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A B S T R A C T

Aims: Veterans from the 1990–91 Gulf War were exposed to acetylcholinesterase inhibitors (AChEIs), and,
following service, an estimated one-third began suffering from a medically unexplained, multi-symptom illness
termed Gulf War Illness (GWI). Previous research has developed validated rodent models that include exposure to
exogenous corticosterone (CORT) and AChEIs to simulate high stress and chemical exposures encountered in
theater. This combination of exposures in mice resulted in a marked increase in neuroinflammation, which is a
common symptom of veterans suffering from GWI. To further elucidate the mechanisms associated with these
mouse models of GWI, an investigation into intracellular responses in the cortex were performed to characterize
the early cellular signaling changes associated with this exposure-initiated neuroinflammation.
Main methods: Adult male C57BL/6J mice were exposed to CORT in the drinking water (200 μg/mL) for 7 days
followed by a single intraperitoneal injection of diisopropyl fluorophosphate (DFP; 4.0 mg/kg) or chlorpyrifos
oxon (CPO; 8.0 mg/kg), on day 8 and euthanized 0.5, 2, and 24 h post-injection. Eleven post-translationally
modified protein targets were measured using a multiplexed ELISA.
Key findings: Phosphoprotein responses were found to be exposure specific following AChEI insult, with and
without CORT. Specifically, CORT þ CPO exposure was found to sequentially activate several phosphoproteins
involved in mitogen activated protein kinase signaling (p-MEK1/2, p-ERK1/2, and p-JNK). DFP alone similarly
increased proteins in this pathway (p-RPS6, and p-JNK), but the addition of CORT ameliorated these affects.
Significance: The results of this study provide insight into differentially activated pathways depending on AChEI in
these GWI models.
1. Introduction

Gulf War Illness (GWI) is a chronic, multi-symptom disorder that has
afflicted veterans of the 1990–91 Persian Gulf War (GW) since they left
theater. Approximately 30% of deployed veterans exhibit a variety of
symptoms including cognitive and memory impairments, depression,
and gastrointestinal disorders [1, 2, 3, 4, 5, 6, 7]. The symptoms are
consistent with features of “sickness behavior,” the basis of which is
elaboration of inflammatory mediators in the brain, i.e., neuro-
inflammation [8, 9]. Studies have demonstrated that neuroinflammation
is common among GW veterans, and is not confounded by sex, age, or
W. Boyd).

6 June 2021; Accepted 8 July 20
is an open access article under t
body mass index [10, 11, 12, 13], leading to a consensus that neuro-
inflammation is a hallmark of GWI [7, 8].

The exact etiology of GWI remains unknown, but the Research Advi-
sory Committee on Gulf War Veterans' Illnesses concluded that exposure to
acetylcholinesterase inhibitors (AChEIs) are the most likely cause of the
symptoms of GWI [14, 15]; these AChEI exposures include the chemical
warfare agent sarin [16], or pesticides, such as chlorpyrifos [17]. Veterans
were also exposed to a variety of mental/physical stressors in theater [18].
Therefore, O'Callaghan et al. (2015), established a GWI mouse model using
corticosterone (CORT; the rodent surrogate for cortisol) pre-treatment at
levels that would be associated with high stress in combination with either
21
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diisopropyl fluorophosphate [1] (DFP; sarin surrogate) or chlorpyrifos
oxon [2] (CPO; oxon metabolite of chlorpyrifos); these models resulted in
marked neuroinflammation characterized as increases in a panel of cyto-
kines and chemokines measured by qPCR. In an effort to elucidate the
underlying mechanisms for these observations, Miller et al. (2018),
measured acetylcholine (ACh) concentrations for each model and found
that acetylcholinesterase inhibition is compound specific when pretreated
with CORT: CORT ameliorated ACh increase induced by exposure to DFP,
but inhibition caused by CPO was not ameliorated by CORT priming [19].
However, both models still resulted in inflammation suggesting an
acetylcholinesterase-independent pathway may be the driving force
behind the exacerbated neuroinflammation [19].

Cytokine-initiated inflammation, like that observed with these
models of neuroinflammation [1, 2], directly initiates cellular signaling
changes in impacted tissues, which can be measured through
post-translational modifications (PTMs; e.g., protein phosphorylation) at
early time points post-exposure [20, 21]. Protein phosphorylation is vital
to the coordination of cellular functions and leads to a cascade of cellular
signals; however, abnormal or prolonged phosphorylations can lead to
dysregulation of signaling pathways, which is the basis of a number of
disease states [22, 23, 24, 25, 26]. The family of mitogen-activated
protein kinases (MAPKs) are phosphoproteins that are crucial to the
intracellular responses to cytokines and have been implicated in neuro-
inflammatory diseases [27, 28, 29]. Therefore, this study was conducted
to identify key phosphorylation events that are involved in these
2

pathways to better elucidate the cellular response mechanisms relevant
to these acute exposure models of GWI.

In this study, adultmaleC57BL/6Jmicewereexposed toCORT(200μg/
mL) in the drinking water for seven days, and given a single intraperitoneal
injection of either DFP (4.0 mg/kg) or CPO (8.0 mg/kg) on the eighth day.
Micewere euthanizedat 0.5, 2, and24hpost-exposure, and11PTMprotein
targets were measured in the cortex to understand the temporality of
phosphoprotein responses in these validated mouse models of GWI.

2. Results

A panel of phosphoproteins involved in regulatory stress and inflam-
matory pathways associated with early responses of neuroinflammation
were assayed via multiplex bead-based ELISA. The phosphoprotein re-
sponses were normalized to controls (saline or peanut oil for DFP and CPO,
respectively) in the cortex at 0.5, 2, and 24 h post-exposure.
2.1. Relative phosphorylation responses following DFP exposure

In response to DFP, there were several phosphoproteins that were
significantly different (p < 0.05) compared to other exposures. RPS6
(S235/S236) was significantly phosphorylated (p < 0.05) at 0.5 and 2 h
for DFP relative to CORT þ DFP and saline, respectively (Figure 1). A
significant increase (p < 0.05) for p-JNK (T183/Y185) at 24 h post-
exposure to DFP alone compared to the other exposures was also
Figure 1. Significant phosphoprotein re-
sponses following DFP exposure. Mice were
exposed to control or 200 μg/mL CORT in
drinking water for 7 days. On day 8, mice
were given a single intraperitoneal injection
of DFP (4.0 mg/kg) or saline and euthanized
via focused microwave irradiation at 0.5, 2,
or 24 h post-exposure. Phosphoprotein re-
sponses were measured in the cortex using a
multiplex ELISA for targets of interest, as
described in Materials and Methods. Signifi-
cance was determined using two-way
ANOVA with Bonferroni post-test and a
Benjamini and Hochberg test for multiple
comparisons, where the horizontal bars
represent significance p < 0.05 between ex-
posures within a specific time. Data are rep-
resented as mean � SEM with at least N ¼ 4
for all phosphoproteins in the figure.
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observed (Figure 1). Additionally, DFP resulted in a significant decrease
(p < 0.05) in p-BAD (S136) at 24 h. At 24 h, there was a significant
decrease (p < 0.05) for p-SRC (Y416) phosphorylation for CORT þ DFP
compared to all other exposures (Figure 1). For CORT alone, p-p90RSK
(S380) and p-IκBα (S32/S36) were significantly increased (p < 0.05)
relative to saline and CORT þ DFP at 2 h (Figure 1).

Temporally, p-SRC was significantly increased (p < 0.05) post-DFP
alone at 0.5 h relative to 2 and 24 h (Table 1). There was a significant
decrease (p < 0.05) in phosphoprotein responses for p-RPS6 and p-CREB
(S133) at 24 h post-exposure compared to the early time points (0.5 h and
2 h) after DFP exposure (Table 1). Conversely, p-JNK was significantly
increased (p < 0.05) at 24 h compared to the early time points for DFP
alone. CREB and RPS6 were significantly phosphorylated (p< 0.05) at the
2 h time point for CORT þ DFP compared to 24 h (Table 1). At 2 h, p-
ERK1/2 (T202/Y204, T185/Y187) was also significantly increased (p <

0.05) relative to 0.5 and 24 h post-CORT þ DFP exposure. SRC phos-
phorylation was significantly decreased (p < 0.05) at 24 h, relative to 0.5
and 2 h, following CORT þ DFP exposure. IκBα and p90RSK were also
significantly phosphorylated (p < 0.05) at the 2 h time point for CORT
alone.
2.2. Relative phosphorylation responses following CPO exposure

Unlike DFP alone exposure, CPO alone did not result in any signifi-
cant differences (p < 0.05) from the peanut oil control. Conversely, in
response to CORT þ CPO, most of the phosphoproteins tested were
significantly different (p < 0.05) compared to the controls at the specific
time points in the cortex (Figure 2). At 2 h, CORT þ CPO resulted in
significantly (p < 0.05) increased phosphorylation of CREB, ERK 1/2,
GSK3α/β, IκBα, and MEK 1/2 relative to the controls: peanut oil, CORT,
or CPO alone (Figure 2). Conversely, p-BAD (S136), p-ERK 1/2, and p-
MEK 1/2 were significantly (p < 0.05) decreased at 24 h in response to
CORT þ CPO exposure relative to the controls (Figure 2). JNK was
significantly (p < 0.05) phosphorylated at 24 h post-CORT þ CPO
Table 1. Relative phosphoprotein responses following DFP exposure.

Phosphoprotein Exposure Time (h)

0.5 h

p-RPS6 (S235/S236) CORT 0.52 � 0.0

DFP 2.84 � 0.6

CORT þ DFP 0.99 � 0.3

p-SRC (Y416) CORT 0.98 � 0.0

DFP 1.24 � 0.0

CORT þ DFP 0.91 � 0.0

p-CREB (S133) CORT 1.76 � 0.6

DFP 1.41 � 0.6

CORT þ DFP 1.18 � 0.3

p-ERK1/2 (T202/Y204, T185/Y187) CORT 1.35 � 0.2

DFP 0.89 � 0.2

CORT þ DFP 0.66 � 0.1

p-IκBα (S32/S36) CORT 1.34 � 0.1

DFP 0.98 � 0.1

CORT þ DFP 01.08 � 0.

p-JNK (T183/Y185) CORT 1.11 � 0.1

DFP 0.80 � 0.1

CORT þ DFP 0.81 � 0.1

p-p90RSK (S380) CORT 1.18 � 0.2

DFP 1.06 � 0.2

CORT þ DFP 0.72 � 0.1

Data are represented as mean � SEM with at least N ¼ 4 for all phosphoproteins. Two
used for determining significance, where * indicates a significant difference (p< 0.05)
h vs. 24 h, and % indicates a significant difference (p < 0.05) between 2 h vs. 24 h f
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exposure (Figure 2). For CORT alone, p-ERK1/2 was also significantly
increased (p < 0.05) at 2 h relative to peanut oil (Figure 2).

Temporally, several of these same phosphoproteins were significantly
(p < 0.05) increased in response to CORTþ CPO or CORT alone at 2 h or
24 h post-exposure (Table 2). CORT þ CPO resulted in a significant (p <

0.05) increase at 2 h relative to 24 h for p-GSK3α/β. Additionally, p-
CREB, p-ERK1/2, and p-MEK1/2 were significantly (p < 0.05) increased
for CORT þ CPO exposure at 2 h relative to 0.5 and 24 h. At 24 h, p-BAD
and p-IκBαwere significantly (p< 0.05) decreased compared to the early
time points following CORT þ CPO exposure, whereas p-JNK was
significantly (p< 0.05) increased. CORT alone resulted in a significant (p
< 0.05) increase at 2 h for p-ERK1/2.
2.3. 3-Way interactions revealed distinct phosphorylation responses

To explore the potential interactions between CORT and AChEIs and
how time may affect these interactions, a 3-way interaction was per-
formed on all of the phosphoprotein targets. A 3-way interaction allows
us to further determine if the significant effects associated with each
target are driven by the different exposures (AChEI or CORT), time, or
both. The factors tested were time (0.5, 2, 24 h), and exposure (CORT
effect or AChEI effect), and a level of p < 0.007 was used to determine
significance after a Bonferroni correction. The 3-way interaction revealed
p-RPS6, p-CREB, p-ERK1/2, p-IκBα, and p-JNK all were significant for
time alone, demonstrating the importance of monitoring the phospho-
protein responses over time (Table 3).

Of the 11 phosphoproteins tested, 6 of the targets (p-BAD, p-RPS6,
p-SRC, p-SYK, p-ERK1/2, and p-GSK3α/β) displayed a significant (p <

0.007) interaction between CORT, AChEI, or the cross (CORT x AChEI)
(Table 3). A significant interaction for CORT represents a difference
between the primed with CORT AChEI exposures (CORT þ DFP, CORT
þ CPO) versus those without CORT (DFP, CPO). A significant AChEI
interaction differentiates between the AChEI exposures regardless of
CORT (CORT þ DFP and DFP versus CORT þ CPO and CPO). Our
Significant

2 h 24 h

7 0.85 � 0.29 0.57 � 0.34

0 2.96 � 1.01 0.31 � 0.15 #,%

8 1.90 � 0.63 0.04 � 0.01 %

9 0.63 � 0.14 0.87 � 0.08

7 0.73 � 0.19 0.81 � 0.13 *,#

6 0.78 � 0.20 0.34 � 0.05 #,%

4 2.25 � 0.44 0.83 � 0.16

2 2.20 � 1.03 0.16 � 0.08 %

9 2.67 � 0.47 0.85 � 0.21 %

7 2.17 � 0.73 1.06 � 0.20

4 1.71 � 0.66 0.94 � 0.32

7 2.63 � 0.87 1.27 � 0.23 *,%

9 1.75 � 0.54 0.97 � 0.10 %

2 0.94 � 0.20 0.53 � 0.17

13 1.03 � 0.21 0.71 � 0.08

7 1.30 � 0.28 1.11 � 0.11

1 1.78 � 0.32 3.08 � 1.09 *,#,%

5 1.72 � 0.33 0.82 � 0.09

2 2.16 � 0.75 0.97 � 0.08 *,%

4 1.19 � 0.30 0.46 � 0.14

3 1.25 � 0.18 0.78 � 0.08

-way ANOVA with Bonferroni post-test and the Benjamini and Hochberg test was
between 0.5 h vs. 2 h, # indicates a significant difference (p< 0.05) between 0.5
or a particular exposure.



Figure 2. Significant phosphoprotein responses
following CPO exposure. Mice were exposed to
control or 200 μg/mL of CORT in the drinking
water for 7 days. On day 8, mice were given a
single intraperitoneal injection of CPO (8.0 mg/
kg) or peanut oil and sacrificed via focused mi-
crowave irradiation at 0.5, 2, or 24 h post-
exposure. Phosphoprotein responses were
measured using a multiplex ELISA for targets of
interest as described in Materials and Methods.
Significance was determined using two-way
ANOVA with Bonferroni post-test and a
Benjamini and Hochberg test, where the hori-
zontal bars represent significance (p < 0.05) be-
tween exposures within a specific time. Data are
represented as mean � SEM.
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results indicate p-BAD and p-GSK3α/β were significant for the CORT
effect demonstrating a significant difference (p < 0.007) between the
CORT primed exposures (i.e., CORT þ DFP and CORT þ CPO) from the
AChEIs alone (DFP and CPO) (Table 3). The significant CORT inter-
action provides further evidence of how the mixtures of CORT þ
AChEIs impact the phosphorylation of specific proteins, and therefore
distinguishes from the pathways that are affected by AChEIs alone.
Conversely, p-SRC, p-ERK1/2, and p-GSK3α/β were significant (p <

0.007) for the AChEI interaction, which indicates these specific
4

phosphoproteins are important to differentiate between the inhibitor
exposures regardless of the addition of CORT. A significant cross (p <

0.007) between CORT and AChEI was observed for p-BAD, p-RPS6, p-
SRC, and p-SYK (Table 3), indicating there was a significant difference
between each of the exposures and both interactions attribute to the
differences between the four exposures (DFP, CORT þ DFP, CPO,
CORT þ CPO). Thus, these phosphoproteins may be good indicators to
differentiate between all the exposures. Additionally, p-JNK and p-SRC
demonstrated a significant cross (p < 0.007) between all factors (Time



Table 2. Temporal phosphoprotein responses following CPO exposure.

Phosphoprotein Exposure Time Significant

0.5 h 2 h 24 h

p-BAD (S136) CORT 1.00 � 0.003 1.00 � 0.01 0.99 � 0.004

CPO 1.00 � 0.004 0.96 � 0.02 0.99 � 0.01

CORT þ CPO 1.00 � 0.003 0.99 � 0.01 0.95 � 0.03 #,%

p-CREB (S133) CORT 0.86 � 0.26 1.29 � 0.29 0.86 � 0.19

CPO 0.82 � 0.16 0.45 � 0.12 0.92 � 0.18

CORT þ CPO 0.86 � 0.11 1.81 � 0.68 0.49 � 0.13 *,%

p-ERK1/2 (T202/Y204, T185/Y187) CORT 1.02 � 0.18 1.58 � 0.25 0.80 � 0.15 *,%

CPO 0.87 � 0.14 0.52 � 0.08 0.63 � 0.09

CORT þ CPO 0.73 � 0.10 1.30 � 0.22 0.37 � 0.05 *,%

p-GSK3α/β (S21/S9) CORT 1.36 � 0.28 1.39 � 0.33 0.92 � 0.13

CPO 1.07 � 0.29 1.02 � 0.21 0.86 � 0.09

CORT þ CPO 1.63 � 0.44 2.19 � 0.37 0.88 � 0.14 %

p-IκBα (S32/S36) CORT 1.05 � 0.07 1.35 � 0.14 0.88 � 0.10

CPO 0.97 � 0.13 0.63 � 0.15 0.80 � 0.08

CORT þ CPO 1.12 � 0.20 1.45 � 0.18 0.62 � 0.11 #,%

p-JNK (T183/Y185) CORT 1.07 � 0.10 1.35 � 0.13 0.89 � 0.11

CPO 1.16 � 0.11 2.90 � 1.01 1.19 � 0.16

CORT þ CPO 1.14 � 0.11 1.95 � 0.34 4.69 � 2.24 #,%

p-MEK1/2 (S217/S221) CORT 0.85 � 0.11 0.98 � 0.11 1.05 � 0.15

CPO 0.88 � 0.05 0.68 � 0.12 0.88 � 0.10

CORT þ CPO 0.62 � 0.05 1.24 � 0.27 0.46 � 0.09 *,%

Data are represented as mean � SEM. Two-way ANOVA with Bonferroni post-test and a Benjamini and Hochberg test was used for determining significance, where *
indicates a significant difference (p < 0.05) between 0.5 h vs. 2 h, # indicates a significant difference (p < 0.05) between 0.5 h vs. 24 h, and % indicates a significant
difference (p < 0.05) between 2 h vs. 24 h for a particular exposure.
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x CORT x AChEI) (Table 3; Figure 3), displaying that both p-SRC and
p-JNK can also differentiate between all the exposures, but in a time
dependent manner.

The 3-way interaction analysis provides important insight into how
the presence of CORT or AChEI affects the phosphoprotein responses
Table 3. 3-way interaction revealed distinct phosphoprotein responses.

Phosphoprotein

p-BAD (S136)

p-RPS6 (S235/S236)

p-SRC (Y416)

p-SYK (Y352)

p-CREB (S133)

p-ERK1/2 (T202/Y204, T185/Y187)

p-GSK3α/β (S21/S9)

p-IκBα (S32/S36)

p-JNK (T183/Y185)

A 3-way interaction was conducted using SAS JMP to determine significant interactio
(CORT effect or AChEI effect). A significance level of p< 0.007 was used to determine s
each phosphoprotein. A “x” is used to display a cross between two factors.

5

tested. The specific subset of proteins that displayed a significant cross
between exposures (p-BAD, p-RPS6, p-SRC, p-SYK, and p-JNK) give us a
better understanding of the pathway divergence associated with each
exposure and may offer insight into an acetylcholinesterase-independent
neuroimmune mechanism of GWI.
Interaction p-value

CORT x AChEI 0.00007

CORT 0.00010

Time 0.00545

Time 0.00066

CORT x AChEI 0.00498

Time x AChEI 0.00001

CORT x AChEI 0.00021

AChEI 0.00379

Time x CORT x AChEI 0.00642

CORT x AChEI 0.00247

Time 0.00058

Time 0.00000

AChEI 0.00000

Time x AChEI 0.00001

Time x CORT 0.00017

AChEI 0.00004

CORT 0.00117

Time 0.00006

Time x CORT x AChEI 0.00109

Time 0.00440

ns for all 11 phosphoproteins. The factors were time (0.5, 2, 24 h) and exposure
tatistical significance. Only interactions with statistical significance are shown for



Figure 3. Cube plots for p-SRC (Y416) and p-JNK
(T183/Y185). A 3-way interaction was conducted
using SAS JMP to determine the main effects and
interactions for each phosphoprotein. The factors
were time (0.5, 2, 24 h) and exposure (CORT ef-
fect or AChEI effect). Cube plots were used to
understand the nature of the relationships be-
tween the three-factor interactions. The vertices
display the fitted mean of the logarithm trans-
formed data �standard error. Only interactions
with a statistically significant 3-way cross are
shown (p < 0.007), where arrows with * repre-
sent the significant differences between the
interactions.
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2.4. Ingenuity Pathway Analysis (IPA) generated networks

IPA was performed to further explore the pathways and biological
processes associated with the tested phosphoprotein responses, while
identifying additional nodes of interest for future studies. The normalized
phosphorylation responses measured in this study were used to generate
a network with a total of 35 nodes, 11 of which are from the dataset, but
the remaining 24 are based on connectivity with the dataset and known
pathways from literature (Tables 4, 5, and 6) [41]. At 0.5 h, over half of
the nodes generated were the same regardless of exposure (Table 4).
However, at 2 and 24 h there were only six and four nodes, respectively,
that were similar between exposures demonstrating divergence of these
networks at later time points (Tables 5 and 6). Specifically, at 2 h
post-exposure to DFP alone, 14 of the generated nodes were not found in
the other networks (Table 5). At 24 h, the CORT þ DFP network
Table 4. IPA proposed signaling nodes likely to be involved in the network at 0.5 h.

DFP CPO

TNF TNF

PDPK1 PDPK1

IFN-g IFN-g

PTEN PTEN

ALDH1L1 ALDH1L1

FGR FGR

BTG1 BTG1

CRK CRK

HAVCR2 HAVCR2

RPS6KA3 RPS6KA3

RASGRF2 RASGRF2

ATE1 ATE1

GPR19 GPR19

TRAFD1 TRAFD1

PPP2R1A PPP2R1A

ARID5A NCF4

CLEC6A ARID5A

HCK CARD6

NKX3-1 HCK

CNR2 MAP3K2

RASGRF1 SH2D2A

LAT2 TOLLIP

NCF4 CLEC6A

PIK3R2 LAT2

IPA networks were generated from the experimental dataset and the top molecules in t
be different in at least one exposure, while the normal text represent the nodes that w
Fisher's exact test)) for all networks was 28.

6

generated 20 unique nodes to that exposure (Table 6). Amongst all of the
generated networks, two cytokines, tumor necrosis factor (TNF) and
interferon gamma (IFN-g), a kinase, PDPK1, and a phosphatase, PTEN,
were observed across all of the time points and exposures (Tables 4, 5,
and 6). Therefore, these time-independent common nodes are highly
connected to the dataset, and may be shared links to the observed neu-
roinflammation with both of these AChEIs [2, 19, 42].

3. Discussion

A complete understanding of the exposures that led to GWI, as well
as viable treatments, have yet to be determined 30 years after the 1990-
91 GW. Previous research suggests that exposure to AChEIs, such as
sarin or pesticides (e.g., chlorpyrifos), are one of the probable causes of
GWI [8, 17, 43]. With this in mind, several rodent models have
CORT þ DFP CORT þ CPO

TNF TNF

PDPK1 PDPK1

IFN-g IFN-g

PTEN PTEN

ALDH1L1 ALDH1L1

FGR FGR

BTG1 BTG1

CRK CRK

HAVCR2 HAVCR2

RPS6KA3 RPS6KA3

RASGRF2 RASGRF2

ATE1 ATE1

GPR19 GPR19

TRAFD1 TRAFD1

PPP2R1A PPP2R1A

CARD6 CARD6

SH2D2A LRBA

TOLLIP NCF4

PLCB3 PIK3R2

MAP3K2 CDH16

NKX3-1 CLEC6A

UBE2N NKX3-1

HCK CNR2

OTUD7B IQGAP1

hese pathways were reported. The bolded text represent nodes that were found to
ere similar across all exposures. The network p-score (negative log10 (p-value of



Table 5. IPA proposed signaling nodes likely to be involved in the network at 2 h.

DFP CPO CORT þ DFP CORT þ CPO

TNF TNF TNF TNF

PDPK1 PDPK1 PDPK1 PDPK1

IFN-g IFN-g IFN-g IFN-g

PTEN PTEN PTEN PTEN

ALDH1L1 ALDH1L1 ALDH1L1 ALDH1L1

FGR FGR FGR FGR

CD79B CLEC6A ADCY5 AKT3

FCER1G GPR19 BTG1 BTG1

LAT2 IKBIP HCK CRK

PLG MAP3K4 RASGRF2 OTUD78

ARID5A NQO2 RPS6KA4 RPS6KA3

CEACAM1 RASGRF2 GPR19 TOLLIP

FCGR2A SH2D2A PLCB3 CARD6

LTB4R TOLLIP SH2D2A NCF4

NCF4 ATE1 TNFRSF18 RASGRF2

SELL LAT2 ATE1 TRAFD1

TREM2 TRAFD1 CRK ATE1

CLEC6A CRK PPP2R1A CLEC6A

FCGR2B HCK TRAFD1 GPR19

HCK PLCB3 EGR4 MAP3K2

RASGRF1 UBE2N HAVCR2 PLCB3

TYROBP CARD6 MAP3K2 UBE2N

CD74 MAP3K2 NFKBID NKX3-1

FGL2 RPS6KA3 RPS6KA3 PPP2R1A

IPA networks were generated from the experimental dataset and the top molecules in these pathways were reported. The bolded text represent nodes that were found to
be different in at least one exposure, while the normal text represent the nodes that were similar across all exposures. The network p-score (negative log10 (p-value of
Fisher's exact test)) for all networks was 28.
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investigated the role of AChEI exposure, specifically DFP or CPO, in
GWI, and related this to significant neurological effects [44, 45, 46, 47,
48, 49]. To build upon the likely exposure to high stress, and better
replicate in-theater conditions, rodent models have included exogenous
CORT priming in combination with these AChEIs [1, 2, 19]. Studies
utilizing these rodent models of GWI have demonstrated exacerbated
neuroinflammation in CORT pretreated animals compared to the con-
trols, which has been related to the sickness behavior observed in
veterans from the GW [1, 2]. Conversely, Miller et al. (2018), displayed
differences in acetylcholinesterase inhibition depending on the AChEI
(CORT ameliorated ACh increase caused by DFP, but ACh inhibition
caused by CPOwas not impacted by CORT) [19]. These results suggest a
potential acetylcholinesterase-independent route of GWI-related neu-
roinflammation. To better understand the neurological responses
associated with these mouse models of GWI, this study investigated
early intracellular signaling responses via phosphoprotein analysis in
the cortex.

Exposure to chemical or physical insults perturb the highly dynamic
and integrated signaling pathways that lead to either adaptive stress
response or cell death [20, 21, 50]. These responses are primarily coor-
dinated by cellular signal transduction networks following the phos-
phorylation/dephosphorylation cycle mediated by protein kinases and
phosphatases [50, 51, 52]. The organ-level response to various chemical
and biological exposures, specifically, early cellular processes that
involve post-translational phosphorylation events, can regulate adaptive
stress and inflammatory pathways that are dependent on both space and
time to initiate the appropriate cell signaling cascades [21].

The MAPK signaling pathway is commonly stimulated by a plethora
of stress conditions and inflammatory cytokines, resulting in a cascade of
phosphorylation and other signaling events that initiate changes for the
appropriate biological response (cellular adaptation for survival or
death) [53, 54]. Many members of the MAPK family of proteins are
implicated in a number of neuroinflammatory diseases [55, 56], and
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previous research has shown that the MAPK signaling pathway is acti-
vated by AChEIs [56, 57], which drives the neuroinflammatory effects of
AChEI exposure. Two of the main families of MAPKs were measured in
this study: extracellular signal-regulated kinases (ERKs) and c-Jun
N-terminal kinases (JNKs).

Our results indicated, CORT þ CPO led to significant increases (p <

0.05) in phosphorylation of proteins in the MEK/ERK cascade at the early
time points (0.5 and 2 h). Specifically, p-MEK1/2, p-ERK1/2, and p-CREB
are all significantly increased at 2 h for CORT þ CPO relative to the other
exposures (Figure 2). This phosphorylation-driven cascade connects sig-
nals from cell-surface cytokine receptors (e.g., interleukin-3, granulocyte/
macrophage colony stimulating factor) to initiate downstream pathways
involved in gene expression [58, 59]. These cytokines trigger the phos-
phorylation of MEK1/2 and ERK1/2, which ultimately mediates the
phosphorylation of RPS6 and CREB [60, 61]. Phosphorylation of RPS6 and
CREB has been shown to increase in various brain regions following sei-
zures, but serves a protective role against apoptosis [62, 63, 64].

At 24 h post-exposure to CORT þ CPO, a shift in MAPK signaling
occurs. Phosphorylated JNK appears to be activated in response to CORT
þ CPO at the later time point, while p-MEK1/2 and p-ERK1/2 phos-
phorylation decreases (Figure 2). Moreover, 3-way interaction analysis
showed a significant (p < 0.007) response for time alone for several
proteins involved in MAPK signaling (p-RPS6, p-CREB, p-ERK1/2, and p-
JNK; Table 3), further indicating the temporal differences in this
pathway. JNKs are typically activated by environmental stressors and
inflammatory cytokines (e.g., TNF, IFN-g, interleukin-1), and are well-
established to have a central role in activating apoptosis [65, 66, 67,
68]. Locker et al. (2017), previously reported significant increases in TNF
and interleukin-1 cytokine signaling after CORT þ AChEI exposures in
these GWI mouse models in the cortex [2]. In this study, IPA analysis also
indicated TNF and IFN-g are common nodes between all the exposure
networks, independent of time (Tables 4, 5, and 6). All of the temporal
responses taken together indicate that early inflammation associated



Table 6. IPA proposed signaling nodes likely to be involved in the network at 24 h.

DFP CPO CORT þ DFP CORT þ CPO

TNF TNF TNF TNF

PDPK1 PDPK1 PDPK1 PDPK1

IFN-g IFN-g IFN-g IFN-g

PTEN PTEN PTEN PTEN

ARID5A ALDH1L1 KITLG ALDH1L1

CEACAM1 BTG1 PIK3CB CLEC6A

FCGR2A CRK ROCK1 GPR19

LTB4R RASGRF1 TSC1 LAT2

NCF4 RPS6KA3 BRAF NQO2

CLEC6A ARID5A Foxp1 RASGRF2

FCGR2B CD79B IL7 SH2D2A

HCK FCER1G LRBA ATE1

RASGRF1 HCK PIK3CD TRAFD1

RPS6KA3 RASGRF2 TSC2 CRK

CD74 SH2D2A CDH16 HCK

FGR TOLLIP IQGAP1 MAP3K2

RASGRF2 ATE1 NKX3-1 NCF4

SELL CLEC6A PIK3R2 PLCB3

TYROBP FGR VHL UBE2N

CD79B PPP2R1A HAVCR2 CARD6

FCER1G TRAFD1 ITCH FGR

GPR19 GPR19 S1PR1 MAP3K4

LAT2 LAT2 CNR2 RPS6KA3

PLG NCF4 TNFSF10 TIRAP

IPA networks were generated from the experimental dataset and the top molecules in these pathways were reported. The bolded text represent nodes that were found to
be different in at least one exposure, while the normal text represent the nodes that were similar across all exposures. The network p-score (negative log10 (p-value of
Fisher's exact test)) for all networks was 28.
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with CORT þ CPO involves MAPK proteins that transition from
MEK/ERK (pro-survival) to JNK (proapoptotic) in less than 24 h
post-exposure. Therefore, p-JNK may serve as a crucial node that links
CORT þ CPO to prior neuroinflammatory results.

Similar to CORTþ CPO, p-JNK is also significantly phosphorylated (p
< 0.05) at 24 h following DFP alone exposure (Figure 1), but the com-
bination of CORT þ DFP ameliorated this significant phosphoprotein
response. Therefore, to expand on the differences in phosphoprotein
responses to these AChEIs, with and without CORT, we observed sig-
nificant crosses (p < 0.007) from the 3-way interaction. p-BAD, p-RPS6,
p-SRC, p-SYK, and p-JNK (Table 3) all displayed a significant cross be-
tween CORT and AChEI, indicating that this subset phosphoproteins also
play an important role in differentiating between all four exposures (DFP,
CPO, CORT þ DFP, CORT þ CPO). Further, IPA analysis displayed the
divergence between all exposure groups, especially at the later time
points (2 and 24 h post-exposure; Tables 5 and 6). This was of particular
interest because of the commonly observed neuroinflammation, espe-
cially for the CORT-primed exposures (CORT þ DFP, CORT þ CPO), but
each exposure leads to disparate cell signaling. These distinctions in
phosphoprotein responses, depending on AChEI, may be related to the
differences Miller et al. (2018) observed in ACh concentrations [19].

The phosphoproteins p-BAD, p-SRC, and p-SYK have crucial re-
lationships that link to the MAPK signaling pathways explored in this
study. Growth factors typically induce the phosphorylation of BAD,
inactivating its proapoptotic activity [69]. However, p-JNK has been
shown to phosphorylate 14-3-3, the sequestering partner of BAD,
resulting in an increase in dephosphorylated BAD [70]. Dephosphory-
lated BAD targets the mitochondria and promotes apoptosis [71]. In the
present study, p-BAD is significantly decreased following DFP and CORT
þ CPO exposures at 24 h (Figures 1 and 2). Meanwhile, the SRC family
kinases are highly expressed in the central nervous system and control
many cellular events such as cell growth, proliferation, and migration
[72]. In this study, the combination of CORT þ DFP caused a decrease in
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p-SRC (Figure 1) that was not observed for DFP alone or the CPO expo-
sures (CPO alone and CORT þ CPO). It has been suggested that the
decrease in SRC phosphorylation leads to an increase in the degradation
and overall loss of N-methyl-D-aspartate receptors following traumatic
brain injuries [73, 74]. The loss of N-methyl-D-aspartate receptors has
been linked to a number of major nervous system disorders including
neurodegenerative diseases, ischemia, pain, and depression [75], which
relate to some of the symptoms of GWI. Additionally, SYK, which is
involved in multiple biological processes, including adaptive immune
response and innate immunity [76, 77], operates together with the SRC
family in signaling pathways involved in innate cell response, with SRC
being activated first, followed by phosphorylation of SYK [78]. SYK has
also been shown to phosphorylate several downstream pathways
including the MAPK pathways studied here [79, 80]. Taken together,
p-SRC and p-SYK provide interesting biomarkers that link neuroimmune
responses to previous findings in these models [1, 2, 19], but their
different phosphorylation responses to each AChEI could be used to
differentiate between each exposure.

4. Conclusion

Mouse models of GWI were used to explore early cellular signaling
changes in the cortex post-exposure to two AChEIs, with and without
CORT. These exposures have been shown to cause neuroinflammation [1,
2], but acetylcholinesterase inhibition was AChEI-specific [19]. Here we
report a subset of phosphoproteins that are also activated in an
AChEI-dependent manner. CORT þ CPO appears to be initiating a cell
death response via MAPK signaling, indicated by increases in p-JNK, and
decreases in p-ERK1/2 and p-MEK1/2. Similarly, DFP activates p-JNK,
but CORT priming ameliorates this response; further, our findings indi-
cate that neuroimmune responses to CORT þ DFP exposure may be
mediated via SRC, which activates a currently unknown independent
pathway that may lead to survival, but potentially results in GWI
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symptomology. Overall, each exposure (DFP, CPO, CORTþDFP, CORTþ
CPO) initiates distinct cell signaling cascades. This study found an array
of inflammation-activated pathways that may provide insight into the
diverse symptomology observed with GWI. Further investigation of the
long-term effects of these signal transduction pathways should be con-
ducted to understand the interrelationship of neuroinflammation,
acetylcholinesterase inhibition, and phosphoprotein pathways in the
disease progression of GWI.

5. Limitations and future directions

As timing is key in many studies, one limitation of these studies was
only observing three time points. As indicated by IPA, the nodes in the
networks begin to diverge between 0.5 and 2 h. Therefore, future studies
must expand on this time course to further understand the progression of
the phosphoprotein signaling. Additionally, the present study observed
eleven phosphoprotein targets involved in regulatory stress and inflam-
matory pathways associated with early responses of neuroinflammation;
however, based on the present work, an expansion into other down-
stream targets of SRC and SYK would provide additional information into
the differences in these animal models of GWI. Future work will also be
completed to provide a global quantitative phosphoproteomics to verify
the identified phosphoproteins as well as capture related phosphopro-
teins not measured in this study at key time points.

6. Materials and Methods

6.1. Materials

The following drugs and chemicals were obtained from the sources
indicated: CORT (Steraloids Inc., Newport, RI, USA), CPO (Chem Ser-
vice, Inc., West Chester, PA, USA), DFP (Sigma-Aldrich Co. St. Louis,
MO, USA), ethanol (Sigma-Aldrich), phenylmethylsulfonyl fluoride
(Sigma-Aldrich), and cell lysis buffer (Bio-Rad, Hercules, CA, USA). A
Pierce BCA assay was obtained from Fisher Scientific (Pittsburgh, PA,
USA) and includes albumin standards and working reagent. A custom
Bio-Plex Pro multiplexed magnetic bead-based immunoassay kit was
purchased from Bio-Rad. The custom kit included capture antibodies,
biotinylated secondary antibody, standard diluents, streptavidin-
phycoerythrin, resuspension buffer, wash buffer, cell lysis buffer, and
positive and negative controls.

6.2. Animals

Adult male C57BL/6J mice (approximately 8–12 weeks of age) were
purchased from Jackson Laboratory (Bar Harbor, ME, USA). All proced-
ures were performed under protocols approved by the Institutional An-
imal Care and Use Committee of the Centers for Disease Control and
Prevention, National Institute for Occupational Safety and Health, and
the animal facility was certified by the American Association for
Accreditation of Laboratory Animal Care. Upon arrival, the mice were
individually housed in a temperature- (21 � 1 �C) and humidity-
controlled (50 � 10%) colony room that was maintained under filtered
positive-pressure ventilation on a 12 h light (06:00 h)/12 h dark cycle.
The plastic cages were 46 � 25 � 15 cm; cage bedding consisted of heat-
treated pine shavings at a depth of 4 cm. Mice were given ad libitum
access to food and water.

6.3. Dosing

Mice (at least five/group; animals were arbitrarily assigned to groups
by the experimenter) were exposed to CORT and AChEIs as previously
described [1, 2, 19]. Briefly, mice received CORT in the drinking water
(200 μg/mL in 1.2% ethanol) for seven days prior to exposure. Control
groups received 1.2% ethanol water. On day eight, mice were given a
single intraperitoneal injection of saline (0.9%), peanut oil (CPO
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vehicle), DFP (4.0 mg/kg), or CPO (8.0 mg/kg) in the morning and
returned to their home cage. As with the previously established model,
CPO (the oxon metabolite of chlorpyrifos) was used in place of chlor-
pyrifos to avoid variability related to inter-animal differences in the
bioactivation of chlorpyrifos [30, 31, 32].

Preliminary power analyses revealed that an N¼ 4 was determined to
be sufficient for this study to determine phosphoprotein significant dif-
ferences between exposure groups. In the DFP-exposure cohort: all of the
saline (N ¼ 5), CORT alone (N ¼ 5), and CORT þ DFP (N ¼ 7) exposed
mice survived at the 24 h time point, but only 5 of 14 mice from the DFP
exposure alone group survived (36% survival rate). The increased mor-
tality associated with DFP has been noted by several other researchers
who have previously used this DFP exposure model [1, 33, 34, 35].
Conversely, for the CPO exposure cohort: all of the peanut oil (N ¼ 5),
CORT (N ¼ 5), and CPO (N ¼ 7) exposed mice survived all the time
points, but only 5 of 7 mice from the CORT þ CPO exposure survived at
the 2 h and 24 h time points (71% survival rate).

6.4. Brain dissection

Mice were euthanized at three time points (0.5, 2, and 24 h post-
exposure) by focused microwave irradiation. By using focused micro-
wave irradiation for euthanasia, changes to the steady-state levels of
protein phosphorylation in response to exposures can be preserved in the
brain to provide a snapshot of the early cell signaling alterations that
result in long-term impacts using a high-throughput approach [36].
Whole brains were removed from the skull and dissected free-hand with
fine curved forceps on a thermoelectric cold plate (Model TCP-2; Aldrich
Chemical Co., Milwaukee, WI, USA) to obtain the cortex. Samples were
immediately snap frozen and stored at -80 �C until analysis. Mice that did
not survive to the end points were excluded from analysis.

6.5. Protein quantification in brain regions

Protein extraction was performed using methods adapted from Hulse
et al. (2004) [37]. One side of the brain region (e.g., left cortex) was
transferred to a 2mL tube, and 500 μL of cell lysis buffer containing 2 mM
phenylmethylsulfonyl fluoride. Samples were homogenized using a sonic
dismembrator (model 120; Fisher Scientific) on ice with 3 rapid pulses
for 3 s at 35% amplitude until tissue was sufficiently ground (about 5
times). The samples were centrifuged at 4500 x g for 10 min at 4 �C, and
the supernatant was collected and stored at -80 �C until analysis. Total
protein concentration was determined using the Pierce BCA assay, in
duplicate, according to the manufacturer's instructions. Briefly, albumin
standards were generated ranging in concentration from 0-2000 μg/mL
in sample diluent. Each standard or unknown was pipetted into a
microplate well, and 200 μL of the working reagent was added. The plate
was incubated at 37 �C for 0.5 h. Absorbance values were determined at
562 nm using an Infinite M1000 plate reader (Tecan, Raleigh, NC, USA).

6.6. Phosphoprotein analysis in discrete brain regions

For phosphoprotein analysis, sample homogenates were diluted to a
total protein concentration of 700 μg/mL with sample diluent and
centrifuged at 15000 x g for 10 min at 4 �C. Samples were assayed using
the Bio-Plex Pro multiplexed magnetic bead-based immunoassay reagent
kit for the following targets phosphorylated at the indicated amino acid
residues: p-BAD (S136), p-S6 Ribosomal P (S235/S236; p-RPS6), p-SRC
(Y416), p-SYK (Y352), p-CREB (S133), p-ERK1/2 (T202/Y204, T185/
Y187), p-GSK3α/β (S21/S9), p-IκBα (S32/S36), p-JNK (T183/Y185), p-
MEK1/2 (S217/S221), and p-p90RSK (S380). Samples were analyzed
using a Bio-Plex 200 suspension array system and Pro II Wash Station
(Bio-Rad), according to the manufacturer's instructions. Briefly, the Bio-
Plex magnetic bead-based assays follow a typical sandwich ELISA pro-
tocol. Capture antibodies are covalently coupled to the beads and react
overnight with analytes in the sample. After several washes, a
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biotinylated detection antibody is added and incubated for 0.5 h. After
another series of washes, the detection complex (streptavidin-phycoer-
ythrin) is added and incubated for 10 min. After a final series of washes, a
resuspension buffer is added and data are acquired on the Bio-Plex 200.
Biological replicates were at least in quintuplicate, and assay measure-
ments were performed in duplicate (technical replicates). Bio-Rad lysate
positive (EGF-treated HEK-293, UV-treated HEK-293, H2O2-treated
Ramos, EGF-treated SK-BR-3, TNF-α-treated HeLa, SRC-transfected
NIH3T3, and PDGF-treated NIH3T3) and negative (phosphatase-treated
HeLa) controls were used to ensure appropriate bead counts.

6.7. Statistical analysis

Relative phosphorylationwas determined for each target. The averaged
raw values were blank-subtracted, and any phosphoprotein non-detects
(response was less than blank) were removed before analysis. The blank-
subtracted values were then normalized to the respective controls (saline
for DFP, peanut oil for CPO) at each time point. A Grubbs’ test was per-
formed to remove any significant outliers (α ¼ 0.05). As previously
mentioned, any non-surviving animals were also excluded from analysis.
Thus, these analyses resulted in at least N ¼ 4 animals for all phosphopro-
teins. Data analyses were performed using GraphPad Prism (V5; San Diego,
CA, USA) or SAS JMP (V14; Cary, NC, USA). The normalized phosphory-
lation � the standard error of the mean (SEM) for each exposure and time
pointwere used to identify significant targets. Two-wayanalysis of variance
(ANOVA) with Bonferroni post-test was used to determine significance
using GraphPad Prism. A Benjamini and Hochberg test was performed to
correct for multiple comparisons by controlling the false discovery rate. A
significance level of 5 % (p< 0.05) was considered statistically significant.

A3-way interactionwas thenconductedusingSASJMP todetermine the
main effects and interactions for each phosphoprotein [38]. The factors for
the 3-way interactionwere time (0.5, 2, 24 h), and exposure (CORTeffect or
AChEI effect). A threshold of p < 0.05 was chosen, and a Bonferroni
correction (for the 7 tests) was applied to omit a type I error [39, 40],
resulting in a significance level of p< 0.007 representingfindings thatwere
statistically significant. A 3-way interaction splits the exposures into binary
effects of CORT (CORTþDFP andCORTþCPOversus DFP andCPO alone)
orAChEI (CPOalone andCORTþCPOversusDFP alone andCORTþDFP),
which allows for differences to be easily detected between groups.

6.8. Ingenuity Pathway Analysis (IPA)

The relative phosphorylation responses were further evaluated using
QIAGEN's Ingenuity Pathway Analysis (IPA; Redwood City, CA, USA) to
understand the network and cellular pathway interactions of the selected
phosphoproteins. The proposed networks were generated for all three time
points (0.5, 2, and 24 h) following each AChEI exposure with and without
CORT (DFP, CPO, CORT þ DFP, CORT þ CPO). All of the networks were
comprised of the experimental dataset in addition to other projected nodes
likely to be involved in the network based on the observations from the
experimental dataset and Ingenuity's knowledge base. IPA also assigned a
p-score (negative log10 (p-value of Fisher's exact test)) to each of the net-
works. For more information refer to Ingenuity's Analysis (http://pages
.ingenuity.com/rs/ingenuity/images/0812%20upstream_regulator_anal
ysis_whitepaper.pdf).
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