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ARTICLE INFO ABSTRACT

Keywords: Chemical overexposures and war-related stress during the 1990-1991 Gulf War (GW) are implicated in the
Gulf war illness persisting pathological symptoms that many GW veterans continue to endure. These symptoms culminate into a
LNF?I_H disease known as Gulf War Illness (GWI) and affect about a third of the GW veteran population. Currently,
gz:;:‘iis comprehensive effective GWI treatment options are unavailable. Here, an established GWI mouse model was
Neuroinflammation utilized to explore the (1) long-term behavioral and neuroinflammatory effects of deployment-related GWI
Neurogenesis chemicals exposure and (2) ability of the immunotherapeutic lacto-N-fucopentaose III (LNFPIII) to improve

deficits when given months after the end of exposure. Male C57BL6/J mice (8-9 weeks old) were administered
pyridostigmine bromide (PB) and DEET for 14 days along with corticosterone (CORT; latter 7 days) to emulate
wartime stress. On day 15, a single injection of the nerve agent surrogate diisopropylfluorophosphate (DFP) was
given. LNFPIII treatment began 7 months post GWI chemicals exposure and continued until study completion. A
battery of behavioral tests for assessment of cognition/memory, mood, and motor function in rodents was
performed beginning 8 months after exposure termination and was then followed by immunohistochemcal
evaluation of neuroinflammation and neurogenesis. Within tests of motor function, prior GWI chemical exposure
led to hyperactivity, impaired sensorimotor function, and altered gait. LNFPIII attenuated these motor-related
deficits and improved overall grip strength. GWI mice also exhibited more anxiety-like behavior that was
reduced by LNFPIII; this was test-specific. Short-term, but not long-term memory, was impaired by prior GWI
exposure; LNFPIII improved this measure. In the brains of GWI mice, but not in mice treated with LNFPIII, glial
activation was increased. Overall, it appears that months after exposure to GWI chemicals, behavioral deficits
and neuroinflammation are present. Many of these deficits were attenuated by LNFPIII when treatment began
long after GWI chemical exposure termination, highlighting its therapeutic potential for veterans with GWL

1. Introduction been investigated, and a consensus emerged linking GWI pathogenesis

to wartime chemical overexposures like pesticides, nerve agents, and a

Thirty years after the 1990-1991 Gulf War (GW), approximately
30% of the United States personnel that served continue to suffer from
Gulf War Illness (GWI; White et al., 2016). GWI veterans experience a
multitude of symptoms, including neurological and immunological ab-
errations. Over the past three decades, several etiological factors have

nerve agent prophylactic superimposed with war-related psychological
and environmental stressors (White et al., 2016). These combinatorial
chemical overexposures putatively culminate in the symptom presen-
tation of GWI, as associations between GW deployment-related expo-
sures and GWI symptomology are well-documented (Janulewicz et al.,
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2017; Proctor et al., 1998, 2006; Toomey et al., 2009; Zundel et al.,
2019).

GWI veterans undergoing neuropsychological evaluations report
deficits in motor (Anger et al., 1999b; Hom et al., 1997; Proctor et al.,
2006; Toomey et al., 2009) and cognitive (Anger et al., 1999a; Goldstein
et al., 1996; Hom et al., 1997; Janulewicz et al., 2017; Toomey et al.,
2009) tasks. Veterans with GWI also have higher rates of mood
dysfunction (Binder et al., 1999; Hom et al., 1997; Lindem et al., 2003;
Sillanpaa et al., 1997) that might impact other reported symptoms (i.e.,
cognitive and memory complaints) and performance in neuropsycho-
logical tests of sustained attention, motor coordination, and executive
functioning (Binder et al., 1999; Lindem et al., 2003; Sillanpaa et al.,
1997). These behavioral deficits may be linked to altered brain archi-
tecture, as clinical MRI studies point to abnormalities in brain areas,
such as the hippocampus and cerebellum, that govern these behaviors
(Calley et al., 2010; Chao, 2020; Chao et al., 2010, 2011, 2015, 2016;
Christova et al., 2017; Gopinath et al., 2012; Hubbard et al., 2014;
James et al., 2017; Van Riper et al., 2017; Washington et al., 2020; Wylie
et al., 2019; Zhang et al., 2020, 2021).

Accumulating clinical evidence highlights immune system dysregu-
lation, inflammation in particular, at the core of GWI (Alshelh et al.,
2020; Broderick et al., 2011, 2013; Khaiboullina et al., 2015; Parkitny
etal., 2015). Due to the innate difficulties in assessing the neuroimmune
state in the brains of living GWI veterans, the majority of these clinical
data rely on peripheral measures of inflammation. However, a recent
MRI study observed widespread cortical neuroinflammation in the
brains of veterans with GWI; the primary motor and somatosensory
cortices were among the affected areas (Alshelh et al., 2020).

Current GWI preclinical research focuses on utilizing various para-
digms of GWI chemical combinations and exposure paradigms to
elucidate the underlying disease mechanisms. Relevant GWI chemicals
include insecticides/repellants (i.e., permethrin (PM), DEET, chlorpyr-
ifos), a nerve agent prophylactic (pyridostigmine bromide, PB), and an
organophosphate nerve agent exposure mimic (diisopropyl-
fluorophosphate, DFP) (Ribeiro and Deshpande, 2021). The trans-
lational value of GWI animal models has been established by
recapitulating key features of GWI pathophysiology like behavioral
performance aberrations (i.e., cognitive, motor, mood dysfunction, and
pain) and numerous biological alterations (i.e., gut dysbiosis, elevated
oxidative stress, glial activation, neurochemical alterations, chronic
neuroinflammation, and leaky blood-brain barrier (reviewed in: Dickey
et al.,, 2021; Ribeiro and Deshpande, 2021; White et al., 2016). In
addition to neuroinflammation, decreases in hippocampal neurogenesis
have been observed in GWI models that correspond to behavioral im-
pairments (i.e., cognition and memory; lannucci et al., 2022; Kodali
et al., 2018a; Parihar et al., 2013; Shetty et al., 2020).

One established GWI model utilizes exposure to the GWI-relevant
chemicals PB, the insect repellent DEET, corticosterone (CORT) to
emulate war-related stress, and DFP (O’Callaghan et al., 2015). Acutely,
the PB/DEET/CORT/DFP model produced widespread neuro-
inflammation in multiple areas of the brain including the prefrontal
cortex, hippocampus, and striatum (O’Callaghan et al., 2015). In our
studies, we found similar acute neuroinflammatory effects (i.e., in-
creases in TNF-a, IL-1f, IL-6, CCL-2, YM-1, and HMGB1) within the
hippocampus (Carpenter et al., 2020). Additionally, acute widespread
monoaminergic disbalance, i.e., increases in the utilization of serotonin
(nucleus accumbens and ventral hippocampus) and dopamine (nucleus
accumbens, dorsal hippocampus, and ventral hippocampus), was
evident (Carpenter et al., 2020). Further, detailed time-course charac-
terization of this model at 48 h, 7-, and 11-months post GWI chemicals
exposure termination provided insights into the progression of hippo-
campal impairments, particularly in regard to synaptic plasticity and
transmission (Brown et al., 2021a). In this study (Brown et al., 2021a),
we found that basal synaptic transmission was increased at 48 h, had no
change at 7 months, and decreased at 11 months
post-PB/DEET/CORT/DFP exposure. Similar results were seen at 11
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months when long-term potentiation was evaluated; these delayed re-
ductions were consistent with a delayed onset of hippocampal neuro-
inflammation (IL-6) at this time point (Brown et al., 2021a). However,
the long-term behavioral consequences in this GWI model remain
unknown.

Curative treatment modalities for GWI do not exist. Nevertheless,
several disease-modifying therapeutic interventions have been explored
including cognitive behavioral therapy (Chao et al., 2021; Donta et al.,
2003; Mathersul et al., 2020), mindfulness-based stress reduction
(Kearney et al., 2016), dietary changes (Holton et al., 2020, 2021), and
various pharmacological supplement treatments (i.e., Baraniuk et al.,
2013; Donovan et al., 2021; Donta et al., 2004; Golier et al., 2016;
Golomb et al., 2014; Helmer et al., 2020; Holodniy and Kaiser, 2019).
Although these therapies have provided some symptomatic relief, they
have limited efficacy in resolving the underlying causes of GWI (Dickey
etal., 2021). Thus, preclinical GWI research aims at broader therapeutic
target identification and testing. Considering the immune dysfunction in
GWI, recent preclinical studies have explored the efficacy of several
immune-targeted compounds that have shown some promising results
(Joshi et al., 2018; Kodali et al., 2018a; Ribeiro et al., 2020; Shetty et al.,
2020). In our studies, we have focused on one potent immunomodula-
tory and anti-inflammatory treatment, Lacto-N-fucopentaose III
(LNFPIII), that may be an advantageous treatment option for GWI as
demonstrated in two, chemically distinct GWI models (Brown et al.,
2021a, 2021b; Carpenter et al., 2020, 2021; Mote et al., 2020). LNFPIII
is a Lewis(X)-containing immunomodulatory glycan found in human
breast milk and on parasitic helminths that, to date, has had no docu-
mented adverse effects (Atochina et al., 2008; Bhargava et al., 2012;
Srivastava et al., 2014; Tundup et al., 2015; Zhu et al., 2012). LNFPIII,
when conjugated to a dextran carrier, activates CD14/TLR-4 signaling
for extracellular signal-regulated kinase (ERK)-dependent production of
anti-inflammatory mediators to skew the inflammatory balance of the
innate immune system in an anti-inflammatory direction (Atochina
et al., 2008; Bhargava et al., 2012; Carpenter et al., 2020, 2021; Sri-
vastava et al., 2014; Tundup et al., 2015; Zhu et al., 2012). Of note, in
utilizing the PB/DEET/CORT/DFP and the pyridostigmine bromide/-
permethrin (PB/PM) GWI models, we demonstrated that LNFPIII was
beneficial in restoring acute monoaminergic disbalance and neuro-
inflammation (both models) as well as long-term behavioral deficits
(PB/PM model), neuroinflammation, and hippocampal synaptic plas-
ticity impairments after these chemical exposures (Brown et al., 2021a,
2021b; Carpenter et al., 2020, 2021). In non-immune cells,
ERK-activation (LNFPIII target) is important for neurogenesis (Hao
et al., 2004; Ma et al., 2013).

Our earlier studies utilizing the PB/DEET/CORT/DFP GWI exposure
paradigm determined the acute neuroinflammatory and monoaminergic
effects (Carpenter et al., 2020), as well as neuroinflammatory effects and
hippocampal functional alterations months post GWI treatment termi-
nation (Brown et al., 2021a), with neuroinflammation evaluation being
limited to inflammatory cytokine mRNA in the hippocampus. However,
the long-term impact of these GWI exposures on behavioral measures or
glial activation has not been characterized. Moreover, whether LNFPIII
treatment will be beneficial in this setting is unknown. Thus, the present
study sought to evaluate the long-term implications of prior GWI
exposure on neurobehavioral function, glial cell status, and hippocam-
pal neurogenesis post GWI symptomatology induction. Additionally, we
examined whether delayed treatment with the immunotherapeutic
LNFPIII will be beneficial.

2. Materials and methods
2.1. Materials
The following chemicals were used for animal treatments: pyrido-

stigmine bromide (PB; Sigma Aldrich, St. Louis, MO), N-Diethyl-3-
methylbenzamide (DEET; Sigma Aldrich), corticosterone (CORT;
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Steraloids, Newport, RI), and diisopropylfluorophosphate (DFP; Sigma
Aldrich). Lacto-N-fucopentaose III (LNFPIII) dextran conjugate was
produced as in Carpenter et al. (2021). All additional chemicals and
reagents, unless otherwise noted, were of analytical or higher grade and
obtained from Sigma Aldrich or Fisher Scientific (Hampton, NH).

2.2. Animals

Male C57BL/6J mice (8-9 weeks old; N = 54, Jackson Laboratories,
Bar Harbor, ME) were housed 4 per cage in an environmentally
controlled room (22-24 °C) and maintained on a 12 h light/dark cycle
(0700-1900 lights on) for one week of acclimation and throughout the
study. Mice were handled daily for one week prior to the start of the
study to minimize experimenter-induced stress. Food and water were
available ad libitum. All procedures were approved in advance by the
University of Georgia Institutional Animal Care and Use Committee and
were in accordance with the latest National Institutes of Health guide-
lines. Body weights were measured daily during GWI chemicals expo-
sure and biweekly afterward. During the radial arm maze (RAM), in
which mice underwent food restriction, weight measurements were
taken daily for monitoring as described under the RAM testing protocol.
Refer to Fig. 1A for a detailed experimental timeline.

2.3. Experimental design: GWI exposure and LNFPIII treatment

Following O’Callaghan et al. (2015) and our earlier work (Brown
etal., 2021a; Carpenter et al., 2020), mice were treated for 14 days with
a combination of PB and DEET (2 and 30 mg/kg, respectively; SC), or
saline vehicle after randomization. On days 8-14, these mice were also
administered CORT via drinking water (200 mg/L in 1.5% EtOH tap
water) ad libitum; control mice were given the 1.5% EtOH vehicle water
during this period. On day 15, mice received a single IP injection of DFP
(3.75 mg/kg) or saline vehicle.

At 7 months post GWI exposure, mice within each of the two original
treatments were randomly subdivided into LNFPIII or dextran vehicle
groups. Mice were treated with LNFPIII or dextran vehicle (both 35 pg/
mouse diluted in sterile saline; SC) twice a week until study completion
asin (Carpenter et al., 2021). At this stage of the study, treatment groups
were as follows: Vehicle-Vehicle (Saline/water/saline-Dextran, n = 16),
Vehicle-LNFPIII (Saline/water/saline-LNFPIII, n = 12), GWI-Vehicle
(PB/DEET/CORT/DFP-Dextran, n = 13), and GWI-LNFPIII
(PB/DEET/CORT/DFP-LNFPIII, n = 13).

Behavioral testing began 8 months post GWI exposure and 1 month
post LNFPIII treatment initiation. After behavioral testing completion, a

(A) Experimental Timeline

GWI Treatment
,(Days 1-1 5)//
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subset of mice underwent hippocampal electrophysiology assessment
(Brown et al., 2021) while the remaining mice received bromodeox-
yuridine 3 weeks prior to euthanasia for post-mortem evaluation of
hippocampal neurogenesis. Additionally, the brains from these mice
were processed for immunohistochemistry and qPCR, for which some
results have been published elsewhere (Brown et al., 2021).

2.4. Behavioral tests

One month after LNFPIII treatment initiation, a battery of behavioral
tests for assessment of cognition/memory, mood, and motor function
were performed as done previously (Carpenter et al., 2021). All
behavioral testing, scoring, and analysis were done in a randomized,
treatment-blind manner. Refer to Fig. 1B for a detailed behavioral
testing timeline.

2.4.1. Nest building

Nest building was used to measure cognitive and motor functions as
severe hippocampal (Deacon, 2012) and/or striatal (Hofele et al., 2001)
damage leads to nest building deficits independent of sex. Briefly, mice
were individually housed with a fresh paper nestlet (Bed-r’'Nest, The
Anderson’s Inc., Maumee, OH). Nest pictures were taken from above at
different time points (30 min, 60 min, 90 min, 120 min, 180 min, 240
min, 300 min, 360 min, and 24 h) after nestlet placement and scored
based on a modified 4-point scale (1 = untouched, 4 = nest completed)
as in (Carpenter et al., 2021; Deacon, 2012).

2.4.2. Sucrose preference (SP)

The SP test, used to measure anhedonia in mice (two-bottle choice
paradigm; Eagle et al., 2016), was performed during behavioral days
1-8. Individually housed mice were first given access to two bottles
filled with tap water for 4 days to establish a baseline and then to one
bottle of tap water and one bottle of 1.5% sucrose water for 4 additional
days. Solution intake was measured daily by weighing bottles, and bottle
position was switched after each measurement to prevent side prefer-
ence. Sucrose preference (%) was determined using the following
equation: [(total sucrose intake/(sucrose + water intake)) x 100].

2.4.3. Elevated zero maze (EZM)

The EZM is a test frequently used to assess anxiety-like behaviors in
mice but can also be expanded to assess certain motor function-related
parameters (Braun et al., 2011; Conrad et al., 2011), including in a
GWI context (Carpenter et al., 2021). On behavioral day 12, an EZM
apparatus (Stoelting Co., Wood Dale, IL) was used under dim

Sacrifice

LNFPIIl treatment 2x per week

~/ @ @ Cr @ gPCR
Month 7 Month 7 Month 8 Month 9 Month 10 Month 11
Behavioral Testing
\/
(B) Behavioral Timeline
Elevated Zero Novel Object
Maze Recognition
Nesting Marble Burying Gait Test Barnes Maze
1 12 15 19-24
Day(s) t L T L T L a
1-8 14 17 40-60
Sucrose Open Field Sticker Removal Radial Arm
Preference Pole Test Swim Test Maze
Grip Strength

Fig. 1. Experimental and behavioral timelines. (A) Depicts the experimental timeline in which mice received GWI-related chemicals: pyridostigmine bromide
(PB) and DEET (days 1-14, SC), corticosterone (days 8-14, via drinking water), and diisopropylfluorophosphate (DFP, day 15, IP). Lacto-N-fucopentaose III (LNFPIII,
SC) treatment began 7 months after GWI exposure. (B) Is a detailed timeline of behavioral tests that were performed during months 8-10.



J.M. Carpenter et al.

illumination (8W red bulb). Lighting conditions, measured with an
URCERI light meter, were 30-40 lux and 10-15 lux in the open and
closed quadrants, respectively. Starting at a central, open quadrant po-
sition facing a closed quadrant, mice were allowed to freely explore the
maze for 5 min. All behaviors were tracked and scored using ANY-Maze
software (Stoelting). Mice were in a quadrant when 70% of their body
was in the area. Scored parameters of interest included time spent in the
open and closed areas, number of entries into the open and closed areas,
and the latency to enter the closed area at the start of the test as in
Carpenter et al. (2021). Additionally, stretch attends from the closed
arm were scored as in Bell et al. (2014).

2.4.4. Marble burying (MB)

Anxiety-like behaviors were also assessed using the MB test as pre-
viously described 3 h after the EZM (Carpenter et al., 2021). Briefly,
clean testing cages were filled with 5 cm of corncob bedding (Bed--
0’Cobs Y inch, The Anderson’s Inc., Maumee, OH), and mice were
individually placed in these cages for 10 min (habituation phase). After a
1 h resting period, mice were returned to the bedding-leveled testing
cages with 20 marbles (diameter 10 mm, Panacea Products Corp., Co-
lumbus, OH) aligned 4 x 5 in the cage for 20 min (testing phase).
Baseline and post-test pictures were captured, and the number of mar-
bles buried (>50%) was counted for statistical analysis as in Carpenter
et al. (2021).

2.4.5. Open field (OF)

Locomotor activity was assessed in an OF test as previously described
(Carpenter et al., 2021) on behavior day 14. Briefly, mice were indi-
vidually placed into an open field arena (25 cm x 25 cm x 40 cm;
Coulbourn Instruments, Whitehall, PA) and allowed to freely explore for
30 min. The distance traveled, time spent in the center and periphery,
and the number of vertical rearings were tracked and scored with the
Limelight software (Actimetrics, Wilmette, IL) for both the total 30 min
and per 5 min intervals.

2.4.6. Pole test (PT)

Following a 5-min resting period after the OF, a PT for motor coor-
dination was used as in Carpenter et al. (2021). Mice were placed up-
right on a vertical pole (1 x 55 cm; d x h) and the times to turn and
complete the test by reaching the bottom (total time) of the pole were
recorded. Each mouse underwent 4 trials (5 min inter-trial interval) with
the last 3 used for statistical analysis.

2.4.7. Grip strength (GS)

After a resting period following the PT, forelimb GS (in newtons, N)
was measured over 4 trials (1-min inter-trial interval) using a gauge
attached to a mouse-specific wire grid (6 cm x 6 cm; Bioseb, France) as
detailed in Carpenter et al. (2021). Briefly, mice were carefully placed in
front of the wire grid and allowed to grab hold with both forepaws. Once
grip was established, mice were gently lifted to induce a gripping reflex.
Average and max grip strengths were used for statistical analysis.

2.4.8. Novel object recognition (NOR)

The NOR test (Carpenter et al., 2021) was performed on day 15.
Briefly, the previous day’s OF test served as the NOR habituation phase.
During the identical phase of the NOR, mice were placed in the open
field with two identical objects and allowed to freely explore them for 5
min. Mice were then returned to their home cage for 1 h. During the
novel phase, one identical object was replaced with a novel object. Mice
were placed in the open field and allowed to explore both objects. The
number of novel (n) or familiar (f) object approaches (N) and time spent
(T) were scored for the first 20 s and the total 5 min of the novel phase
with the Limelight software (Actimetrics) as in Carpenter et al. (2021).
The novelty preference index (NPI) was calculated as described in Lin
et al. (2013) using the following equations: NPI = (Nn — Nf)/(Nn + Nf)
or NPI = (Tn — Tf)/(Tn + Tf).
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2.4.9. Gait test

Following a 3-h home cage resting period after the NOR, gait was
evaluated using the gait test (Carpenter et al., 2021). Briefly, a runway
(82 cm long, 5.5 cm wide, with 8 cm high walls) lined with paper was
used; an empty cage with home cage bedding was placed at the end of
the runway during testing for escape. Prior to testing, the front and hind
paws of the mice were painted with non-toxic red and black ink,
respectively (Office Depot, item: #839-994 and #839-967). Two trials
were conducted (5 min apart), a pre-trial and the test trial that was used
for subsequent statistical analyses. Between each trial, the runway was
cleaned with 70% EtOH and a new paper strip was placed in it. Gait
stride length, base width, inter/intra-step distance, stride variability,
total steps, cadence, and velocity were analyzed (Carpenter et al., 2021;
Mulherkar et al., 2013; Wang et al., 2017).

2.4.10. Sticker removal (SR)

The SR test was used to determine sensorimotor function on
behavioral day 17 as in (Carpenter et al., 2021; Fleming et al., 2013).
Food was removed from the rodents’ home cage and % of the bedding
was transferred to a clean holding cage where the mice acclimated for 1
h. During the testing phase, a small circular sticker (Avery "4” round
label 5793, Office Depot item: # 113019) was applied using forceps to
the nose of the mouse, and the mouse was placed into the home cage.
This test was performed over three 90 s trials with a 5 min inter-trial rest.
Parameters used for statistical analysis included the average and fastest
times for contact and removal of the sticker (Carpenter et al., 2021)
2.4.11 Swim Test (ST).

Following a 3 h rest after the SR, depressive-like behaviors were
assessed using the ST as previously described (Carpenter et al., 2021).
Briefly, mice were placed in a large beaker filled with 3 L of water (29 +
2 °C) for 15 min. After each test, the beaker was sanitized thoroughly.
Total climbing counts and times spent climbing, mobile, and immobile
were manually scored using Limelight software (Actimetrics). Addi-
tionally, the time to the first immobile bout was measured using
ANY-Maze (Stoelting).

2.4.11. Barnes Maze (BM)

The BM test was used to assess spatial learning and memory on
behavioral testing days 19-24 (Carpenter et al., 2021), using a 20-hole
circular maze (Stoelting) in which one hole is equipped with an
escape box (target hole; TH). The maze is brightly illuminated to pro-
mote anxiogenic escape motivation (~1000 lux measured by URCERI
light meter). During the acquisition phase (days 1-4), mice were trained
to learn and escape into the TH over four 3-min trials, and after trial
completion, mice remained or were manually placed into the TH for 1
min. For the probe trial, the escape box was removed, and mice explored
the maze for 90 s. Between mice, the maze was rotated and sanitized to
remove any residual olfactory cues. The latency, distance, and number
of errors to reach the TH were tracked and scored with the ANY-Maze
software (Stoelting).

2.4.12. Radial arm maze (RAM)

An 8-arm RAM (Med Associates, St. Albans, VT) was used to assess
learning and memory function 9 months post-GWI exposure as in
(Carpenter et al., 2021). Prior to RAM testing, mice were single-housed
and underwent a 14-day food restriction protocol until they reached
85% of their free-fed body weight; this was used to motivate learning of
the RAM apparatus. During the last 3 days of the food restriction period,
mice were behaviorally acclimated to the RAM as described previously
(Carpenter et al., 2021; Preston et al., 2019).

Spatial short-term working memory was assessed by an 8-arm RAM
foraging task over 10 consecutive days. Following a 20 min room
acclimation period, each mouse was placed in the central RAM hub for 1
min before all 8 doors to each arm opened to allow free all-arm access. In
the foraging task, each arm is “baited” so that one food reward was
dispensed upon the first head poke into the food trough of each arm. An
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error in spatial short-term working memory was defined as an animal
revisiting a trough after the initial visit, and the total number of errors
for each animal was recorded. Animal performance was assessed by the
average total number of errors of the first three days of testing, the last
three days of testing, and comparing the two (Carpenter et al., 2021).

Spatial long-term working memory was evaluated over 10 consecu-
tive days using a modified spatial Win-Shift task after the last day of the
foraging task (Carpenter et al., 2021; Clark et al., 2015; Furgerson et al.,
2014). This test incorporates a 2-phase (a study phase and a test phase)
procedure with an interposed delay. During the study phase, 4 arms
were randomly opened, allowing the animal to receive a reward from 4
baited arms. Following the completion of the study phase, the animal
was returned to the home cage for a 4 min retention interval, and the
maze was cleaned. Then, the animal was returned to the central hub for
1 min (total retention interval of 5 min) before initiation of the test
phase in which all 8 doors were opened, allowing free access to all arms.
However, only the 4 arms that were unopened in the study phase
dispensed food reward. An error in spatial long-term working memory
was defined as a visit to an arm that was baited in the study phase and
the total number of errors was recorded. Animal performance was
determined by assessing the mean errors from the first three days of
testing, the last three days of testing, and comparing the two as in
Carpenter et al. (2021).

2.5. Tissue processing and immunohistochemistry

Following methods from Littlefield et al. (2015), 5 days after
completing the RAM, mice received 4 consecutive daily bromodeox-
yuridine (BrdU; 75 mg/kg IP) treatments for evaluation of hippocampal
neurogenesis. Twenty-five days after the last BrdU injection (11 months
post GWI chemicals exposure), mice were euthanized, brains were
removed, and split into two halves by a sagittal cut. One half was fresh
frozen on dry ice and the other half was immersion fixed in 4% para-
formaldehyde and transferred to 30% sucrose before flash freezing in
isopentane as in (Coban and Filipov, 2007). All tissues were stored at
—80 °C until analysis.

Fixed half-brains were coronally sectioned into 40-ym thick sections
and placed in phosphate buffer at 4 °C until staining. To determine
inflammation, free-floating sections containing the hippocampus were
stained for microglia (IBA-1), astrocytes (GFAP), and an inflammasome
marker, the apoptosis-associated spec-like protein (ASC; Yang et al.
(2019). Additionally, free-floating hippocampal sections were stained
for BrDU and doublecortin (DCX), an immature neuron marker, for
determination of neurogenesis. Sections were incubated, as appropriate,
with the following primary antibodies: 1) 1:1000 chicken anti-IBA-1
microglia marker (Aves Lab, Davis, CA) and 1:1000 rabbit anti-ASC
(AdipoGen, San Diego, CA); 2) 1:2000 chicken anti-glial fibrillary
acidic protein (GFAP) astrocyte marker (Aves Labs) and 1:1000 rabbit
anti-ASC (AdipoGen); or 3) 1:1000 rat anti-BrDU (Abcam) and 1:1000
chicken anti-DCX (Aves Labs), all diluted in 0.1% TritonX-100 in PBS for
48 h at 4 °C. Following primary antibody incubation, sections were
thoroughly washed and incubated with the appropriate secondary
fluorescent antibodies (GFAP: 1:1000 goat anti-chicken 488, Abcam;
IBA-1: 1:1000 goat anti-chicken 488, Abcam; ASC: 1:1000 goat
anti-rabbit 594, Abcam; BrDU: goat anti-rat 488, Abcam; DCX: goat
anti-chicken 594, Abcam) for 2 h at RT in the dark, followed by incu-
bation with a nuclear stain for 5 min (Hoechst 33258, Invitrogen).
Following the final washes, sections were mounted to slides and cov-
erslipped with VectaMount (Vector Labs, Newark, CA).

Images were taken on a Zeiss Axioscope Al microscope. The dentate
gyrus of the hippocampus was captured at 5x-40x. Signal intensity (IBA-
1, GFAP, and ASC staining) and cell counts (all staining) were analyzed
using ImageJ software. For statistical analysis, the images’ signal in-
tensity (3-4 images/section; 5-6 sections/animal) and/or cell counts
(2-3 images/section; 3 sections/animal) were averaged per animal, and
data were analyzed as in Carpenter et al. (2021).
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2.6. qPCR for IL-10 and 18S

In addition to analyses already completed on tissues from animals
described in (Brown et al., 2021a), mRNA levels of the
anti-inflammatory cytokine IL-10 in the dorsal and ventral hippocampus
were analyzed in this study. Briefly, total RNA from a single hippo-
campal brain punch (1.5 mm diameter, 500 pm thick section) was iso-
lated by an E.Z.N.A total RNA isolation kit (Omega Bio-Tek, Norcross,
GA) according to the manufacturer’s directions. RNA was quantified
with a Take3 micro-volume plate and Epoch microplate spectropho-
tometer (BioTek, Winooski, VT). Seventy-five ng RNA/sample was used
to synthesize cDNA with a Maxima first-strand cDNA synthesis kit for
RT-qPCR (Thermo Fisher Scientific, Waltham, MA) and a PTC-200
Peltier thermal cycler (Bio-Rad, Hercules, CA; 10 min at 25 °C, 15 min
at 50 °C, 5 min at 85 °C). Using one (18S) or two (IL-10) ng of cDNA per
sample, the expression of IL-10 and 18S as a house-keeping gene was
determined by a qPCR with mouse-specific primers (RealTimePrimers,
Elkins Park, PA; Supplemental Table 1) and Maxima SYBR Green/-
lowRox qPCR Master Mix (2x) (Thermo Fisher Scientific, Waltham, MA).
Amplifications were performed on a Mx3005 P qPCR machine (Stra-
tagene, San Diego, CA) programmed for an initial warming cycle (95 °C,
10 min) followed by 45 cycles (95 °C, 15 s, 60 °C, 1 min) with each
sample run in duplicate.

2.7. Statistical analyses

A two-way analysis of variance (ANOVA) or two-way repeated
analysis of variance (RM-ANOVA), as appropriate, were used to deter-
mine main effects of treatments or treatment interactions. If an ANOVA
was significant (p < 0.05), treatment means were separated by Student-
Newman-Keuls (SNK) post hoc test or by pre-planned pairwise compar-
isons (Student’s t-test, as appropriate). All data, except the RAM, were
analyzed using SigmaPlot 12.5 (San Jose, CA), and all graphs were
generated using GraphPad Prism (San Diego, CA). Statistical analyses for
RAM data were done using R version 3.3.2 (R Development Core Team,
2016; https://www.r-project.org/) via aov() function for analysis of
variance (ANOVA) and the t.test function for the Student’s t-test and
paired t-test.

3. Results
3.1. Body weights

Body weights of the vehicle and GWI groups were not different at the
study start (21.8 £ 0.21 g vs. 22.0 + 0.24 g, p > 0.65), but significantly
decreased in the GWI group immediately after end of treatment (0.5
months, p < 0.05; Fig. 2), an acute DFP effect. Both groups gained
weight over time (F(13,688) = 903.42, p < 0.001) and were not
different (p’s > 0.23) at all subsequent time points up to 6.5 months post
exposure (Fig. 2). At 7 months, these two groups were randomly sub-
divided into a LNFPIII or vehicle group for a total of 4 groups. No sig-
nificant group differences in weight occurred during months 7-11
(Fig. 2). However, due to RAM food restriction during months 8 and 9,
weights were significantly affected (F(8,361) = 214.51, p < 0.001;
Fig. 2), but recovered by the end of the study (9 vs. 11 months, p <
0.001; Fig. 2); treatment was not a significant factor (p > 0.76).

3.2. Motor alterations after prior GWI exposure and delayed LNFPIII
treatment

3.2.1. Nest building

Overall, nest building was not affected by any treatments as all
groups built full nests over the course of 24 h (F(7,350) = 334.25, p <
0.001; Fig. 3A). Post hoc analysis revealed a significant difference in
nesting scores between the Vehicle-Vehicle and GWI-Vehicle groups (p
< 0.05) at 4 h, but this effect was transient, as there were no group
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differences at subsequent time points. This suggests that prior GWI
exposure did not cause marked hippocampal or striatal deficits associ-
ated with decreased performance in this test.

3.2.2. Grip strength (GS)

Grip strength (GS), a measure of neuromuscular function, was un-
affected by prior GWI exposure for average and max GS (p’s > 0.15).
However, LNFPIII increased both and max (F(1,50) = 4.13, p < 0.05;
Fig. 3B) and the average (F(1,50) = 3.65, p = 0.06; Supplemental
Fig. 1A) GS, suggesting LNFPIII might improve neuromuscular function
irrespective of GWI treatment.

3.2.3. Sticker removal (SR)

Sensorimotor function, measured by SR, was affected by prior GWI
chemical exposure; a significant treatment interaction was present for
fastest contact (F(1,48) = 4.67, p < 0.05; Fig. 3C). Here, GWI-Vehicle
mice took longer to contact the sticker, an effect significantly pre-
vented by LNFPIII treatment (p < 0.05; Fig. 3C). Similar numerical in-
creases were observed in the GWI-Vehicle group for the average contact,
average removal, and fastest removal, but were not significant or altered
by LNFPIII treatment (p’s > 0.47). However, LNFPIII treatment tended
to reduce the latency overall for sticker removal (F(1,48) = 3.86, p =
0.06; Supplemental Fig. 1B).

3.2.4. Open field (OF)

As expected, all mice habituated to the OF arena as evident by de-
creases in distance traveled (F(5,250) = 175.86, p < 0.001) and line
crossings (F(5,250) = 139.94, p < 0.001, Supplemental Figs. 1C and 1D)
over time. All mice, compared to the Vehicle-Vehicle group (p’s < 0.01;
Fig. 3D), exhibited hyperactivity during the first 5 min of exploration, i.
e., the distance traveled (F(1,50) = 7.50, p < 0.01, Fig. 3D) and the line
crossings (F(1,50) = 5.89, p < 0.05, Supplemental Fig. 1E) were
increased. Notably, only GWI mice remained hyperactive for the dura-
tion of the test (total distance: GWI-Vehicle vs Vehicle-Vehicle, t(27) =
2.21, p < 0.05, Fig. 3D); this was not observed in mice treated with
LNFPIIIL.

3.2.5. Pole test (PT)

Motor coordination during the PT was largely unaffected by GWI
exposure or LNFPIII treatment as the average time to turn (p’s > 0.87)
and total time (p’s > 0.15) were not significantly different. However,
GWI mice descended the pole significantly faster (F(1,50) = 4.86, p <
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0.05, Fig. 3E), perhaps a reflection of their hyperactivity, while LNFPIII
treated mice were slower to do so (F(1,50) = 4.05, p < 0.05, Fig. 3E).

3.2.6. Gait test

Prior GWI exposure led to specific gait alterations. GWI mice
exhibited an increase in hindlimb base width (F(1,50) = 6.59, p < 0.05,
Fig. 3F), stride length (F(1,50) = 7.47, p < 0.01, Fig. 3G), and interstep
distance (F(1,50) = 4.46, p < 0.05, Fig. 3H), which, together, are
indicative of hyperactivity. LNFPIII prevented the increase in stride
length (p < 0.05, Fig. 3G) and this preventative effect was numerical for
interstep distance (Fig. 3H). Additionally, cadence was decreased by the
LNFPIII treatment independent of GWI exposure, an effect that
approached significance (F(1,50) = 3.78, p = 0.06, Supplemental
Fig. 1F).

3.3. Mood effects after prior GWI exposure and delayed LNFPIII
treatment

3.3.1. Open field (mood parameters)

Prior GWI exposure led to more anxiety-like behavior in the OF.
During the 1st 5 min of the OF test, GWI mice made significantly more
corner entries (F(1,50) = 15.29, p < 0.001; Fig. 4A), and this was not
altered by LNFPIII treatment. This effect persisted for only the GWI-
Vehicle group as they entered (t(27) = 2.79, p < 0.01; Fig. 4A) and
spent more time (t(27) = 2.39, p < 0.05; Supplementary Fig. 2B) in the
corners than Vehicle-Vehicle mice for the 30 min test duration; this was
not seen in GWI-LNFPIII mice.

3.3.2. Marble burying (MB)

The average number of marbles buried (>50%) during the test,
irrespective of treatment, was 15 (75%), and there were no significant
main effects of GWI (p = 0.10) or LNFPIII (p > 0.24). Numerically, the
GWI-LNFPIII mice buried less than all other groups, with the difference
compared GWI-Vehicle being greatest (t(24) = —1.70, p = 0.10, Fig. 4B);
although not significant, this hints towards a subtle, LNFPIII anxiolytic
benefit in the presence of GWL

3.3.3. Elevated zero maze (EZM)

No significant treatment differences were observed when overall
time spent in the open and closed arms of the EZM was analyzed (p’s >
0.17). No significance differences were also observed when the number
of entries into either EZM segments was analyzed (Supplementary
Fig. 2A). Interestingly, prior to the first closed arm entry, LNFPIII treated
mice tended to spend longer periods of time in the starting open arm (F
(1,50) = 3.66, p = 0.06; Fig. 4D), suggesting LNFPIII may have mild
initial anxiolytic effects. Moreover, when the percentage of stretch at-
tends from the closed arm was analyzed for the time spent in the closed
arm, there was a numerical overall increase with LNFPIII treatment (p =
0.11). Here, LNFPIII treated GWI mice had a trending increase in the
percentage of time stretching out from the closed arm (t(24) = —1.94, p
= 0.06; Fig. 4E).

3.3.4. Swim test (ST)

Times spent immobile or mobile were not significantly affected by
GWI or LNFPIII during the 1st 5 min of the test (p’s > 0.29; Fig. 4F),
although a numerical increase and decrease were present for immobile
and mobile times, respectively, in the GWI-Vehicle group. In line with
this observation, there was a slight decrease for climbing attempts in
GWI-Vehicle mice that was absent with LNFPIII treatment (t(24) =
—1.71, p = 0.09; Fig. 4G). There were no other effects observed among
treatment groups.

3.3.5. Sucrose preference

All mice displayed a strong sucrose preference (F(4,98) = 349.38, p
< 0.001; Fig. 4H), but there were no significant differences among
treatment groups for sucrose consumption. However, for average water
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Fig. 3. Long-term motor effects of prior GWI exposure and delayed LNFPIII treatment. Several motor effects of prior GWI exposure and LNFPIII treatment were
evaluated by nest building (A); grip strength (B); sticker contact (C) in the sticker removal test; distance traveled (D) in the open field; descent time (E) in the pole
test; and hindlimb base width (F), stride length (G), and interstep distance (H) in the gait test. Data are presented as mean + SEM (n = 12-16/group). * and **
indicate significant main effect of GWI treatment, p < 0.05 and 0.01, respectively. *® indicates significant main effect of time, p < 0.001. * indicates significant main
effect of LNFPIII treatment, p < 0.05. ? and ® indicate p < 0.05 from Vehicle-Vehicle and GWI-Vehicle, respectively.

intake, GWI mice receiving LNFPIII treatment consumed significantly 3.4. Cognition and memory effects after prior GWI and delayed LNFPIII
more water (p < 0.001; Fig. 4H). treatment

3.4.1. Novel object recognition (NOR)
Prior GWI chemical exposure led to impairments in short-term object
recognition memory in the NOR test. A significant GWI effect was
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present in the approach novelty preference index (NPI) for the first 20 s
(F(1,50) = 6.25, p < 0.05; Supplementary Fig. 3A) and total time (F
(1,50) = 6.95, p < 0.01; Fig. 5A) of the test. Post hoc analysis revealed
that GWI-Vehicle mice had a lower NPI than Vehicle-Vehicle (p < 0.05;
Fig. 5A) overall. Vehicle-Vehicle and Vehicle-LNFPIII mice approached,
as expected, the novel object more than the familiar one (p’s < 0.05),
while the GWI-Vehicle numerically approached the novel object less (p
= 0.09; Fig. 5B). LNFPIII treatment did not modulate these GWI effects.

3.4.2. Barnes Magze (BM)

During the acquisition phase of the Barnes Maze (BM), all mice
learned the target hole (TH) location as they made fewer errors (F(1,50)
= 174.79, p < 0.001), entered the TH faster (F(1,50) = 241.94, p <
0.001, Fig. 5C), and traveled less distance (F(1,50) = 183.70, p < 0.001)
over the 4 training days. Post hoc analysis revealed that, within day 4,
the Vehicle-Vehicle and GWI-LNFPIII groups tended to take longer to
enter the TH (p’s < 0.05 and 0.07, respectively; Fig. 5C), make more
errors (p’s > 0.06; data not shown), and travel more distance (p’s >
0.05; data not shown) than Vehicle-LNFPIII and GWI-Vehicle groups,
respectively. However, the average improvement from day 1 to day 4
was 60% for time to TH, errors, and distance; there were no significant
main effects of treatment (p’s > 0.62; Supplementary Figs. 3B, 3C, 3D).
In the BM probe trial, there were no significant main effects for the
number of errors before reaching the TH, latency to TH, or distance to
TH (p’s > 0.15; Supplementary Figs. 3E, 3F, 3G). Of note, mice treated
with LNFPIIL, irrespective of GWI, made significantly fewer entries into

the TH (F(1, 50) = 7.42, p < 0.01, Fig. 5D) and tended to travel less
distance (F(1,50) = 3.58, p = 0.07; Supplementary Fig. 3H).

3.4.3. Radial arm maze (RAM)

Following 10 consecutive days of training in a dorsal hippocampus
(dH)-dependent 8-arm radial arm maze foraging task, there was a sig-
nificant main effect of training (F(1,49) = 23.9, p < 0.001; Fig. 5E), a
significant LNFPIII treatment x training interaction effect (F(1,49) =
7.54, p < 0.01), and a numerical GWI x training interaction effect (F
(1,49) = 3.29, p = 0.08) on performance in the foraging task. Post hoc
analyses revealed that initially, during days 1-3, GWI-LNFPIII mice
made significantly more errors than GWI-Vehicle mice (p < 0.05,
Fig. 5E). However, GWI-LNFPIII treated mice reduced their average total
errors on days 8-10 compared to days 1-3 significantly (p’s < 0.01,
Fig. 5E). Improved performance in Vehicle-LNFPIII treated mice also
approached significance (p = 0.06). These data suggest that delayed
LNFPIII treatment improves learning rate in dH-dependent short-term
spatial working memory in and, possibly, outside of a GWI context.

Animals then underwent training in a ventral hippocampus (vH)-
dependent modified Win-shift task, a task that assesses long-term spatial
working memory. There were no significant effects of training, GWI
chemical exposure, or LNFPIII treatment on performance in the Win-
shift task (p’s > 0.13; Fig. 5F). No significant treatment x training
interaction effects were observed; however, a significant three-way
interaction between GWI chemical exposure x LNFPIII treatment x
training was detected (F(1,49) = 4.09, p < 0.05; Fig. 5F). Notably, the



J.M. Carpenter et al.

A

o

Novel Object Recognition

Brain, Behavior, & Immunity - Health 26 (2022) 100553

Novel Object Recognition

* %
0.34 [ ~ 801 3 Familiar
I I : I s =1 Novel
= 0.2 T 8 = Yok
o _l_ 5 9 60+ *
T 0.1 © O
o oz
S 00 == S 4 40
a 0. = » 404
2 0 B 2
= 011 -
ry S = 20+
Z .24 a £ o E
- «©
0.3 e ; . ;
PN A I o
e e \s\.\\ W
qe“\o ™ © @
C Barnes Maze Acquisition Phase D Barnes Maze Probe Trial
$$% *%
150 10 E
s | EY = T
- 100 o .
: T L
P & 4
g 50 a at T
i é ﬂ i ’
0 . T 0
1 4

Day
E Radial Arm Ma$z$§ Foraging Task

124
10 b

14% 29% 19% &
55%

Total Errors
Total Errors

Days 1-3 Days 8-10

Radial Arm Maze Win-shift Task

8-

6-

I
1

[ Vehicle-Vehicle
E Vehicle-LNFPIII
= GWI-Vehicle
E GWI-LNFPIII

Days 1-3 Days 8-10

Fig. 5. Long-term cognition and memory effects of prior GWI exposure and delayed LNFPIII treatment. Cognition and memory were evaluated by several tests:
novel preference index (NPI) (A) and total approaches % (B) in the novel object recognition test; acquisition phase time to target hole (TH) (C) and probe trial TH
entries (D) in the Barnes Maze; and total errors in the Radial Arm Maze (RAM) foraging task (E) and Win-shift task (F). Additionally, improvement percentages from
days 1-3 were calculated for the RAM foraging task (E). Data are presented as mean + SEM (n = 12-16/group). * and ** indicate significance, p < 0.05 and 0.01,

respectively. %%

indicates significant main effect of time, p < 0.001. indicates p < 0.10. ® and ? indicate p < 0.05 or 0.10, respectively, from Vehicle-Vehicle. ®

indicates p < 0.05 from GWI-Vehicle. € indicates p < 0.05 from days 1-3 in the RAM.

performance of GWI-LNFPIII mice was significantly better than the GWI-
Vehicle mice on days 1-3 (p < 0.05; Fig. 5F), indicating that delayed
LNFPIII treatment improved performance in the acquisition component
of the Win-shift task months after exposure to GWI chemicals.

3.5. Evaluation of hippocampal inflammation and neurogenesis post GWI
exposure and delayed LNFPIII treatment

3.5.1. GFAP, IBA-1, and ASC immunoreactivity

Prior exposure to GWI chemicals led to hippocampal increases in
glial activation that were attenuated by delayed LNFPIII treatment. In-
tensity analysis for astrocytes (GFAP+) revealed a significant GWI x
LNFPIII interaction (F(1,18) = 7.50, p < 0.05, Fig. 6A) in which prior
exposure to GWI increased GFAP staining compared to Vehicle-Vehicle
(p <£0.05) and LNFPIII eliminated this effect (p < 0.01, Fig. 6A). Similar
results were found for microglia (IBA-1+), in which there were trending
LNFPIII treatment (F(1,18) = 3.79, p = 0.07; Fig. 6C) and a GWI x
LNFPIII interaction (F(1,18) = 4.21, p = 0.06; Fig. 6C) effects. These

effects were driven primarily by a reduction in the IBA-1 intensity
staining by LNFPIII in the GWI group (t(10) = —4.20, p < 0.01, Fig. 6C),
suggesting that LNFPIII is beneficial in reducing glial activation.

Further, to identify possible neuroinflammatory mechanisms, the
inflammasome marker ASC was examined in both astrocytes and
microglia. No significant differences among treatments were found for
the number of GFAP/ASC + or IBA-1/ASC + cells (p’s > 0.52). However,
intensity analysis indicated that LNFPIII treatment numerically reduced
staining in GWI ASC + microglia (t(10) = —1.88, p = 0.09; Fig. 6D),
suggesting that LNFPIII subtly attenuates microglial inflammasome
activation. A similar numerical reduction with LNFPIII was observed for
ASC intensity in astrocytes, but was less robust (Fig. 6B). Refer to Fig. 6E
for representative images.

3.5.2. qPCR

The expression of the anti-inflammatory cytokine IL-10 was assessed
in the dorsal and ventral hippocampus 11 months post GWI chemical
exposures and 4 months post LNFPIII treatment initiation. There were
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Table 1

Hippocampal mRNA levels of IL-10 11 months post-GWI exposure and delayed LNFPIII treatment. The effect of GWI exposure and delayed LNFPIII treatment on
the expression of anti-inflammatory cytokine IL-10 in the dorsal and ventral hippocampus measured by qPCR. Hippocampal samples from mice (n = 4-6/treatment)
were used for RNA isolation and subsequent qPCR analyses. Data were analyzed by the 2-22® method with 18S as the housekeeping gene and are expressed as a mean
fold change from the Vehicle-Vehicle group +SE. * indicates significant fold change from Vehicle-Vehicle, p < 0.05, and values are bolded. “indicates p < 0.10.

Table 1. Hippocampal IL-10

Vehicle-LNFPIII GWI-Vehicle GWI-LNFPIII GWI-Vehicle vs GWI-LNFPIII
Region fold change se p value fold change se p value fold change se p value p value
Dorsal 0.95 0.43 0.89 1.15 0.73 0.74 1.04 0.26 0.90 0.83
Ventral 1.41 0.38 0.48 1.11 0.34 0.84 3.41 4.15 0.03* 0.08"
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no significant treatment differences within the dorsal hippocampus, but
analysis within the ventral hippocampus revealed increased IL-10
expression in the GWI-LNFPIII group compared to Vehicle-Vehicle (p
< 0.05) and GWI-Vehicle (p = 0.08) groups (Table 1).

3.5.3. Hippocampal neurogenesis

A trend for a reduction of BrDU ~+ cells in the GWI mice (F(1,16) =
4.01, p = 0.06, Fig. 7B) and significant GWI x LNFPIII treatment inter-
action (F(1,16) = 5.20, p < 0.05, Fig. 7B) effect were observed. LNFPIII,
irrespective of GWI exposure, tended to numerically increase the num-
ber of BrDU + cells in the hippocampus (p = 0.09) compared to control
(Fig. 7B). A similar numerical (p > 0.12) reduction in BrDU+/DCX +
cells in GWI mice and an increase by LNFPIII was observed (Fig. 7A), but
was not significant. Refer to Fig. 7C for representative images.

4. Discussion

Epidemiological evidence suggests that exposures to multiple toxi-
cants during the Gulf War contributed to the development of GWI (White
et al., 2016) and that these overexposures have accelerated age-related
chronic conditions (Zundel et al., 2019). Because of the persistent and
progressive nature of GWI, investigations into therapeutic interventions
are imperative. The present GWI model (PB/DEET/CORT/DFP) has
been primarily characterized at acute time points post GWI chemical
exposure (Carpenter et al., 2020; O’Callaghan et al., 2015), with limited
studies examining the model’s chronic effects (Brown et al., 2021a). As
the war occurred more than 30 years ago, it is crucial that GWI pre-
clinical investigations align with the aging GWI veteran population.
Thus, the current study aimed to further characterize the long-term
behavioral and neuroinflammatory effects of PB/DEET/CORT/DFP
exposure and to examine whether delayed treatment with LNFPIII was
beneficial.

Sensorimotor function was impacted by prior GWI exposure, as GWI
mice tended to exhibit higher latencies to contact the sticker in the
sticker removal task; this sensorimotor deficit was eliminated by
LNFPIIIL These results align with sensorimotor deficits observed previ-
ously in GWI veterans (Axelrod and Milner, 1997; Proctor et al., 2006;
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Toomey et al., 2009) as well as in animal GWI models (Abou-Donia
et al., 2002; Carpenter et al., 2021). This suggests LNFPIII may be
beneficial in alleviating sensorimotor deficits like it did in another GWI
model (Carpenter et al., 2021). Neuromuscular function remained un-
altered by prior GWI exposure as measured by grip strength, but LNFPIII
treatment improved overall strength within this test. Further, all mice
were able to build nests indicating that there were not any marked
striatal or hippocampal deficits that are normally associated with the
nest test.

Interestingly, in this study, prior exposure to GWI-related chemicals
led to hyperactivity in several tests. This was notable in the open field
(OF), as GWI treated mice traveled further distances and made more line
crossings within the first 5 min of the test; however, this hyperactivity
did not persist for the 30 min test duration in GWI mice receiving
LNFPIII treatment, suggesting LNFPIII may reduce the persistence of this
deficit. This increased activity was in line with the observed GWI gait
alterations in this study as GWI mice exhibited increased hindlimb base
widths, stride lengths, and interstep distance; the latter two were pre-
vented by LNFPIII treatment. Hyperactivity was also evident in the pole
test, as GWI mice descended the pole faster. These increases in motor
activity might be due to persisting effects of the AChE inhibitors PB
(reversible) and DFP (irreversible) that were components of the GWI
chemical exposure mixture. In fact, it has been shown that following
sarin vapor exposure, sustained increases in locomotor activity were
apparent 1 and 6 months post exposure in rats (Allon et al., 2011).
Further investigations into the mechanisms underlying this increase in
motor activity are warranted. Notably, LNFPIII treatment was beneficial
in this GWI model as it was in the PB/PM GWI model (Carpenter et al.,
2021).

Affect symptoms have been widely self-reported by GWI veterans
and present as increases in depression and anxiety (Binder et al., 1999;
Sullivan et al., 2018); these effects have been recapitulated in multiple
GWI exposure paradigms (Carreras et al., 2018; Phillips and Deshpande,
20165 Zhu et al., 2020), especially those including a stress component
(Abdullah et al., 2012; Parihar et al., 2013). Here, GWI mice exhibited
mild mood impairments, driven mostly by anxiety-like behaviors. Sub-
tle, anxiety-like behavior was observed in the EZM as GWI-Vehicle mice

BrDU/DCX/Hoescht

Fig. 7. BrDU and DCX immunoreactivity in the hippocampus 11 months post-GWI exposure and delayed LNFPIII treatment. The number of (A) BrDU+/
DCX+ and (B) BrDU + cells were counted in the hippocampus. Representative images taken at 40x are shown in panel (C). Data are presented as mean + SEM, n =

4-6 mice per group. ? indicates p < 0.10 from Vehicle-Vehicle.
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spent less time in the open areas of the arena. Additionally, these mice
spent less time exploring the open arms from the comforts of the closed
arms (stretch attends). In line with these EZM results, GWI treated mice
also spent numerically less time in the anxiogenic center of the OF arena.
Moreover, in the OF, GWI mice entered and spent more time in the
arena’s corners, suggestive of anxiety-like behavior. Notably, LNFPIII
treatment increased the time spent exploring the open area of the EZM
before entering and while occupying the closed areas, reduced the
number of marbles buried in the marble burying test, and decreased the
overall amount of corner entries and time in the OF. These effects sug-
gest that LNFPIII has some anxiolytic properties on multiple anxiety-like
parameters. Anhedonia, a behavior associated with depression, was not
present in the sucrose preference test, as all mice preferred the sucrose
solution to normal tap water. Depressive-like behavior was also evalu-
ated using the swim test, and GWI mice tended to exhibit more
depressive-like behavior within this test; they spent numerically more
time immobile (e.g., behavior despair) and had fewer climbing attempts
(e.g., escape behavior). These effects were not seen with control or
LNFPIII treated groups. Clinical studies have shown that mood deficits
experienced by GWI veterans can impact the reporting of other GWI
symptoms and impact the results of neuropsychological evaluations like
motor coordination and executive function (Binder et al., 1999; Lindem
et al., 2003; Sillanpaa et al., 1997). Thus, the affect results observed
here, albeit subtle, might impact other behavioral domains examined in
this study.

Cognitive and memory aberrations remain a consistent feature
among veterans with GWI and numerous studies have shown poorer
performance in cognitive/memory tasks (Goldstein et al., 1996; Hom
et al., 1997; Janulewicz et al., 2017; Toomey et al., 2009). GWI pre-
clinical investigations also report deficits in tests of learning and mem-
ory (Carpenter et al., 2021; Hattiangady et al., 2014; Madhu et al., 2019;
Parihar et al., 2013; Phillips and Deshpande, 2016). Here, no profound
GWI-induced cognitive and memory impairments were observed in
hippocampal dependent tasks such as nesting, the BM, and RAM; all
animals performed at similar rates in these tasks. However, GWI treat-
ment impaired short-term recognition memory in the NOR task. These
results align with GWI veterans performing worse in visual memory
tasks (both immediate and delayed recall; Sullivan et al. (2018)), and
NOR performance in another GWI model we reported on (Carpenter
et al.,, 2021). In the BM, all mice significantly improved their perfor-
mance (~60%) over the course of the 4-day acquisition period indica-
tive of learning. There were no significant GWI induced deficiencies
within the BM probe trial, but LNFPIII treatment decreased the number
of TH entries and distance traveled; this suggests that LNFPIII improved
memory performance, as these mice traveled less after first approaching
the target hole. Similarly, in the RAM foraging task, which measures
dorsal hippocampal dependent short-term working spatial memory, all
mice improved their performance over time. While early on in this task
the GWI-LNFPIII group made more errors, this group improved the most
overall with a 55% decrease in errors and this was significant compared
to GWI-Vehicle, indicating LNFPIII treatment improved performance
rate. There were no observable long-term memory deficits in the ventral
hippocampus spatial working memory RAM Win-Shift task by the end of
training, but it is notable that GWI-LNFPIII mice performed better early
on within the acquisition component of this task. These results align
with a separate study on these mice investigating hippocampal synaptic
plasticity and transmission at 11 months (Brown et al., 2021a) where
prior PB/DEET/CORT/DFP exposure produced decreases in hippocam-
pal basal synaptic plasticity and long-term potentiation (LTP) that were
restored by LNFPIII treatment. Taken together, these data suggest that
LNFPIII may benefit some domains of cognition and memory in this
model as it did in another one (Carpenter et al., 2021).

Prior investigations utilizing this GWI treatment paradigm revealed
widespread acute neuroinflammation (O’Callaghan et al., 2015). We
also found similar acute neuroinflammatory (i.e., increases in TNF-a,
IL-1B, IL-6, CCL-2, YM-1, and HMGB1) effects within the hippocampus
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(Carpenter et al., 2020), and some neuroinflammation was also apparent
at 11 months post exposure in this cohort of mice (IL-6; Brown et al.,
2021a). Notably, at 11 months post GWI exposure, the increase in hip-
pocampal IL-6 mRNA levels was lessened with delayed LNFPIII treat-
ment (Brown et al.,, 2021a). To determine if the LNFPIII-induced
dampening of IL-6 was due to an increase in anti-inflammatory
signaling, we measured IL-10, a cytokine already known to be affected
by LNFPIII in a different setting (Tundup et al., 2015). Indeed, in this
cohort of mice, hippocampal (ventral) levels of IL-10 were increased in
mice exposed to GWI-LNFPIII treatment. Further, because enhanced
inflammatory cytokine production can lead to glial activation and
resulting behavioral deficits (Habbas et al., 2015; Miller, 2009; Minogue
et al., 2012), immunohistochemical analysis of GFAP (astrocytes) and
IBA-1 (microglia) was done in the hippocampus. Prior GWI treatment
led to increases in GFAP and IBA-1 immunoreactivity that were more
pronounced for GFAP. Notably, LNFPIII significantly reduced these ef-
fects indicative of its ability to counteract neuroinflammation. Addi-
tionally, inflammasome activation by ASC co-localization with GFAP+
and IBA-1+ cells was evaluated. Briefly, upon activation, ASC functions
to form the NLRP3 inflammasome which in turn mediates caspase-1
activation of inflammatory IL-1p and IL-18 release (Yang et al., 2019).
There were no differences in the number of ASC positive GFAP or IBA-1
cells. However, LNFPIII reduced the intensity of ASC+/IBA-1+ cells
within GWI mice, suggesting that inflammasome activation occurs more
so in microglia and LNFPIII can curb this activation.

Numerous studies have indicated that hippocampal neurogenesis
occurs throughout the lifespan in both humans and rodents (Eriksson
et al., 1998; Moreno-Jiménez et al., 2021; Spalding et al., 2013).
Behaviorally, in rodents, neurogenesis has been linked to cognitive
performance in hippocampal-dependent tasks (Bolz et al., 2015; Drap-
eau et al., 2003; van Praag et al., 2005) as well as mood (Hill et al.,
2015). In this study, a slight reduction in BrDU-positive cells in GWI
mice was observed at 11 months, suggesting subtly decreased neuro-
genesis. These results were milder, but in general agreement with other
GWI studies indicating reductions in neurogenesis, albeit with different
GWI chemical exposures and timelines (lannucci et al., 2022; Kodali
et al., 2018b; Parihar et al., 2013; Shetty et al., 2020). Additionally, the
GWI reduction in hippocampal neurogenesis could be contributory to
the cognitive impairments in the NOR. Notably, apart from GWI expo-
sure, LNFPIII increased neurogenesis, indicative of a potential novel
beneficial property of this treatment. Investigating whether a higher
dose of LNFPIII can mitigate GWI neurogenesis impairments in multiple
models is warranted in future studies.

Overall, this study provides valuable insights into the long-term
neurological alterations of prior GWI-related chemical exposures along
a translationally relevant time course for current GWI veterans. Evalu-
ating the neurological adaptions in this model has shown that prior
exposure leads to deficits in behavioral domains (e.g., motor, mood, and
cognitive function), neuroinflammation (glial activation), and reduced
neurogenesis, all of which are prominent symptoms in the GWI veteran
population. Moreover, the translational relevance of this model allows
for the evaluation of therapeutic interventions such as LNFPIII. Impor-
tantly, the data in this study indicate that LNFPIII, when initiated
months after GWI exposure, ameliorated many of the observed deficits
including restoring locomotor and sensorimotor function, improving
cognitive abilities, alleviating affect changes, and reducing hippocampal
neuroinflammation. These data highlight that LNFPIII has broad bene-
ficial properties and suggests that it might be an efficacious, multi-
symptom therapy for GWI veterans.
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