 [R], F = 66.5, p < 0.0001). Compared 

to the naïve control group, net neurogenesis was reduced in the GWI-SED and GWI-RE 

groups (Fig. 7 [R], p < 0.001). However, the extent of net neurogenesis was significantly 

greater in the GWI-RE group than in the GWI-SED group (Fig. 7 [R], p < 0.05). Thus, 8 

weeks of moderate, intermittent voluntary RE increased hippocampal neurogenesis in GWI 

rats.
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3.8. Moderate, intermittent voluntary RE for 13 weeks greatly enhanced hippocampal 
neurogenesis in GWI rats

We investigated the status of hippocampal neurogenesis in GWI rats six weeks after the 

cessation of the RE regimen (equivalent to 28 weeks after exposure to GWIR-Cs and 

stress) through DCX immunostaining of serial sections through the hippocampus (Fig. 7 [J–

O]. Stereological quantification of DCX + neurons in the SGZ-GCL revealed significant 

differences between groups (Fig. 7 [S], F = 8.2, p < 0.01). Post-hoc tests revealed a 

reduced number of DCX + neurons in the GWI-SED group than the naïve group (p < 0.01). 

However, the number of DCX + neurons in the GWI-RE group was comparable to the naïve 

group (p > 0.05) and higher than the GWI-SED group (p < 0.05). Since DCX expression 

in newly born neurons lasts for ~14 days (Rao and Shetty 2004), DCX + cells quantified 

in this study represent new neurons generated 4 weeks after the termination of voluntary 

RE. These results imply that 13 weeks of voluntary RE is adequate to trigger a sustained 

enhanced activity of neural stem/progenitor cells to maintain a higher level of neurogenesis 

in the hippocampus of GWI rats.

4. Discussion

This study provides novel evidence that even a moderate, intermittent RE is beneficial 

for improving brain function in a model of GWI. Notably, improved cognitive and mood 

function in GWI rats was associated with modulation of inflammatory microglia displaying 

shorter processes lacking extensive ramifications into noninflammatory or antiinflammatory 

microglia with highly ramified processes, suppression of astrocyte hypertrophy, and 

enhanced hippocampal neurogenesis. Numerous animal model studies have shown that 

PE can improve cognitive function in several domains, including spatial learning (Herting 

and Nagel, 2012), novel object recognition memory (Hopkins et al., 2012), and cognitive 

flexibility (Pesce and Audiffren, 2011). Furthermore, the beneficial effects of PE on 

improving cognitive and/or mood function has been observed in prototypes of aging (García-

Mesa et al., 2016), and neurodegenerative diseases, including Parkinson’s disease (Hsueh 

et al., 2018), Alzheimer’s disease (Walker et al., 2015), and Amyotrophic lateral sclerosis 

(Tsitkanou et al., 2019). As seen in the current study, these studies have also reported 

modulation of activated microglia and astrocyte hypertrophy and increased neurogenesis 

among the major cellular and molecular changes underlying improved brain function.

Improved cognitive and mood function following a moderate, intermittent RE observed 

in GWI rats has implications for improving the health of veterans afflicted with GWI as 

cognitive, and mood problems are among the most conspicuous CNS-related symptoms in 

GWI (Cooper et al., 2016; White et al., 2016; Dickey et al., 2020). There is a spectrum 

of cognitive problems in veterans with GWI, including visuospatial, attention, executive 

function, learning, and memory deficits (Janulewicz et al., 2017). Furthermore, better 

hippocampus-dependent function observed after RE in the current study is of interest 

because veterans with GWI indeed have hippocampus dysfunction, evident from studies 

using magnetic resonance spectroscopy and single-photon emission computed tomography 

(Haley et al., 2000a, 2000b, 2009; Menon et al., 2004) and arterial spin labeling with the 

evaluation of hippocampal function (Li et al., 2011). Memory dysfunction in GWI was 
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also observed when a face-name associative recall test with functional MRI was performed 

(Odegard et al., 2013; Cooper et al., 2016). The severity of mood impairment in GWI, on 

the other hand, is variable but has been shown to result in mental health diagnoses in some 

patients (Engdahl et al., 2018). Investigations have suggested that cognitive fatigue in GWI 

stems from the prolonged activation of the executive control network (Wylie et al., 2019) 

and weakening functional connectivity (Gopinath et al., 2019). Studies in animal prototypes 

of GWI have also reported consistent cognitive and mood impairments and neuropathology 

observed in veterans with GWI (Parihar et al., 2013; Hattiangady et al., 2014; Zakirova et 

al., 2015; Phillips and Deshpande, 2016; Kodali et al., 2018; Shetty et al., 2020). While 

cognitive and mood dysfunction could occur from multiple changes in the hippocampus and 

other brain regions, correlative studies in veterans with GWI have suggested that altered 

cerebral blood flow (CBF) (Falvo et al., 2018) and neuroinflammation (Alshelh et al., 

2020) likely underlie these impairments in veterans with GWI. Animal model studies have 

also identified increased oxidative stress and waning of hippocampal neurogenesis as other 

causes of cognitive and mood dysfunction in GWI (Parihar et al., 2013; Kodali et al., 

2018; Shetty et al., 2017, 2020). Remarkably, PE has been shown to improve many of 

the above symptoms and pathology in different conditions or diseases. For instance, PE 

has been shown to alter CBF and improve cognitive performance in older adults with and 

without cognitive impairment (Alfini et al., 2019). Another study has shown that even 20 

min of moderate exercise can increase CBF in the hippocampus by 10–12% (Steventon et 

al., 2020). While the current study did not examine CBF in GWI rats, such studies could 

be performed in the future on veterans with GWI after a moderate, intermittent exercise 

regimen.

The current study demonstrated that RE transformed putative inflammatory microglia 

displaying shorter processes into noninflammatory or antiinflammatory microglia with 

highly ramified processes in GWI rats. Proficiency of PE to reduce microglial activation 

has been observed earlier in several neurodegenerative disease models, including aging 

(He et al., 2017), Alzheimer’s disease (Nichol et al., 2008), and traumatic brain injury 

(Piao et al., 2013). How does PE convert activated microglia into noninflammatory or 

antiinflammatory microglia? Studies have shown that PE can inhibit microglia activation and 

neuroinflammation through multiple mechanisms (Mee-inta et al., 2019). These comprise 

PE-induced increases in interleukin-4 (IL-4) and IL-10, IL-1 alpha receptor (IL-1Ra), 

the cluster of differentiation 200 (CD200), soluble triggering receptor expressed on 

myeloid cells 2 (TREM2), heat shock proteins (HSPs), sirtuin-1 (SIRT1), brain-derived 

neurotrophic factor (BDNF), antioxidants, and glymphatic clearance. PE induces the release 

of antiinflammatory cytokines IL-4 and IL-10 by skeletal muscles (Bobinski et al., 2018; 

Calegari et al., 2018), which reach the CNS through the circulating blood (Kelly, 2018). 

When IL-10 acts on its receptor expressed on microglia, it enhances the suppressor of 

cytokine signaling 3 (SOCS3), which inhibits microglial activation (Cianciulli et al., 2015). 

PE increases the expression of IL-1Ra in the CNS, which leads to the binding of IL-1Ra 

to IL-1R expressed on microglia, which inhibits the activity of IL-1α or IL-1β and thereby 

reduces microglial activation (Rosenzweig et al., 2014). Furthermore, PE enhances the 

immunomodulatory factor CD200 in neurons, which can inhibit microglial activity through 

binding with CD200R (Biber et al., 2007), leading eventually to inhibition of redundant 
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acronym syndrome /extracellular-signal-regulated kinase/mitogen-activated protein kinase 

(Ras/ERK-MAPK) inflammatory signaling pathways (Mee-inta et al., 2019). Moreover, PE 

increases the concentration of soluble TREM2, an immunoglobulin superfamily receptor 

expressed on microglia (Jensen et al., 2019). Activation of TREM2 leads to increased 

phagocytosis function in microglia and blocks MAPK cascade at the rapidly accelerated 

fibrosarcoma (RAF) level (Filipello et al., 2018), which inhibits inflammatory responses 

driven by toll-like receptor 4 (TLR4) on microglia (Mecca et al., 2018). PE can also increase 

the production of SIRT1, an NAD + -dependent protein deacetylase (Lai et al., 2014) 

capable of modulating inflammation through deacetylation of transcription factors such as 

nuclear factor kappa B (NF-kB) subunit-65 (Haigis and Sinclair, 2010). SIRT1 can also 

reduce inflammation through activation of nuclear factor erythroid 2 (NRF-2), a master 

regulator of antioxidant response and antagonist of NF-kB cascade (Pedruzzi et al., 2012).

PE also increases the concentration of BDNF secreted by astrocytes and microglia (Choi 

et al., 2018). PE can enhance BDNF in the CNS in several ways. PE-induced muscle 

contraction activates PGC-1α, which stimulates irisin release from its membrane-bound 

precursor, fibronectin type III domain-containing protein-5 (FNDC5) (Wrann et al., 2013). 

Then, irisin in the circulating blood enters the brain and upregulates BDNF. Apart from 

promoting neuronal survival, hippocampal neurogenesis, synaptic plasticity, and cognitive 

and mood function (Greenberg et al., 2009), increased BDNF can diminish microglial 

activation via inhibition of NF-κB and transcription of specific antiinflammatory genes 

through induction of ERK activation and cAMP-response element-binding protein (CREB) 

phosphorylation (Dong et al., 2018). BDNF can also modulate mitogen-activated protein 

kinase phosphatase 1, leading to diminished p38 and JNK phosphorylation (Jeanneteau 

et al., 2010). PE-induced increased BDNF is likely vital in improving brain function 

in GWI because BDNF is decreased in GWI models (Bose et al., 2020). PE can also 

modulate microglia through the upregulation of antioxidants such as glutathione peroxidase 

and superoxide dismutase (Radak et al., 2001). Another way PE could inhibit microglial 

activation is through improved glymphatic clearance (Von Holstein-Rathlou et al., 2018), 

a system draining the brain’s interstitial fluid into the cerebrospinal fluid and then to the 

cervical lymph nodes (Shetty and Zanirati, 2020). Additionally, PE can reduce microglial 

activation by modifying the gut microbiota because of bidirectional communication between 

the brain and the gut (Dinan and Cryan, 2017; Abraham et al., 2019). Since gut microbiota 

in GWI is negatively altered (Alhasson et al., 2017; Janulewicz et al., 2019), PE may 

normalize the microbiome and help improve cognitive function via suppression of microglial 

activation. Thus, suppression of microglial activity through multiple mechanisms is likely 

one of the major factors underlying RE-induced improved cognitive and mood function 

in GWI rats in this study. RE-induced alleviation of astrocyte hypertrophy may have also 

played a role in improving cognitive and mood function in GWI rats. Such conclusion 

is supported by studies showing an association between hypertrophied astrocytes and 

increased complement C3 in the brain of GWI rats (Madhu et al., 2019), and increased 

complement signaling mediating synaptic dysfunction and contributing to cognitive and 

mood dysfunction (Boyle et al., 2007; Lian et al., 2015).

Better cognitive and mood function observed in GWI rats after RE could also be due to 

the release of multiple other neurotrophic factors and hippocampal neurogenesis. Apart 
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from BDNF, PE has been shown to increase insulin-like growth factor-I and vascular 

endothelial growth factor (Woost et al., 2018; Cotman et al., 2007), which can improve 

cognitive function through increased neurogenesis (Trejo et al., 2001; Fabel et al., 2003). 

Indeed, the current study showed that eight weeks of moderate intermittent voluntary RE 

increased hippocampal neurogenesis in GWI rats when examined through injections of the 

birth-dating marker BrdU. Additional quantification of DCX + neurons revealed that 13 

weeks of voluntary RE triggered a sustained enhanced activity of neural stem/progenitor 

cells to maintain a higher level of hippocampal neurogenesis in GWI rats, even after the 

cessation of the PE regimen. While many previous studies have demonstrated the ability of 

PE to enhance hippocampal neurogenesis in naïve adult animals (Van Praag et al., 1999a; 

van Praag et al., 1999b; Brandt et al., 2010; Wolf et al., 2011), the current study provides 

the first demonstration of increased neurogenesis with RE in a model of GWI. Hippocampal 

neurogenesis occurs throughout life and has been suggested to contribute to the formation 

of new memories and maintaining mood and pattern separation function (Deng et al., 2010; 

Snyder et al., 2011; França et al., 2017). Considering the function of neurogenesis, and 

that diminished neurogenesis is one of the consistent changes associated with cognitive and 

mood dysfunction in the rat model of GWI (Parihar et al., 2013; Kodali et al., 2018; Shetty 

et al., 2020), it is plausible that PE-induced increased neurogenesis is another vital factor 

that contributed to improved cognitive and mood function in this study.

5. Conclusions and future perspectives

The study demonstrated that 13 weeks of moderate, intermittent, voluntary RE is efficacious 

for improving cognitive and mood function in rats with GWI. The application of moderate, 

intermittent, and voluntary RE regimens in this study likely avoided undue stress to 

GWI rats, which is an important issue because fatigue and post-exertional malaise are 

other features of GWI in veterans. Investigation of the hippocampus suggested that 

modulation of activated microglia into noninflammatory, or antiinflammatory resting 

microglia, alleviation of astrocyte hypertrophy, and enhanced neurogenesis likely underlie 

RE-induced improvements in cognition and mood. Several other molecular mechanisms 

are likely also involved in mediating the beneficial effects of RE, which would require 

additional studies in the future. In summary, the results support the application of moderate, 

intermittent PE to the treatment regimen in veterans with GWI, especially for those having 

cognitive and/or mood problems with no physical disability.
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Fig. 1. An overview of the experimental design and the extent of running exercise (RE).
Cartoon A shows the timeline of various experiments, including rats’ exposure to Gulf 

War Illness-related chemicals (GWIR-Cs) and stress, RE regimen, and duration, cognitive 

and mood function tests, and brain tissue analyses. Animals had access to running wheels 

to perform voluntary RE for 13 weeks (3 times/week), commencing 10 weeks after the 

exposure to GWIR-Cs and stress. The behavioral tests were performed after the RE regimen, 

after which the brain tissues were collected for histological studies. The lower half of the 

figure illustrates a cartoon of the running wheel (B), the distances ran by GWI rats per week 

over 13 weeks (C) and per month over three months (C). NS, not significant.
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Fig. 2. Thirteen weeks of moderate, voluntary, intermittent running exercise (RE) improved 
cognitive and mood function in rats with Gulf War Illness (GWI).
The bar charts in the top two rows show the results of an object location test (OLT). Cartoon 

A shows the various phases involved in OLT, whereas the bar charts in B-D show the 

performance of animals belonging to naïve, sedentary GWI rats (GWI-SED) or GWI rats 

that performed RE (GWI-RE). The bar chart E compares the discrimination index across 

the three groups. The bar charts F-H compare the total object exploration times (TOETs; 

F), the distance traveled (G), and velocity of movement (H) in trial-3 (T3) between the 

three groups. The bar charts in rows 3–4 show the results of a pattern separation test (PST). 

The cartoon in I shows the various phases involved in PST, whereas the bar charts in J-L 

show the performance of animals belonging to different groups. Bar chart M compares the 

discrimination index across groups. The bar charts N-P compare TOETs (N), the distance 

moved (O), and the velocity of movement (P) in T4. The bar chart Q shows the results of a 

novelty suppressed feeding test. *, p < 0.05, **, p < 0.01, ***, p < 0.001.
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Fig. 3. Thirteen weeks of moderate voluntary, intermittent running exercise (RE) diminished 
activated microglia in the hippocampus of rats with Gulf War Illness (GWI).
Figures A-R show examples of IBA1 + microglia from naïve control rat (A, G, M), a 

sedentary GWI rat (GWI-SED; B, H, N), and a GWI rat that performed RE (GWI-RE; C, 

I, O) in the dentate gyrus (DG; A-C), the CA1 subfield (G-I), and the CA3 subfield (M–O) 

of the hippocampus. D-F, J-L, and P-R are magnified views of microglia from A-C, G-I, 

and M–O. The bar charts S-V compare the area fraction (AF) of IBA1 + structures in the 

DG (S), CA1 subfield (T), CA3 subfield (U), and the entire hippocampus (EH; V) between 

different groups. The bar chart W compares the area occupied by individual microglia in the 
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CA1 subfield between different groups. Scale bar, A-C, G-I, and M–O = 25 μm; D-F, J-L, 

and P-R = 50 μm ***, p < 0.001.
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Fig. 4. Thirteen weeks of moderate voluntary, intermittent running exercise (RE) resulted in 
microglia with highly ramified processes in the hippocampus.
A-F shows representative examples of microglial morphology traced with Neurolucida from 

the hippocampus of naive (A, D), GWI-SED (B, E), and GWI-RE (C, F) groups. The 

bar charts G-J compare the various morphometric measures of microglia between naïve, 

GWI-SED, and GWI-RE groups, which include the average area occupied by individual 

microglia (G), the total process length (H), the number of nodes (I), and the number of 

process endings (J). The bar charts K-O compare the number of intersections (K), total 

process length (L), surface area (M), number of nodes (N), and number of process endings 
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(O) between naïve, GWI-SED, and GWI-RE groups at 0–10 μm, 10–20 μm, 20–30 μm, 

30–40 μm, 40–50 μm, and 50 – 60 μm distances from the soma. *, p < 0.05; **, p < 0.01; 

***, p < 0.001. Scale bar, A-F = 25 μm.
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Fig. 5. Thirteen weeks of moderate, voluntary, intermittent running exercise (RE) diminished 
astrocyte hypertrophy in the hippocampus of rats with Gulf War Illness (GWI).
The figure shows examples of GFAP + astrocytes from a naïve control rat (A, E, I), a 

sedentary GWI rat (GWI-SED; B, F, J), and a GWI rat that performed RE (GWI-RE; C, 

D, K) in the dentate gyrus (DG; A-C), the CA1 subfield (E-G), and the CA3 subfield 

(I-K) of the hippocampus. The bar charts D, H, and L compare the area fraction (AF) of 

GFAP + structures in the DG (D), the CA1 subfield (H), and the CA3 subfield (L) of the 

hippocampus between different groups. Scale bar, A-C, E-G, I-K = 50 μm; *, p < 0.05, and 

**, p < 0.01.
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Fig. 6. Thirteen weeks of moderate voluntary, intermittent running exercise (RE) reduced 
reactive astrocyte-like morphology in the hippocampus.
A-F shows representative examples of astrocyte morphology traced with Neurolucida from 

the hippocampus of naive (A, D), GWI-SED (B, E), and GWI-RE (C, F) groups. Note 

that astrocytes from GWI-SED rats display longer processes with enhanced branching 

(B, E), whereas astrocytes from naïve (A, D) and GWI-RE rats (C, F) show shorter and 

less branched processes. The bar charts G-J compare the various morphometric measures 

between naïve, GWI-SED, and GWI-RE groups, which include the average area occupied 

by individual astrocytes (G), the total process length (H), the number of nodes (I), and the 
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number of process endings (J). The bar charts K-N compare the number of intersections 

(K), total process length (L), surface area (M), and the number of nodes (N) between naïve, 

GWI-SED and GWI-RE groups at 0–10 μm, 10–20 μm, 20–30 μm, 30–40 μm, 40–50 μm, 

and 50 – 60 μm distances from the soma. *, p < 0.05; **, p < 0.01; ***, p < 0.001. Scale bar, 

A-F = 25 μm.
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Fig. 7. Moderate, voluntary, intermittent running exercise (RE) enhanced hippocampal 
neurogenesis in rats with Gulf War Illness (GWI).
Figures in A-C show examples of 5′-bromodeoxyuridine-positive (BrdU + ) cells in the 

subgranular zone-granule cell layer (SGZ-GCL) of the hippocampus from a naïve control 

rat (A), a sedentary GWI rat (GWI-SED; B), and a GWI rats that performed RE (GWI-RE, 

C). D, E, and F are magnified views of regions from A, B, and C. Figures G-I illustrate 

examples of BrdU + cells expressing neuron-specific nuclear antigen (NeuN, arrows). The 

bar charts P-R compare the number of BrdU + newly born cells (P), the percentage of 

BrdU + cells that differentiated into NeuN + neurons (Q), and net neurogenesis (R) in 
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the SGZ-GCL of the hippocampus between different groups. Figures J-O illustrate the 

distribution of doublecortin-positive (DCX + ) newly born neurons in the SGZ-GCL of the 

hippocampus from a naïve control rat (J), a GWI-SED rat (K), and a GWI-RE rat (L). M–O 

are magnified views of regions from J-L. The bar chart S compares the number of DCX + 

neurons across groups. *, p < 0.05; **, p < 0.01; ***, p < 0.001. GCL, granule cell layer; 

ML, molecular layer; DH, dentate hilus; SGZ, subgranular zone. Scale bar, A-C = 200 μm; 

D-F = 50 μm; G-I = 25 μm; J-L = 50 μm; M–O = 25 μm.
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