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Abstract

Gulf War Illness (GWI) manifests a multitude of symptoms, including neurological and
immunological, and approximately a third of the 1990-1991 Gulf War (GW) veterans suffer from
it. This study sought to characterize the acute neurochemical (monoamine) and neuroinflammatory
profiles of two established GWI animal models and examine the potential modulatory effects of
the novel immunotherapeutic Lacto-N-fucopentaose 111 (LNFPIII). In Model 1, male C57BL/6J
mice were treated for 10 days with pyridostigmine bromide (PB) and permethrin (PM). In Model
2, a separate cohort of mice were treated for 14 days with PB and N,N-Diethyl-methylbenzamide
(DEET), plus corticosterone (CORT) via drinking water on days 8-14 and
diisopropylfluorophosphate (DFP) on day 15. LNFPIII was administered concurrently with GWI
chemicals treatments. Brain and spleen monoamines and hippocampal inflammatory marker
expression were examined by, respectively, HPLC-ECD and gPCR, 6 h post treatment cessation.
Serotonergic (5-HT) and dopaminergic (DA) dyshomeostasis caused by GWI chemicals was
apparent in multiple brain regions, primarily in the nucleus accumbens (5-HT) and hippocampus
(5-HT, DA) for both models. Splenic levels of 5-HT (both models) and norepinephrine (Model 2)
were also disrupted by GWI chemicals. LNFPIII treatment prevented many of the GWI chemicals
induced monoamine alterations. Hippocampal inflammatory cytokines were increased in both
models, but the magnitude and spread of inflammation was greater in Model 2; LNFPIII was anti-
inflammatory, more so in the apparently milder Model 1. Overall, in both models, GWI chemicals
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led to monoamine disbalance and neuroinflammation. LNFPIII co-treatment prevented many of
these disruptions in both models, which is indicative of its promise as a potential GWI therapeutic.
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1. Introduction

Aberrant communication between the immune and the central nervous systems (CNS) has
been implicated in the pathogenesis of various disease states. While controlled innate
immune system activation and ensuing inflammation serves important protective and
homeostatic functions in the body, if left unchecked, it can be detrimental (Karin et al.,
2006). In the CNS, uncontrolled inflammation (neuroinflammation) can cause cognitive,
memory, and mood deficits; it exacerbates, among others, Alzheimer’s disease (AD),
Multiple Sclerosis (MS), and Parkinson’s disease (PD) pathologies (Capuron and Miller,
2011; Czirr and Wyss-Coray, 2012; Ferrari and Tarelli, 2011). Further, neuroinflammation
can be initiated in the periphery and have destructive effects centrally. For example,
peripheral inflammation exacerbated nigrostriatal degeneration and motor dysfunction in a
PD model (Pott Godoy et al., 2010).

Recently, this neuroimmune crosstalk has been implicated in a complex multi-symptom
disorder known as Gulf War IlIness (GWI). GWI affects approximately 30% of the veterans
from the 1990-1991 Gulf War (GW) and targets the immune, nervous, musculoskeletal, and
gastrointestinal systems (DDGWIRP, 2018; White et al., 2016). Prominent symptoms of
GWI include fatigue, impaired cognition, memory and motor function, and altered mood
(White et al., 2016). The precise etiology of GWI remains undetermined, but suspected
contributing factors, in combination with war theatre stress, include overexposures to
chemicals, such as the nerve agent prophylactic pyridostigmine bromide (PB), and
pesticides, like permethrin (PM), chlorpyrifos, and N-Diethyl-3-methylbenzamide (DEET).
A subset of GW veterans were also exposed to the nerve agents sarin and cyclosarin (Boyd
et al., 2003; Cherry et al., 2001; Steele et al., 2012; White et al., 2016). Due to their
association with GWI, these chemicals are referred to as GWI chemicals.

In addition to the cognition, memory, motor function and mood deficits exhibited by GWI
veterans, structural abnormalities, such as reduced hippocampal volumes and increased
diffusivity in white matter connections, are reported (Chao et al., 2010; Rayhan et al., 2013;
Toomey et al., 2009; White et al., 2016). Accumulating clinical and experimental evidence
suggests that at least some neurological GWI deficits might be associated with immune
dysfunction. For example, several studies have shown that GWI veterans exhibit systemic
inflammation compared to matched veteran controls (Broderick et al., 2013; Broderick et al.,
2018; Parkitny et al., 2015). Many of these neurological and immunological deficits are
recapitulated in animal models of GWI; data show that post exposure to GWI chemicals,
neuronal dysfunction and increases in neuroinflammatory markers throughout the brain are
present (Carreras et al., 2018; Miller et al., 2018; O’Callaghan et al., 2015; Parihar et al.,
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2013). Further, rodent behavioral data mirror GWI symptomology in terms of impaired
cognition, memory and motor function, as well as increased anxiety and depressive-like
behaviors (Abdullah et al., 2011; Carreras et al., 2018; Hattiangady et al., 2014; Parihar et
al., 2013; Zakirova et al., 2015).

Many of the neurological and behavioral deficits associated with GWI could stem from
neurotransmitter dysfunction. Affect disorders, including sickness behavior and depression,
have been linked to serotonin (5-HT) and dopamine (DA) dysregulation (Belujon and Grace,
2017; Korte-Bouws et al., 2018). Dopaminergic dysfunction, especially in the basal ganglia,
is implicated in motor function impairments (Ferrari and Tarelli, 2011; Willard et al., 2015).
Further, multiple studies show that inflammation can alter monoamine neurotransmitter
balance and transmission in the brain, which subsequently influences behavior (Dunn,
2006). For example, inflammatory cytokine challenge alters central monoaminergic
transmission, i.e., metabolism of 5-HT and norepinephrine (NE) is increased in response to
IL-1 and DA homeostasis is disrupted by IFN-a. (Dunn, 2006; Felger and Miller, 2012). In
addition, peripheral monoamines can be immunomodulatory as the spleen, rich in 5-HT and
NE, can modulate activation of T-cells and pro-inflammatory cytokines (Blandino et al.,
2006; Wu et al., 2019).

While researchers have sifted through the immunological component of GWI, few have
investigated the role neurotransmitters, monoamines in particular, play in GWI
symptomology. Studies investigating neurochemical changes have largely focused on
acetylcholinesterase (AchE) inhibition and cholinergic activation due to the mechanism of
action of some GWI chemicals, such as PB, sarin, or its surrogate, DFP (Miller et al., 2018;
Ojo et al., 2014; Zakirova et al., 2015). Others have found alterations in GABA-ergic
activity in brain regions that regulate cognition (Carreras et al., 2018; Megahed et al., 2014).
However, as indicated earlier, some of the neurological symptoms might be due to
monoamine disbalance (Parihar et al., 2013; Zakirova et al., 2015).

Immunotherapies have shown promise in treating common neurological diseases such as
PD, AD, and MS (Wisniewski and Goni, 2015; Zella et al., 2019; Ziemssen et al., 2016).
Given that GWI has both immunological and neurological underpinnings, it is important to
examine treatments that cater to both fields. Therapeutic intervention in GWI has been
explored including trials with the antibiotic doxycycline, coenzyme Q10, and carnosine
supplementation (Baraniuk et al., 2013; Donta et al., 2004; Golomb et al., 2014). However,
like other GWI interventions, these treatments improved only some GWI symptoms and
might not be a desirable option for long term treatment (DDGWIRP, 2018). Moreover, while
viable treatment options to veterans suffering from GWI would be the ultimate goal, testing
of new therapeutics with a strong safety profile in an acute (exposure-related) paradigm is
also important, but such testing has not been done.

Lacto-N-fucopentaose 111 (LNFPIII) is an immunomodulatory glycan found in human breast
milk and, when conjugated to a dextran carrier, it utilizes CD14/TLR-4 signaling to activate
ERK-dependent production of anti-inflammatory mediators (Tundup et al., 2015). As a
result, the inflammatory balance of the innate immune system is skewed in an anti-
inflammatory direction (Tundup et al., 2015). LNFPIII, being a component of human milk,
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provides insight into its safety profile; so far, there have been no reported adverse reactions
to it (Atochina et al., 2008; Bhargava et al., 2012; Srivastava et al., 2014; Tundup et al.,
2015; Zhu et al., 2012). Studies have demonstrated LNFPI11’s ability to increase production
of anti-inflammatory cytokines under chronic states of inflammation and to alternatively
activate macrophages (Atochina et al., 2008; Bhargava et al., 2012; Srivastava et al., 2014).
Further, in an animal model of MS, LNFPIII significantly reduced the severity of
experimental autoimmune encephalomyelitis, in part by decreasing inflammation and
infiltration of immune cells into the CNS (Zhu et al., 2012).

Given the lack of detailed neurochemical characterization of accepted models of GWI and
the modulatory effects that inflammation plays on neurotransmitter homeostasis, the present
study sought to characterize the acute neurochemical monoamine profiles in two established
GWI animal models. In addition, we also aimed at further characterizing the hippocampal
neuroinflammatory profiles of these two models, as this is a key structure associated with
GWiI-related cognitive dysfunction. Finally, we examined whether the immunotherapeutic
LNFPIII had any modulatory effects on the aforementioned parameters.

2. Materials and Methods

2.1 Materials

The following chemicals were used for animal treatments: pyridostigmine bromide (PB;
Sigma Aldrich, St. Louis, MO), permethrin (PM; 29.5% cis/69.5% trans isomer; Chem
Service Inc., West Chester, PA), diisopropylfluorophosphate (DFP; Sigma Aldrich), N-
Diethyl-3-methylbenzamide (DEET; Sigma Aldrich), and corticosterone (CORT; Steraloids,
Newport, RI). Lacto-N-fucopentaose 111 (LNFPIII) dextran conjugate was produced as
previously described (Tundup et al., 2015). All additional chemicals and reagents used in
this study, unless otherwise noted, were of analytical or higher grade and were obtained
from Sigma Aldrich or Fisher Scientific (Hampton, NH).

2.2 Animals

Male C57BL/6J mice (8-9 weeks old; 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 prior to the start of the study to minimize experimenter induced
stress. Food and water were available ad /ibitum. 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 and ARRIVE guidelines.

2.3 GWI Models

The present study followed two established, chemically different GWI animal models as
outlined in Figure 1 (O’Callaghan et al., 2015; Zakirova et al., 2015). Following Zakirova et
al. (2015), mice (N=24) were treated daily for 10 days with a combination of PB and PM
(0.7 and 200 mg/kg, respectively) or DMSO vehicle IP, immediately followed by a SC
injection of LNFPIII or dextran vehicle (both 35 pg/mouse) diluted in sterile saline. For this
model, there were 4 treatment groups with 6 mice per group and were as follows: \ehicle-
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Vehicle (DMSO-Dextran), Vehicle-LNFPIII (DMSO-LNFPIII), PB/PM-Vehicle (PB/PM-
Dextran), and PB/PM-LNFPIII. This model will be referred to as Model 1 throughout this
manuscript (Fig. 1A).

A separate cohort of mice (N=26), following O’Callaghan et al. (2015), were treated for 14
days with a combination of PB and DEET (2 and 30 mg/kg, respectively; SC), or saline
vehicle and immediately followed by LNFPIII or dextran vehicle (both 35 pug/mouse) diluted
in sterile saline. 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. The four treatment groups were as follows: Vehicle-Vehicle
(Saline/water/saline-Dextran), Vehicle-LNFPIII (Saline/water/saline-LNFPIII), PB/DEET/
CORT/DFP-Vehicle (PB/DEET/CORT/DFP-Dextran), and PB/DEET/CORT/DFP-LNFPIII.
There were 6 mice per treatment group, except in the PB/DEET/CORT/DFP-Vehicle group
in which there were 8. This model will be referred to as Model 2 throughout this manuscript
(Fig. 1B).

2.4 Tissue Collection

Six hours after the last treatment, mice were euthanized, blood was collected, and organs
(brain, inguinal lymph nodes, spleen, thymus, liver and kidney) were weighed and frozen on
dry ice. For the brain only, a sagittal cut was made and one half was quickly frozen on dry
ice while the other half was immersed in 4% paraformaldehyde for fixation as in Krishna et
al. (2016). All tissues were stored at —80° C until analysis.

2.5 Neurochemistry

Concentrations of brain and spleen monoamines and their metabolites were determined
using high performance liquid chromatography with electrochemical detection (HPLC-
ECD) as previously described (Coban and Filipov, 2007; Krishna et al., 2016). Briefly,
brains were sectioned into 500-um thick slices and micropunches (1.5 mm diameter) from
the prefrontal cortex (PFC), nucleus accumbens (NAc), striatum (STR), amygdala (AMY),
dorsal hippocampus (dHIP), and ventral hippocampus (vHIP) were homogenized in 100 pl
of 0.2 N HCIO4. A small portion (average 6.2 mg weight) of the spleen was cut, weighed
and homogenized in 200 pl of 0.2 N HCIO,4. Samples were centrifuged (13,200 x G at 4° C
for 10 min) and sample supernatant (20 (L) was injected into the HPLC-ECD for detection
of: 1) norepinephrine (NE) and its metabolite 3-methoxy-4-hydroxyphenylglycol (MHPG);
2) dopamine (DA) and its metabolite homovanillic acid (HVA); 3) serotonin (5-HT) and its
metabolite 5-hydroxyindoleacetic acid (5-HIAA). Prior to statistical analysis,
neurotransmitters and metabolite levels were protein-normalized using the Bradford assay as
previously described (Coban and Filipov, 2007; Krishna et al., 2016).

2.6 Real-time quantitative PCR (qPCR) for inflammatory markers

Total RNA from a single brain punch (1.5 mm diameter, 500 um thick section, ventral
hippocampus: vHip) was isolated by an E.Z.N.A total RNA isolation kit (Omega Bio-Tek,
Norcross, GA) according to the manufacturer’s directions. The RNA was quantified with a
Take3 micro-volume plate and Epoch microplate spectrophotometer (BioTek, Winooski,
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VT). Seventy-five ng RNA/sample was used to synthesize cDNA with a Maxima first strand
cDNA synthesis kit for RT-gPCR (Thermo Scientific, Waltham, MA) and a Peltier thermal
cycler (Bio-Rad, Hercules, CA; 10 min at 25°C, 15 min at 50°C, 5 min at 85°C). Using 1 or
2 ng of cDNA per sample, expression of various inflammatory genes and the growth factors
NGF and BDNF (Supplementary Table 1) were determined by a gPCR with mouse-specific
primers (Real TimePrimers, Elkins Park, PA) and Maxima SYBR Green/lowRox qPCR
Master Mix (2x) (Thermo Scientific). Amplifications were performed on Mx3005P qPCR
machine (Stratagene, San Diego, CA) and treatment differences were calculated as a fold
change by the 22Ct method with 18S as the house keeping gene, as described previously
(Krishna et al., 2016; Lin et al., 2013).

2.7 Statistical Analysis

Two-way analysis of variance (ANOVA) was used to determine main effects of treatments or
treatment interactions with each GWI model analyzed separately. If a two-way ANOVA was
significant (p < 0.05), treatment means were separated by Student-Newman-Keuls (SNK)
post hoc test or pairwise comparisons (as appropriate). If normality failed, data were log
transformed prior to statistical analyses, but the non-transformed values were used for
graphical representation. Data were analyzed using SigmaPlot 12.5 (San Jose, CA), and
graphs were generated using GraphPad Prism 5 (San Diego, CA).

3. Results

3.1 Brain Neurotransmitters

3.1.1 Serotonin (5-HT)—In the NAc, levels of the 5-HT metabolite 5-HIAA were
increased in both models (Model 1, p < 0.01, Fig. 2b and Model 2, p < 0.05, Fig. 2b’) by
GWI chemicals. This was accompanied by a numerical decrease of 5-HT in Model 1 (Fig.
2a) and significant decrease of 5-HT in Model 2 (p < 0.05, Fig 2a’). LNFPIII treatment did
not have a significant effect on NAc 5-HIAA, but it did prevent the numerical/significant
decreases of 5-HT caused by GWI chemicals in both models (Fig. 2a and 2a’). As a result,
5-HT turnover (5-HIAA/5-HT ratio) was increased by GWI chemicals significantly in both
models (Fig. 2¢, p < 0.05 and Fig. 2¢’, p < 0.05); this effect was prevented by LNFPIII (Fig.
2C°).

Similarly, in the vHip, GWI chemicals increased levels of the 5-HT metabolite 5-HIAA in
Model 1 (p < 0.05, Fig. 2e) and numerically in Model 2. This was accompanied by a
concomitant increase in 5-HT by GWI chemicals significantly in Model 1 (p < 0.05, Fig. 2d)
and trending in Model 2 (p = 0.07, Fig. 2d’). LNFPIII did not have an effect on the levels of
5-HIAA, however, it did prevent the increases in 5-HT in both models (Model 1, p < 0.05,
Fig. 2d and Model 2, p = 0.06, Fig. 2d"). Due to the increases in both 5-HIAA and 5-HT, the
5-HIAA/5-HT ratio in the vHip was not affected by GWI chemicals (Fig. 2f and 2f’).

Serotonergic effects of the GWI chemicals in other regions included the STR, AMY, and
dHip. In particular, in Model 1 GWI chemicals increased levels of 5-HIAA in the STR,
AMY, and dHip (p’s < 0.05, Table 1) and these effects were not present in Model 2 (Table
2). There was a trend (p < 0.10) for increases in 5-HT turnover by GWI chemicals in both

Neurotoxicology. Author manuscript; available in PMC 2021 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Carpenter et al.

3.2 Spleen

Page 7

models for the STR (data not shown) and in Model 2 for the AMY (data not shown).
LNFPIII did not prevent GWI chemical effects on striatal 5-HIAA, but it did prevent the
numerical decrease of STR 5-HT in Model 1 (p = 0.06, Table 1). As a result, LNFPIII
prevented the increase in STR turnover in Model 1 (p < 0.05), an effect not observed in
Model 2 (data not shown).

3.1.2 Dopamine (DA)—In the vHip, numerical and trending increases in DA by GWI
chemicals were present in Model 1 (Fig. 3¢c) and Model 2 (p = 0.08, Fig. 3c”), respectively.
These effects were accompanied by increases in the DA metabolite HVA in Model 1 (Fig.
3d) and Model 2 (p < 0.05, Fig. 3d’). In Model 1, LNFPIII prevented the increase in vHip
DA (p < 0.05, Fig. 3c) and the numerical increase in HVA. Interestingly, LNFPIII further
increased levels of both DA (Fig. 3c’) and HVA (p < 0.05, Fig. 3d’) in Model 2, suggesting
that the drive for GWI chemicals induced DA dyshomeostasis in the vHip and the
modulatory effect of LNFPIII is model-specific.

In the dHip, trending decreases and significant increases of DA by GWI chemicals were
apparent in Model 1 (p = 0.10, Table 1) and Model 2 (p < 0.05, Table 2), respectively. This
was accompanied by increases of the DA metabolite HVA in both models, with Model 2’s
effects of HVA being significant (p < 0.001, Table 2). LNFPIII did not prevent the effects
observed in Model 1. However, similar to the vHip, LNFPIII further increased HVA in
Model 2 (p < 0.05, Table 2). As a result, trends (p < 0.10) for increased turnover (HVA/DA
ratio) were apparent in both models (data not shown).

DA alterations by GWI chemicals were also observed in the PFC and STR in Model 1, NAc
in Model 2, and AMY in both models. Increases in HVA by GWI chemicals were observed
in the STR (p < 0.05, Table 1) and PFC (Table 1) in Model 1. This was accompanied by a
numerical increase in DA in the PFC (Table 1) in Model 1. As a result of the increased HVA
by GWI chemicals in the STR of Model 1, there was an increase in turnover (p < 0.001, data
not shown). Similar trending increases in turnover were apparent in the AMY (p = 0.07, data
not shown) in Model 1 and NAc (p = 0.09, data not shown) in Model 2. LNFPIII did not
modulate the increases in DA, HVA, or turnover in these regions, except for the PFC, in
which LNFPIII prevented the trending increases of DA and HVA in Model 1 (Table 1).

Neurotransmitters

In Model 1, a significant treatment interaction (p < 0.05, Table 3) was seen on splenic 5-HT;
LNFPIII prevented the 5-HT increase by GWI chemicals, but also increased 5-HT on its
own (Table 3). No significant differences in splenic 5-HIAA were present in this model. In
Model 2, GWI chemicals significantly increased levels of 5-HT (p < 0.01, Table 3) and 5-
HIAA (p <0.05, Table 3). LNFPIII did not prevent the 5-HT or 5-HIAA effects in Model 2.
Splenic 5-HT turnover remained unaffected by treatments in both models.

In Model 1, no significant alterations in splenic NE, its metabolite MHPG or NE turnover
(MHPG/NE ratio) were present (Table 3). However, in Model 2, LNFPIII (trending, p =
0.10) increased NE in the presence of GWI chemicals (Table 3). GWI chemicals
significantly increased MHPG (p < 0.05; Table 3) and LNFPIII also increased MHPG
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(trending, p = 0.10; Table 3). This increase in MHPG by GWI chemicals led to a trending
increase in NE turnover (p = 0.06, data not shown) in Model 2.

3.3 Real-time gPCR for inflammatory markers in the vHip

In Model 1, PB/PM caused significant upregulation of IL-1p (Fig. 5a), CCL-2 (Fig. 4c),
YM-1 (Fig. 4f) and F4/80 (Table 4; p’s < 0.05) in the vHip. Caspl was also significantly
increased (p < 0.01, Fig. 4d), and there was a numerical increase of TNFa. (p = 0.07, Table
4). In mice treated with LNFPIII, increases in Fizz1 (Table 4), Caspl (Fig. 4d), and YM-1
(Fig. 4f) were prevented and there were similar trends for preventing the increases of IL-1
and CCL-2 (Fig. 4a and c). IL-18 was increased specifically by LNFPIII in the PB/PM +
LNFPIII group (p < 0.01, Fig. 4e).

In Model 2, PB/DEET/CORT/DFP caused significant and robust upregulation of IL-1f (Fig.
49), CCL-2 (Fig. 4i), YM-1 (Fig. 4l), and IL-6 (Fig. 4h) (p’s < 0.001). Trending increases by
PB/DEET/CORT/DFP were apparent for TNFa (p = 0.07, Table 4) and HMGBL1 (p = 0.09,
Table 4). LNFPIII did not prevent these effects. However, in the presence of LNFPIII, the
increases of F4/80 (p=0.09, Table 4) and YM-1 (p < 0.05, Fig. 41) by PB/DEET/CORT/DFP
were lessened.

Here, we also examined the ratio between anti-inflammatory Argl and inflammatory NOS2
to determine the nitric oxide status (Rath et al., 2014). While there were no significant
changes in either model for Argl or NOS2 hippocampal mRNAs (Table 4), PB/PM treatment
caused a trending reduction in the Argl/NOS2 ratio (p = 0.06, Table 4) that was unaffected
by LNFPIII.

Finally, to determine if neuroinflammation and neurochemical disbalance is associated with
effects on key neurotrophic factors, BDNF and NGF mRNA in the vHIP was measured; at
this time point, neither BDNF, nor NGF were affected by GWI chemicals or LNFPIII in
either model (Table 4).

4. Discussion

It has been well documented that veterans with GWI experienced a myriad of chemical
exposures during the 1990-1991 Gulf War. Thus, it is imperative to take advantage of
models with similar chemical conditions to understand the pathogenesis of GWI and identify
possible therapeutic targets (White et al., 2016). Here, we utilized two chemically different
GWI models (O’Callaghan et al., 2015; Zakirova et al., 2015) to further characterize the
models’ immediate monoamine profiles after GWI chemicals exposure, discern the
neuroinflammatory environments, and examine how a novel immunomodulatory treatment,
LNFPIII, can modulate the aforementioned parameters. To characterize the neurochemical
profiles of the two models utilized in this study, monoamines were examined from various
brain regions and the spleen with the use of HPLC-ECD. Neuroinflammation was also
evaluated in the ventral hippocampus (vHip) with qPCR. Perturbations were evident in both
models for monoamines, both centrally and peripherally, and for brain inflammatory
markers. LNFPIII treatment modulated many of these effects.
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A number of behavioral symptoms experienced by GWI veterans could be explained, at least
in part, by monoamine dyshomeostasis. Several reports have implicated alterations in
cognition and memory, motor function, and mood in the pathology of GWI (Carreras et al.,
2018; Parihar et al., 2013). Here, evidence for alterations in central levels of 5-HT, DA, as
well as changes in inflammatory markers, could explain the some of the symptoms
experienced by GWI veterans, especially if these perturbations are lasting and/or have
lasting consequences.

Increased serotonin utilization was evident in multiple structures including the NAc, STR,
AMY, dHip, and vHip. In both models, GWI chemicals led to increased metabolism of 5-HT
in the NAc and vHip; these areas are highly innervated by serotoninergic projections that
regulate affect, as well as memory (Hensler, 2006). LNFPII1 modulated these serotoninergic
effects in both models. For example, while in the NAc of both models increases in 5-HIAA
were not modulated by LNFPIII, it prevented increases in 5-HT turnover by causing a
compensatory increase in 5-HT, albeit to a lesser extent in Model 2. Similar effects on 5-HT
were observed in the vHip. The less pronounced and subtle effects of LNFPIII in Model 2
could be attributed to the more impactful nature of this model. Thus, a larger dose of the
LNFPIII, as in previous studies using LNFPIII treatment (50 pg), could be entertained in
future studies using Model 2 (Tundup et al., 2015; Zhu et al., 2012). Persistence of these
acute effects by GWI chemicals exposure may lead to mood disturbances such as anxiety
and depression, as well as influence fatigue, which all play part in GWI symptomology
(DDGWIRP, 2018; Korte-Bouws et al., 2018; Pavese et al., 2010). Further, it has been
shown that persistent alterations in 5-HT affect hippocampal neurogenesis; thus, the
increases in hippocampal metabolism of 5-HT in both models observed here may impact
learning, memory, and mood regulation in the long term (Alenina and Klempin, 2015; Sahay
et al., 2011). By compensating for GWI chemicals effects on 5-HT homeostasis, LNFPIII
might aid in mitigating some of these neurological deficits.

Dopamine dyshomeostasis was evident in both models within multiple brains regions (STR,
AMY, vHip, and dHip), albeit to a different extent. These areas, all innervated by DA
projections, regulate cognition, learning and memory, emotional processing, and motor
function (Belujon and Grace, 2017; Kempadoo et al., 2016; Willard et al., 2015). Here, GWI
chemicals caused similar increases in DA utilization (turnover) in the dHip in both models.
Model specific alterations of DA were also apparent in the STR, AMY, and vHip in Model 1
and NAc and vHip in Model 2. LNFPII1 modulations of DA were apparent, but distinct,
among the models. For example, in Model 1, LNFPIII prevented elevations in DA in the
vHip. However, in Model 2, LNFPIII further increased DA. This suggests that the overlap of
DA effects between the two models is brain region specific and that LNFPIII effects are both
model- and brain region-specific. Persistent utilization of DA, especially in regions such as
the hippocampus or striatum, may lead to behavioral dysfunction. GWI veterans have shown
deficits in tasks of memory and cognitive function compared to healthy controls, and many
of these results have been recapitulated in animal studies (Abdullah et al., 2011; Anger et al.,
1999; Hattiangady et al., 2014; Hubbard et al., 2014; Macht et al., 2019; Parihar et al., 2013;
White et al., 2016; Zakirova et al., 2015). Dopamine release promotes learning and memory
in the dorsal hippocampus; increased acute utilization of DA in the present study suggests
decreased tissue reserve that could impact learning and memory where DA would be needed
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in the process (Kempadoo et al., 2016). Further, GWI veterans show deficits in psychomotor
tasks (Anger et al., 1999; Proctor et al., 2006) that could be linked to increased utilization of
DA by GWI chemicals in areas, such as the PFC and STR, in both models. The STRis a
crucial area for regulation of movement and interestingly, stress (a major component of
Model 2) has been implicated in disrupting striatal DA metabolism, resulting in motor
deficits (Haber, 2016; Sudha and Pradhan, 1995).

In the periphery, increases in splenic 5-HT by GWI chemicals in both models were apparent
with the effects in Model 1 prevented by LNFPIII. These serotonergic effects suggest GWI
chemicals caused acute peripheral serotonin imbalance. Increased utilization of 5-HT plays a
role in activating T-cells and modulates immune responses, i.e. cytokine release (Wu et al.
2018). To this end, peripheral increases in IL-6 and TNFa can mediate disturbances in
mood, i.e., anxiety and depression (Wohleb et al., 2014; You et al., 2011). In addition, 5-HT
alterations in the periphery might be reflective of the homeostasis of this neurotransmitter in
the CNS (Herr et al., 2017). Perturbations in splenic norepinephrine were not apparent in
Model 1. However, GWI chemicals in Model 2 elevated the NE metabolite MHPG and this
effect was not prevented by LNFPIII resulting in an elevation in NE turnover. This is most
likely explained by this model’s exposure to corticosterone, as stress has been shown to
deplete NE in the spleen, in part by increasing its metabolism (Blandino et al., 2006;
Kennedy et al., 2005). Further, this increased metabolism of NE in the spleen could lead to
elevations in inflammatory mediators peripherally (Blandino et al., 2006) and could explain
some of the central inflammation in this model.

Multiple GWI studies, including with one of the models utilized in the present study, have
determined that systemic inflammation and wide spread neuroinflammation, particularly
within the hippocampus, is apparent post exposure to GWI chemicals (Broderick et al.,
2013; Broderick et al., 2018; O’Callaghan et al., 2015; Parkitny et al., 2015). Here, we
evaluated expression of various inflammatory genes in the vHip to compare to the previous
research conducted (i.e. O’Callaghan et al. 2015), characterize neuroinflammation in Model
1 de novo, and determine if this coincides with the altered CNS monoamine neurochemistry.

In both models, increased levels of CCL-2, IL-1B, TNFa and YM-1 expression was
apparent with the magnitude of the increase being greater in Model 2. Of note, IL-6 was not
affected in Model 1, but was significantly upregulated in Model 2. The early effects on
CCL-2, IL-1p and IL-6 seen in Model 2 mirror the inflammatory effects observed in a
previous study with this model (O’Callaghan et al., 2015). Concomitant with the less robust
acute neuroinflammation in Model 1, LNFPIII was an effective anti-inflammatory treatment
in this model, but less so in Model 2. Of note, Caspl was upregulated by GWI chemicals in
Model 1, but not when LNFPIII was also present. The upregulation of Caspl, at least in
Model 1, is suggestive of inflammasome activation, which could lead to increases in active
IL-1B, as the mature form of IL-1p is dependent on Caspl cleavage (Deng et al., 2019;
Dinarello et al., 2013). The fact that LNFPIII prevented this effect on Caspl indicates that
part of its protective effects is by preventing inflammasome activation. Interestingly,
expression of IL-18 was increased by LNFPIII in the presence of GWI chemicals in Model
1. A recent study highlighted the synergistic role that IL-18 and IL-10 play in M2
macrophage polarization (Kobori et al., 2018), suggesting that the increases in brain 1L-18
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by LNFPIII might work in concert with Casp-1 inhibition to curb inflammation. F4/80, a
marker of both M1 and M2 microglia (Greter et al., 2015), was upregulated by GWI
chemicals in both models, but LNFPIII only dampened this increase in Model 2. Further,
YM-1, a microglia M2 marker, was increased in both models. These increases in M2
microglia markers suggest an immune system attempt to rebalance the responses to GWI
chemicals at this early time point (Ansari, 2015). Of note, the Arg1:NOS2 ratio was only
marginally affected (decreased) by GWI treatment (Model 1) and LNFPIII did not modulate
this ratio. This indicates that nitric oxide likely plays a secondary or minor role in the GWI
chemicals induced neuroinflammation and its consequences. Overall, brain gPCR data
suggest that (1) both models skew the innate immune system towards inflammation by
targeting mostly inflammatory cytokines and less so nitric oxide balancing molecules and
(2) the anti-inflammatory effects of LNFPIII in this context are cytokine-centered.

LNFPIII produces its anti-inflammatory effects by targeting the CD14/TLR-4 signaling to
activate ERK dependent production of several anti-inflammatory mediators (Atochina et al.,
2008; Srivastava et al., 2014; Tundup et al., 2015). The fact that LNFPIIl modulated
inflammatory effects primarily in Model 1, but not as well in the Model 2 could be attributed
to the potent nature of this model (Locker et al., 2017; O’Callaghan et al., 2015). The acute
increases in inflammatory cytokines might be too strong to allow for LNFPIII to be potent
anti-inflammatory in the short-term in Model 2 and a higher LNFPII1 dose might be needed
to combat the effects of DFP treatment (O’Callaghan et al., 2015). However, the level of
inflammation/neuroinflammation by GWI is more subtle in Model 1 and data from this
model suggests that LNFPIII, at the treatment level used here, might be effective if given in
an acute GWI-exposure related scenario.

5. Summary/Conclusion

Overall, centrally, in both models, serotonergic and dopaminergic dyshomeostasis was
present in multiple brain regions. However, the effects observed varied between models and
were more pronounced in Model 1. Peripherally, splenic 5-HT and NE were altered by GWI
chemicals, primarily in Model 2. Further, GWI chemicals in both models produced some
shared (IL-1B, CCL-2, TNFa and YM-1) and model specific elevations in hippocampal
inflammatory markers. LNFPIII treatment modulated many of these acute effects, especially
on brain neurochemistry and neuroinflammation (Summary Fig. 5). Many of these acute
effects post GWI chemicals treatment, if persistent in the long term, could mediate the
symptoms GWI veterans currently experience. LNFPIII shows protective effects at this early
time point in restoring neurochemical disbalance and neuroinflammation, highlighting its
value as a promising therapeutic that should be further investigated in long-term GWI
studies after initial GWI chemicals exposure.
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Highlights:

. Gulf War Illness (GWI) chemicals effects in two different rodent models were
tested

. GWI chemicals caused broad and model/brain region-specific monoamine
disruption

. Neuroinflammation was present in the ventral hippocampus in both GWI
models

. Splenic serotonin was disrupted in both GWI models, but norepinephrine only
in one

. LNFPIII, a novel immunotherapeutic, reduced or prevented effects of GWI
treatments
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Figure 1. Experimental design and description of the Gulf War Iliness models.
A) GWI Model 1 (Zakirova et al. 2015) followed a 10 day treatment protocol of

pyridostigmine bromide (PB; 0.7 mg/kg, IP) and permethrin (PM; 200 mg/kg, IP) or DMSO
vehicle followed by concurrent administration of LNFPIII (35 g, SC) or dextran vehicle (35
ug, SC). B) GWI Model 2 (O’Callaghan et al. 2015) induced GWI over a 15 day protocol in
which PB (2 mg/kg, SC) and N,N-Diethyl-methylbenzamide (DEET;30 mg/kg, SC) or saline
vehicle followed by concurrent LNFPIII (35 pg) or dextran vehicle (35 pg) were
administered for 14 days. Corticosterone (CORT; 200 mg/L in 1.5% EtOH water) or vehicle
were administered on days 7-14. A single injection of DFP (3.75 mg/kg) or saline vehicle
was given on day 15. In both models, mice were sacrificed 6 h post the last treatment, and
neurochemistry (HPLC-ECD) and qPCR analysis were then conducted on frozen brain and
spleen tissues.
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Figure 2. Serotonergic alterations in the Nucleus Accumbens and Ventral Hippocampus in two
models of Gulf War IlIness.

Data are presented as mean £ SEM; unit: ng/mg protein; n=6 per group/treatment except PB/
DEET/CORT/DFP-Vehicle group, which was n=8. # indicates a significant main effect of
GW]I treatment (PB/PM (Model 1) or PB/DEET/CORT/DFP (Model 2)) after a two-way
ANOVA (p < 0.05). * indicates a significant difference compared to Vehicle-Vehicle group
(p <0.05). ~ indicates trend compared to Vehicle-Vehicle group (p < 0.10). $ indicates
significant difference compared to GWI-Vehicle group (p < 0.05). Abbreviations: 5-HT:
serotonin; 5-HIAA: 5-hydroxyindoleacetic acid; acid; PB: pyridostigmine bromide; PM:
permethrin; DEET: N,N-Diethyl-methylbenzamide; CORT: corticosterone; DFP:
diisopropylfluorophosphate; LNFPIII: lacto-N-fucopentaose I11.
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Nucleus accumbens Ventral hippocampus

Model 1 Model 2 Model 1 Model 2
a') c) # 4+ C")

23

.a)

>
=3
=

100

2

1

DA (ng/mg protein)
»n - o -3
o o o o o
DA (ng/mg protein)
»n - -3 -3
o -3 =3 o o
DA (ng/mg protein)
° - ~ w
.
DA (ng/mg protein)

b) b') . d) d’)

HVA (ng/mg protein)
o ~N — LJ @ 3
HVA (ng/mg protein)
N & @ ® o
HVA (ng/mg protein)
e © o 9o
o ~n - o @
4
HVA (ng/mg protein)
° ° °
° o bS >
: £ 3

0 > >
® N 3® N3 N N N N & >
o O S & 9 Q < 3 & N ® N
& S oF 4 o‘@. x\"q\\ é‘*"\o ‘\*Q\\ e - »’( & & & S
& <}°)( N QY S @ N & ‘>°>' S & o\e)' & &
SO & & &S & & & © & &S
& & < < & & «° KOO Q & &8
S &L S
& & &
o('f & QQ« &
& & & <

Figure 3. Dopaminergic alterations in the Nucleus Accumbens and Ventral Hippocampus in two
models of Gulf War IlIness.

Data are presented as mean £ SEM; unit: ng/mg protein; n=6 per group/treatment except PB/
DEET/CORT/DFP-Vehicle group, which was n=8. # (p < 0.05) indicate a significant main
effect of GWI treatment (PB/PM (Model 1) or PB/DEET/CORT/DFP (Model 2)) or LNFPIII
treatment after a two-way ANOVA. $ indicates significant difference compared to GWI-
vehicle group (p < 0.05). Abbreviations: DA: dopamine; HVA: homovanillic acid; PB:
pyridostigmine bromide; PM: permethrin; DEET: N,N-Diethyl-methylbenzamide; CORT:
corticosterone; DFP: diisopropylfluorophosphate; LNFPIII: lacto-N-fucopentaose I11.
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Figure 4. Inflammatory markers in the ventral hippocampus in two models of Gulf War Iliness.
Data were analyzed by the 22Ct method with 18S as the HKG and are presented as fold

change from vehicle-vehicle control. *, ** *** indicate significant difference from control
(p <0.05, <0.01, and < 0.001, respectively). n=6/group for Model 1 and n=5-7/group for
Model 2. Abbreviations: PB: pyridostigmine bromide; PM: permethrin; DEET: N,N-
Diethyl-methylbenzamide; DFP: diisopropylfluorophosphate; CORT: corticosterone;
LNFPIII: lacto-N-fucopentaose I1I.
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| 1oPOW

dHip

Figure 5. Summary of the major neurochemical (monoamines) and neuroinflammatory (vHip)
effects in the two GWI models and their modulation by LNFPII1.

Effects of Model 1 (PB/PM; light red) and Model 2 (PB/DEET/CORT/DFP; dark red) on 5-
HT, DA, NE and their metabolites in the spleen and brain regions (PFC, NAc, STR, AMY,
dHip, vHip), as well as, inflammatory gene expression in the vHip are indicated. Modulation
of these effects by LNFPIII is represented in blue color. Abbreviations: PFC: prefrontal
cortex; NAc: nucleus accumbens; STR: striatum; AMY: amygdala; dHip: dorsal
hippocampus; vHip: ventral hippocampus; 5-HT: serotonin; 5-HIAA: 5-hydroxyindoleacetic
acid; DA: dopamine; HVA: homovanillic acid; MHPG: 3-methoxy-4-hydroxyphenylglycol;
NE: norepinephrine; PB: pyridostigmine bromide; PM: permethrin; DEET: N,N-Diethyl-
methylbenzamide; DFP: diisopropylfluorophosphate; CORT: corticosterone LNFPIII: lacto-
N-fucopentaose I11.
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Gene expression in the ventral hippocampus of male C57BL6/J mice 6 h post exposure termination in two
models of Gulf War Iliness.

Model 1 Treatment Model 2 Treatment

Vehicle - PB/PM — PB/PM - Vehicle - PB/DEET/ PB/DEET/

LNFPIII Vehicle LNFPIII LNFPIII CORT/DFP - CORT/DFP -

Vehicle LNFPIII

Gene Fold £ SEM Fold = SEM Fold £ SEM Fold = SEM Fold = SEM Fold £ SEM
CD206 0.70 £0.39 091+1.24 1.32 £0.56 1.28 £0.61 0.97 +£0.37 0.75+0.15
COX2 1.94 +0.58 1.60+0.72 1.38 £ 0.40 1.44 +0.37 1.18 +0.49 213+042
F4/80 1.20+0.16 142+016° 1.70+035% 1.00£0.19 147 +0.22 0.98 +0.16
FlZzz1 1.44 +1.05 2.10+0.53 1.01+0.14 1.27 £ 0.40 1.64 +0.49 0.85+0.44
GFAP 0.60 +0.23 1.53+0.85 0.79+0.18 0.91+0.28 1.01+0.37 1.24+0.40
HMGB1 1.15+0.19 1.26 £ 0.15 0.99+0.10 1.53+025 1.44+025 1.16 +0.18
LIF 1.11+0.37 1.14+0.37 0.98 +0.25 1.36 £ 0.12 0.81+0.20 1.66 + 1.56
NLRP3 1.04+0.21 1.13+0.23 0.90 +0.96 1.43+0.31 1.37+£0.49 1.23+0.31
TNF-a 1.25+0.47 1.87+0.38 1.78 £ 0.40 1.56 +0.43 2.30+0.67 1.72 £ 0.54
Argl 0.70+0.14 1.96 +2.32 2.36+2.42 1.77 £ 0.63 1.34+2.16 1.28+.0.80
NOS2 1.02 +0.33 1.07 £0.20 1.20+0.12 1.46 +0.23 1.04+0.28 0.81+0.20
Argl:NOS2 | 1.05+0.02 0.98 +0.03 0.98 +0.03 1.00 +0.02 1.00 +0.03 0.99 +0.03
BDNF 1.07+£0.31 0.94+0.28 0.84 +0.32 1.31+0.36 0.87 £0.59 1.14+0.08
NGF 0.87+0.11 0.81+0.30 0.76 +0.14 1.42 +0.22 1.20+0.28 1.44+0.23

Data were analyzed by the DACt method with 18S as the HKG and are presented as fold change from vehicle-vehicle control. The Arg1:NOS2

ratio was calculated based on the 2Ct values. n = 6/group for Model 1 and n = 5-7/group for Model 2.

*

indicates significant difference from control and are bolded (p < 0.05).

Italicized values indicate trend (p < 0.10) for treatment compared to control within both models. 18S was used as the housekeeping gene.
Abbreviations. PB: pyridostigmine bromide; PM: Permethrin; DEET: N,N-Diethyl-methylbenzamide; DFP: diisopropylfluorophosphate; CORT:
corticosterone; LNFPIII: lacto-N-fucopentaose I11.
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