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ARTICLE INFO ABSTRACT

Keywords: During the Gulf War, prophylactic treatment with pyridostigmine bromide (PB) along with the stress of de-
Cytokines ployment may have caused unexpected alterations in neural and immune function, resulting in a host of cog-
Restraint nitive deficits which have become clinically termed Gulf War Illness (GWI). In order to test this interaction
Cognition between PB and stress, the following study used a rodent model of GWI to examine how combinations of re-
ézizgsgtzlrlgsztemse peated restraint stress and PB induced alterations of peripheral cholinesterase (ChE) activity, corticosterone

(CORT) levels, and cytokines on the last day of treatment, and then 10 days and three months post-treatment.
Results indicate that PB decreases ChE activity acutely but sensitizes it by three months post-treatment selec-
tively in rats subjected to stress. Similarly, while stress increased CORT levels acutely, rats in the PB/stressed
condition continued to exhibit elevations in CORT at the delayed time point, indicating that PB and stress
interact to progressively disrupt homeostasis in several peripheral measures. Because memory deficits are also
common in clinical populations with GWI, we examined the effects of PB and stress on contextual fear con-
ditioning. PB exacerbates stress-induced impairments in contextual fear conditioning ten days post-treatment,
but protects against stress-induced augmentation of contextual fear conditioning at three months post-treatment.
Collectively, these results provide critical insight as to how PB and stress may interact to contribute to the

Fear conditioning

pathophysiological progression of GWIL.

1. Introduction

The Gulf War was unusual in its use of pyridostigmine bromide (PB)
as prophylactic treatment against toxicity from nerve gas agents.
However, this prophylactic treatment along with the stress of deploy-
ment may have caused unexpected alterations in neural and immune
function, resulting in a host of cognitive deficits which are a component
of symptoms now clinically termed Gulf War Illness (GWI). Although
GWI is considered a unique diagnosis for veterans deployed in the Gulf
War, symptomology of GWI parallels symptoms of other conditions in
civilian populations, including chronic fatigue syndrome (CFS), major
depressive disorder (MDD), post-traumatic stress disorder (PTSD), and
fibromyalgia. However, epidemiological studies have consistently de-
monstrated that the underlying physiology driving these symptoms is
unique in GWI. For example, although both CFS and GWI exhibit al-
tered immune functions, the cytokine profiles in both populations are
distinct (Johnson et al., 2016; Khaiboullina et al., 2015; Parkitny et al.,

2015; Smylie et al., 2013).

Endocrine profiles are also altered in veterans with GWI. Veterans
with GWI exhibit exaggerated cortisol suppression in response to a low
dose of dexamethasone relative to non-deployed veterans when PTSD,
smoking, weight, and MDD are controlled for (Golier et al., 2006).
Veterans with GWI also exhibit significant elevations in their cortisol to
adrenocorticotropic hormone ratios, further emphasizing dysregulation
of the hypothalamic-pituitary-adrenal axis in this population (Golier
et al., 2007). Predictive computational models of GWI have suggested
that 1) GWI is characterized by disruption of homeostatic states which
consists of hypercortisolism and a shift towards a pro-inflammatory
immune profile, and 2) persistence of clinical symptoms across the
decades is perpetuated by disruption of these homeostatic systems
(Craddock et al., 2014). One of the primary hypotheses of the compu-
tational model of GWI is that under normal physiological conditions,
stimuli such as stress and drug exposure will make systems adapt to the
event and then return to prior basal levels. However, when a disruption
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is of significant duration and magnitude, the system assumes a new
basal state and in some cases this new basal state can be maladaptive. In
the case of GWI, a shift in the basal state of physiological parameters
may underlie a variety of clinical symptoms evidenced in this popula-
tion.

In view of these observations, the aim of the current study was to
assess whether PB combined with stress caused shifts in physiological
systems that are consistent with changes observed in veterans with
GWI. We hypothesized that PB and stress would interact to disrupt
homeostasis of a variety of physiological parameters — immune, endo-
crine, and behavioral. In addition, we hypothesized that the effects of
PB and stress on these parameters would evolve over time. We therefore
examined the effect of PB and stress on each of these measures at three
separate time points: on the last day of treatment, 10 days following the
cessation of treatment, and three months following the cessation of
treatment. Thus, this study expands upon data from epidemiological
and computational models by providing a mechanistic basis for the role
of PB and stress in the pathophysiology of GWI. In addition, we ex-
amined the effects of PB and stress on a hippocampal-dependent task,
contextual fear conditioning, to determine whether PB can accelerate
stress-induced decline in hippocampal function. This hypothesis was
based on several convergent findings in preclinical literature which
suggest that stress-induced disruption of hippocampal structure and
function is accelerated when combined with another condition which
disrupts neuronal homeostasis (Grillo et al., 2005; Magarinos and
McEwen, 2000; Reagan et al., 2008).

2. Material and methods
2.1. Animal housing and GWI paradigm

Adult male Sprague Dawley rats were individually housed at the
University of South Carolina School of Medicine’s animal facility in a
temperature controlled facility (22°C) with 12/12h light-dark cycle
with lights on at 7:00 a.m. and ad libitum access to food and water.
Although both males and females have reported GWI, this study used
males since the majority of soldiers and hence incidences of GWI were
in men (Nettleman, 2015). All rats were randomly assigned to the GWI
paradigm with 2 levels of drug treatment (vehicle, PB) and 2 levels of
stress (non-stressed control, repeated restraint stress). Rats were ga-
vaged in the morning with either 1.3 mg/kg PB or water (vehicle) from
days 1-14 of treatment as this dose produces similar decreases in
cholinesterase activity in rats as the dose-regimen used in soldiers
(Marino et al., 1998). Drug treatment began prior to the onset of re-
straint stress as PB was administered to soldiers prior to and during
deployment. On day 5 of treatment, rats began either repeated restraint
stress (stressed) or non-stressed control conditions (NSC) (Fig. 1).
Stressed rats were housed separately from NSC rats and placed in wire
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mesh restrainers immediately after gavage, at approximately 10 a.m. on
treatment days 5-14. Restraint lasted six hours as this duration in-
creases hippocampal vulnerability in a manner not observed with
shorter daily stress durations (McLaughlin et al., 2007; Wilson et al.,
2015). Rats were then further subdivided into either early or delayed
conditions. Rats in the early condition underwent conditioned freezing
on Days 20-21. Rats in the delayed condition went through conditioned
freezing on days 100 and 101. All procedures for these experiments are
in accord to all guidelines and regulations by the Dorn VA Medical
Center Animal Care and Use Committee.

2.2. Plasma collection

Tail bleeds were performed on all animals 30 min following drug
treatment and the start of restraint on day 14. Trunk blood was col-
lected on ice in EDTA-treated tubes at the time of euthanasia for both
the early (day 24) and delayed (day 104) time points (Fig. 1). Rats were
anesthetized with isoflurane and then transcardially perfused with
0.1 M phosphate buffered saline followed by 4% paraformaldehyde in
0.1 M phosphate buffer. All blood was collected on ice and then spun
down for 15 min at 13,000 X g. Plasma supernatant was removed from
each vial and frozen at —80 °C for further analysis. As such, plasma
cholinesterase activity, corticosterone levels, and cytokines levels were
assessed from plasma from tail bleeds (day 14) and trunk blood (days
24, 104).

2.3. Contextually-conditioned freezing

The conditioned freezing paradigm was performed as described
previously (Grillo et al., 2011; Sharko et al., 2017). Rats were placed in
a 46 X 24 x 22 cm acoustically isolated shock box and exposed to the
testing box for 3min to assess unconditioned freezing in the novel
context. Rats were then given three 10 sec tones (2 KHz, 80 dB) that co-
terminated with a 1 second, 1 mA shock with 1 minute inter-stimulus
intervals. Twenty-four hours following acquisition of the fear response,
rats were returned to the testing box in the absence of tones or shocks
for a total of 8 min. The chamber was wiped clean with 5% ammonium
hydroxide in between each rat’s test period. All tests were recorded and
analyzed using FreezeScan (Clever Systems, Inc). Freezing was defined
as the absence of movement excluding respiration. FreezeScan is an
automated software program which calculated freezing based on
300 ms frames. Percent of the time spent freezing over each 1 min was
then binned. Accuracy of automated software was verified by a blind
observer. Sample sizes were n = 13-14 per group.

2.4. Plasma cholinesterase analysis

A cholinesterase (ChE) activity assay collectively measuring

Fig. 1. Experimental Timeline. All rats un-
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acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) activity
was performed on plasma using the Abcam acetylcholinesterase assay
kit (#ab138871) according to the manufacturer’s instructions. Fifty pL
of standards (mU/mL) and samples(diluted 1:100) were added to the
96-well plate in duplicates, followed by 50 L of acetylthiocholine and
5,5’-dithio-bis-2-nitrobenzoic acid (DTNB) reaction mixture. All sam-
ples were run in duplicate. The plate was read using a microplate reader
at 410 nm absorbance. ChE activity from samples was interpolated from
the linear standard curve. The mean cholinesterase activity across all
assays for vehicle-NSC rats was 43.03 = 2.30 mU/mL. Sample sizes
were n = 5-9 per group.

2.5. Plasma corticosterone analysis

Plasma corticosterone (CORT) was assessed using a CORT ELISA kit
from Enzo-Life Sciences (#ADI-900-097) according to the manu-
facturer’s instructions and as described in our previous studies (Grillo
et al., 2015). Samples were diluted 1:40 with steroid displacement re-
agent and kept on ice. All samples were run in duplicate. Standards
ranged 20,000-32 pg/mL CORT and prepared using standard diluent.
The plate was read using a microplate reader at 405 nm absorbance.
CORT levels were interpolated from standards using a 4-parameter lo-
gistic curve. Sample sizes were n = 7-10 per group.

2.6. Plasma cytokine analysis

A cytokine assay kit from Bio-Rad (#171k1002M) was used ac-
cording to the manufacturer’s instructions to quantify 12cytokines in
plasma as described previously (Grillo et al., 2014). The panel includes
the following Th1/Th2 rat cytokines: IL-1a, IL-1f, IL-2, IL-4, IL-5, IL-6,
IL-10, IL-12, IL-13, GM-CSF, IFN-y and TNF-a. Eight four-fold dilution
standards were prepared using the provided diluent and reconstituted
standard, and samples were thawed and diluted 1:4 with diluent. All
samples were run in duplicate. The plate was read on a plate reader
using high photomultiplier voltage. Results were interpreted from a
logarithmic standard curve. Sample sizes were n = 6-14 per group.

2.7. Statistical analyses

All data unless otherwise specified was analyzed using a 2 x 2 be-
tween-groups analysis of variance (ANOVA) with significance set at
a = 0.05. For analysis of plasma ChE activity and plasma cytokine le-
vels, data are expressed as a percentage of the vehicle-NSC rats due to
assay to assay variability. Raw values for vehicle-NSC rats are presented
in the Supplementary Tables. The between groups factors were drug
treatment (i.e. vehicle, PB) and stress (i.e. NSC, repeated restraint
stress). Day 14, early (day 24; 10 days post-treatment) and delayed (day
104; 3 months post-treatment) groups were analyzed separately as
determined a priori. This type of analysis was selected as separate co-
horts were used for early and delayed time points. Following significant
interactions, simple effects follow-up tests were performed. All post-hoc
tests used Bonferroni corrections for family-wise error. Contextually
conditioned freezing was analyzed using a repeated measures ANOVA
with the addition of the factor time in conjunction to the factors of
treatment and stress. Following significant interactions, simple effects
follow-up tests were performed with Bonferroni corrections for family-
wise error.

3. Results

3.1. PB and stress acutely decrease contextually-conditioned freezing
Approximately one week after the cessation of drug and stress ex-

posure, contextually-conditioned freezing was assessed (Fig. 2). During

the first day (acquisition) of the contextually-conditioned freezing
paradigm, neither stress nor PB treatment altered unconditioned
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Fig. 2. Conditioned Freezing One Week Post Treatment. Panel A. There was
no effect of any factor on acquisition of freezing behavior in response to three
shocks. This suggests that neither stress nor PB impacts learning of fear memory
at this time point. Panel B. Stressed rats froze less in the context where the
shocks had occurred relative to NSC rats. Further analysis indicates that this
effect is driven by the condition in which rats received PB and stress, suggesting
that PB may exacerbate the effects of stress on consolidation and recall of fear
memories. Values are expressed as group mean percent freezing + SEM at each
time point. [Panel A: #: significant effect of time on freezing behavior relative
to previous time point, p < 0.05; arrows (|): 1 s shock paired with a 10's tone.
Panel B: *: stressed rats significantly different from NSC rats, p < 0.05].

freezing (first 3 minutes) or the acquisition of freezing behavior during
tone-shock pairings, p > 0.05. Freezing increased with the three tone-
shock pairings, as expected (F(5, 240) = 490.0, p < 0.0001), but there
was no difference between groups, p > 0.05. This suggests that all rats
appropriately acquired the fear response. Twenty-four hours following
acquisition of the fear response, rats were returned to the testing box in
the absence of tones or shocks for a total of 8 minutes. Contextual
freezing was significantly impacted by time (F(7, 336) = 25.79,
p < 0.001). Freezing behavior increased incrementally over the first 3
minutes (p < 0.05). There was also a main effect of stress such that
stress decreased contextually-conditioned freezing (F(1, 48) = 7.34,
p < 0.01). Subsequent analyses determined that this effect is driven by
PB-stressed rats which froze significantly less than the vehicle-NSC rats,
p < 0.05.

At the delayed time point, neither stress nor PB treatment altered
unconditioned freezing (first 3 minutes) or the acquisition of freezing
during tone-shock pairings, demonstrating that all rats exhibited similar
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Fig. 3. Conditioned Freezing Three Months Post Treatment. Panel A. There
was no effect of any factor on acquisition of freezing behavior in response to
three shocks. This suggests that neither stress nor PB impacts learning of fear
memory at this time point. Panel B. Rats with a prior stress history but no drug
treatment froze more in the context where the shocks occurred, suggesting that
a prior stress history sensitizes the fear response. Values are expressed as group
mean percent freezing = SEM at each time point. [Panel A: #: significant ef-
fect of time on freezing behavior relative to previous time point, p < 0.05;
arrows (}): 1s shock paired with a 10s tone. Panel B: *: vehicle-stressed rats
significantly different from vehicle-NSC rats, p < 0.05].

acquisition of the conditioned fear response (Fig. 3). Freezing increased
with the three 3 tone-shock pairings (F(5, 240) = 641.7, p < 0.0001),
but there was no difference between groups (p > 0.05). These data
indicate that all rats showed similar acquisition of the conditioned fear
response. Twenty-four hours later, rats were returned to the testing box
in the absence of tones or shocks for a total of 8 minutes. Results in-
dicate that time significantly affected contextual freezing within all
groups (F(7, 366) = 15.42, p < 0.0001). Specifically, freezing in-
creased incrementally from minutes 1-3 after which freezing behavior
stabilized (p < 0.05). There was also a trend for a stress X time in-
teraction (F(7, 350) = 1.81, p = 0.08), and a stress X drug interaction
(F(1, 50) = 3.82, p = 0.056). Specifically, prior history of stress in-
creased freezing during the first 3 minutes in vehicle-treated but not PB-
treated rats, relative to vehicle-NSC rats (p < 0.05, see Fig. 3).

3.2. PB and stress interact to increase cholinesterase activity over time

PB decreased plasma ChE activity by approximately 50% relative to
vehicle-treated controls on the last day of drug treatment (day 14), F(1,
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Fig. 4. Plasma Cholinesterase Activity. Panel A. PB treatment decreased
plasma ChE activity by approximately 50% on the last day of drug treatment,
which is proportional to pharmacological target values of soldiers. Panel B. PB
treatment continued to decrease plasma ChE activity by approximately 15% ten
days following the cessation of treatment. This suggests that while PB has a
persistent effect, ChE activity following PB-treatment has begun to normalize.
Panel C. Three months following the cessation of treatment, ChE activity is
elevated by approximately 28% selectively in rats which were exposed to re-
straint stress in conjunction with PB. This suggests that PB and stress interact to
produce long-term disruption in the metabolism of peripheral acetylcholine. All
data are expressed as a percentage of vehicle-NSC rats. Values are expressed as
mean + SEM at each time point. [*: significant difference between designated
groups, p < 0.05].

23) = 69.40, p < 0.001 (Fig. 4). This reduction in ChE activity fol-
lowing PB administration aligns with the targeted ChE activity in sol-
diers who were administered PB, illustrating that the dose of PB ad-
ministered accurately achieves the target plasma ChE activity in
soldiers. Following euthanasia for the early cohort (10 days following
the cessation of treatment), rats treated with PB continued to exhibit a
significant, 15% decrease in plasma ChE activity relative to vehicle-
treated controls (F(1, 32) = 5.82, p = 0.02). Conversely, for the de-
layed cohort (approximately three months following the cessation of PB
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Fig. 5. Plasma Corticosterone. Panel A. During the first thirty minutes of
restraint stress on the last day of the restraint stress paradigm, stressed rats have
significantly higher levels of CORT than non-stressed rats. Panel B. Rats with a
prior stress history have elevated CORT. This is ten days after the end of the
restraint stress paradigm and 72h following context-retrieval of conditioned
freezing. Panel C. Three months following the cessation of treatment, CORT is
elevated selectively in rats which were exposed to restraint stress in conjunction
with PB relative to PB-NSC and vehicle-stressed counterparts. This is also 72 h
following context-retrieval of conditioned freezing. Collectively, these data
suggest that the effects of PB and stress on CORT change over time. Values are
expressed as mean *+ SEM at each time point. [*: significant difference be-
tween designated groups, p < 0.05].

treatment), there was a significant effect of PB on ChE activity (F(1,
32) = 4.88, p = 0.04). Specifically, PB-stressed rats exhibited sig-
nificant increases in plasma ChE activity relative to PB-NSC and ve-
hicle-treated controls (p < 0.05).

3.3. Stress and PB interact to increase plasma corticosterone over time

CORT was significantly elevated 30 min into restraint on the last
day of treatment (day 14) in both vehicle and PB treated rats under-
going restraint stress relative to non-stressed controls (F(1,
33) = 12.38, p < 0.01; Fig. 5 Panel A). Interestingly, CORT remained
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Table 1
Cytokine Levels Over Time

Cytokine  Vehicle-NSC Vehicle-Stressed ~ PB-NSC PB-Stressed
Last Day of PB/Stress Exposure (Day 14)

IL-1a 100.0 = 13.5 196.4 = 24.3 218.2 + 39.7 88.1 = 19.6
IL-1B 100.0 + 15.2 207.4 * 34.8 249.1 * 49.0 72.8 = 14.9
IL-2 100.0 = 15.3 163.6 + 23.2 1739 = 32.0 63.3 = 14.2
IL-4 100.0 = 18.4 1439 = 226 125.8 = 29.5 96.7 = 3.3
IL-5 100.0 + 15.4 192.0 * 20.7 209.3 * 32.1 83.4 = 15.7
IL-6 100.0 = 9.5 293.8 + 85.4 493.8 + 134.2 1245 + 35.8
IL-10 100.0 = 14.2 2029 + 38.3 267.1 £ 59.8 80.2 = 17.0
IL-12 100.0 = 21.3  238.9 *= 49.1 284.0 £ 69.6 72.3 = 19.6
IL-13 100.0 + 23.5 356.7 * 82.5 487.9 * 122.6 131.9 * 40.8
TNF-a 100.0 = 16.0 203.6 * 49.9 265.6 + 67.5 91.3 = 15.1
IFN-y 100.0 = 19.6 249.6 = 489 346.7 £ 84.5 120.9 = 33.3
GM-CSF 100.0 + 22.2  261.8 * 45.2 303.6 * 72.3 87.3 = 235
One Week Post-Treatment (Day 24)

IL-1a 100.0 = 7.9 99.3 = 14.7 100.3 = 8.0 94.2 = 5.2
IL-1B 100.0 + 10.1  94.0 * 17.6 97.8 * 10.2 949 = 8.3
IL-2 100.0 = 8.0 94.1 + 13.7 93.8 + 6.0 95.6 = 5.1
IL-4 100.0 = 12.2 94.3 + 21.4 96.9 = 9.9 919 = 8.5
IL-5 100.0 + 5.7 91.7 = 11.5 95.3 * 4.9 91.7 = 4.9
IL-6 100.0 + 11.4 101.6 * 18.8 105.4 + 10.5 91.0 = 8.6
IL-10 100.0 += 7.1 95.5 + 12.0 94.4 + 8.4 95.5 = 5.3
IL-12 100.0 = 9.9 94.1 = 18.3 95.4 = 9.6 91.5 = 6.4
IL-13 100.0 + 8.7 92.1 * 17.0 95.8 * 9.3 91.2 £ 7.3
TNF-a 100.0 = 129 99.0 = 20.3 104.3 = 12.6 95.3 + 9.9
IFN-y 100.0 = 12.6 99.0 = 20.6 99.1 = 11.8 84.1 = 11.3
GM-CSF 100.0 + 124 91.6 * 18.3 92.6 * 9.3 942 + 6.8
Three Months Post-Treatment (Day 104)

IL-1a 100.0 = 14.3 859 = 10.3 61.8 = 9.2 95.8 = 14.6
IL-1B 100.0 + 17.5 835 * 10.8 60.0 + 10.7 827 = 11.8
IL-2 100.0 = 13.6 79.7 = 2.7 60.5 = 10.2 80.5 = 8.4
1L-4 100.0 = 16.1 77.3 = 5.2 58.2 = 11.5 84.3 = 11.0
IL-5 100.0 + 8.0 90.9 * 4.7 79.2 * 6.5 95.1 *= 8.1
IL-6 100.0 + 14.0 87.8 = 10.0 56.5 = 10.0 96.0 = 14.2
IL-10 100.0 = 129 76.3 = 3.7 70.0 + 8.6” 97.7 = 145
IL-12 100.0 + 16.4 79.6 = 9.5 60.1 * 11.5 89.2 = 13.4
IL-13 100.0 = 16.0 83.9 * 10.5 61.8 + 10.2 81.6 = 11.3
TNF-a 100.0 = 17.5 75.0 = 10.3 55.2 = 10.1 68.4 + 7.0
IFN-y 100.0 + 15.3 881 * 11.5 59.0 * 9.8 99.0 *= 16.3
GM-CSF 100.0 + 143 783 * 9.9 63.4 * 11.2 85.3 = 15.4

* Values are significantly different from Vehicle-NSC.
# Significant cross-over interaction.

above baseline in rats exposed to restraint stress regardless of drug
treatment ten days following the cessation of the stress paradigm (early
group; F(1, 30) = 16.21, p < 0.01; Fig. 5 Panel B). Three months
following the cessation of treatment, there was an interaction between
stress and drug treatment on plasma CORT levels (F(1, 29) = 7.165,
p = 0.01; Fig. 5 Panel C). CORT was significantly elevated in rats with
prior history of PB and repeated restraint stress relative to PB-NSC and
vehicle-stressed rats, p < 0.05.

3.4. PB produces inverse effects on plasma cytokines over time

On day 14, approximately 30 min into the restraint stress session,
there was a significant interaction between PB and stress on levels of
interleukin (IL)-1a [F(1, 30) = 5.51, p = 0.03], IL-1f3 [F(1, 30) = 6.92,
p = 0.01], IL-2 [F(1, 30) = 4.37, p = 0.04], IL-5 [F(1, 30) = 6.23,
p = 0.02], IL-6 [F(1, 30) = 4.92, p = 0.03], IL-10 [F(1, 30) = 5.75,
p = 0.02], IL-12 [F(1, 30) = 5.41, p = 0.03], IL-13 [F(1, 30) = 6.19,
p =0.02], GM-CSF [F(1, 30)=6.57, p=0.02], IFN-y [F(1,
30) = 4.69, p=0.04], and TNF-a [F(1, 30) =5.33, p=0.03]
(Table 1). The only cytokine not impacted by either stress or drug
treatment was IL-4, p > 0.05. Follow-up ANOVAs revealed that re-
lative to vehicle-NSC rats, both PB-NSC and vehicle-stressed rats exhibit
increased plasma levels of IL-1a, IL-1f, IL-2, IL-5, IL-10, IL-12, IL-13,
GM-CSF, and IFN-y, p < 0.05. However, only PB-NSC rats exhibited
significant elevations in IL-6 and TNF-a, p < 0.05.
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Ten days following the cessation of treatment, there was no effect of
either PB or stress on any plasma cytokine (p > 0.05; Table 1). This
suggests that shortly after the cessation of PB and stress exposure, ef-
fects on plasma cytokines have normalized at basal conditions. How-
ever, three months following the cessation of PB and stress exposure, a
different picture emerges (Table 1). At this delayed time point, PB and
stress interact to affect plasma levels of IL-1a [F(1, 22) = 5.09, p =
0.03], IL-2 [F(1, 22) = 4.47, p = 0.046], IL-4 [F(1, 22) = 4.42,
p =0.047], IL-6 [F(1, 22)=5.70, p=0.03], and IL-10 [F(1,
22) = 4.88, p = 0.04]1,]1, IL-12 [F(1, 22) = 4.34, p = 0.049], and IFN-y
[F(1, 22) = 4.87, p = 0.04]. Specifically, PB-NSC rats exhibit a decrease
in IL-1 o, IL-2, IL-4, IL-6, IL-12, and IFN- y relative to vehicle-NSC rats,
p < 0.05. There is a crossover interaction between PB and stress on
levels of IL-10, where PB-NSC and vehicle-stressed rats exhibit a de-
crease in these cytokines relative to vehicle-NSC and PB-stressed rats,
p < 0.05. In addition, there is a main effect of PB on TNF-a such that a
prior history of PB regardless of stress history decreases plasma levels of
TNF-a [F(1, 22) = 5.40, p = 0.03].

4. Discussion

These data demonstrate that PB and stress interact over time to
affect peripheral endocrine, cholinergic, and immune systems, as well
as contextually conditioned freezing. This study supports two important
conclusions: 1) time is a crucial factor to consider when regarding
physiological and behavioral effects in response to stress and PB; and 2)
the peripheral physiological effects and behavioral effects do not al-
ways progress in parallel. By identifying the progression of these effects
over time in a rodent model of Gulf War Illness, these data provide
critical insight as to how stress and PB may have interacted to produce
some of the well-characterized physiological and behavioral symptoms
in veterans with GWL

4.1. PB disrupts homeostasis of cholinergic systems in a model of GWI

The acute effects of PB and stress on plasma ChE and plasma CORT
are consistent with clinical and preclinical literature. As a ChE in-
hibitor, PB decreases ChE activity when measured on the last day of
drug treatment (Fig. 4, Panel A). Similarly, rats undergoing restraint
stress exhibit an increase in adrenal release of CORT levels relative to
non-stressed rats (Fig. 5, Panel A). In contrast, there was a selective
interaction between PB and stress on both CORT and ChE activity at the
delayed time point (Fig. 4, Panel C; Fig. 5, Panel C). Only rats which
received PB and were concurrently exposed to repeated restraint stress
demonstrated elevations in CORT and ChE relative to controls three
months following treatment-cessation. This provides important evi-
dence that stress and PB interact to disrupt homeostasis of physiological
systems and that these physiological changes emerge slowly over time.

Although to our knowledge no human clinical study has directly
assessed plasma AChE levels in GWI, BChE levels have been examined.
Even though BChE is not the primary enzyme which metabolizes
acetylcholine, individuals with a genotype for low-functioning BChE
are at a significantly greater risk for developing GWI if they were ad-
ministered PB (Steele et al., 2015). However, there was no difference in
BChE activity between veterans with GWI and veteran controls when
collapsed across genotype. While our results determined that prior ex-
posure to stress and PB increase ChE activity over time, which does not
differentiate between these two enzymes, it is possible that this effect is
driven by changes in AChE and not BChE. As AChE is the primary en-
zyme which metabolizes acetylcholine, changes in AChE activity would
impact acetylcholine turnover in both the parasympathetic nervous
system and the neuromuscular junction (Macintosh, 1941). Further
studies will need to be performed to see if an increase in plasma ChE
activity corresponds to changes in acetylcholine levels in the periphery,
although it is tempting to speculate that increases in ChE activity are
associated with decreases in basal acetylcholine levels. Decreased
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acetylcholine levels paralleled by increased acetylcholine metabolism
could explain some of the symptoms in GWI such as muscular fatigue
and respiratory dysfunction.

4.2. PB and stress interact to increase corticosterone in a model of GWI

Our study indicates that PB and stress interact to cause similar
perturbations in glucocorticoid levels to those evidenced in human
clinical populations (Golier et al., 2007, 2006). These elevations of
glucocorticoids could contribute to some of the neurological changes in
our model of GWI which may in turn contribute to the cognitive dys-
function - particularly learning and memory impairments. Glucocorti-
coids easily cross the blood-brain barrier, and as the hippocampus ro-
bustly expresses glucocorticoid receptors (McEwen et al., 1979),
chronic elevations of cortisol/CORT have profound effects on this brain
region. Elevations of cortisol in other diseases such as recurrent major
depression (Bremner et al., 2000) and Cushing’s syndrome (Starkman
et al., 1992) are associated with decreases in hippocampal volume and
function on learning and memory tests. Veterans with suspected ex-
posure to low-doses of Sarin following the weapons demolition at
Khamisiyah also have significantly reduced gray matter and hippo-
campal volume relative to non-exposed veteran peers (Chao et al.,
2010). Animal models exposed to a combination of PB as well as the
insecticides N,N-Diethyl-meta-toluamide (DEET) and permethrin in
combination with mild chronic stress over the course of 4 weeks also
exhibit reduced hippocampal volume along with decreases in neuro-
genesis and inflammation (Parihar et al., 2013). Our results provide
evidence that PB in the absence of other chemical exposures is sufficient
to contribute to endocrine disruption, but future studies will need to
verify if PB in combination with stress is also sufficient to produce
chronic decreases in hippocampal volume.

4.3. PB suppresses the immune system in a model of GWI

In the search for biomarkers for GWI, shifts in immune activation
have been the most extensively investigated. One study suggested that
the most important cytokines for distinguishing GWI from diseases with
similar symptoms are IL-7, IL-4, TNF-a, IL-13, and IL-17F (Khaiboullina
et al., 2015); in this study, IL-4 and TNF- a were down-regulated in GWI
relative to controls. In our study, PB decreased both IL-4 and TNF-a at
the delayed time point (Table 1), suggesting that PB may contribute to
shifts in cytokine profiles evidenced in veterans. Under normal reg-
ulatory conditions, increases in IL-4 expression can provide feedback to
attenuate the TNF-a response, but our model suggests that both IL-4
and TNF-a are suppressed several months after PB treatment. This
could suggest that PB dysregulates homeostasis of the immune system
by potentially disrupting negative-feedback signals, rendering it unable
to respond appropriately to threats. Clinical data support this hypoth-
esis as veterans with GWI exhibit an impaired coordination of endo-
crine and immune signaling following a mild exercise challenge, in part
evidenced through increased stimulation of nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-xB) (Broderick et al., 2011;
Broderick et al., 2011, 2013). Other studies have confirmed these
findings, indicating that male veterans with GWI can be differentiated
from healthy males based on their cytokine profiles at rest and fol-
lowing recovery from an exercise challenge, but not during the peak of
the challenge (Smylie et al., 2013). This suggests that it is the ability of
the immune system to recover from the challenge, not the peak immune
response, which is impaired in veterans with GWI. Although the cyto-
kine profiles in the current study were under non-stimulated conditions,
future studies should examine whether PB and stress produce similar
deficits in the Th1:Th2 coordinated response to a state of challenge.

Reduced levels of IL-4 and TNF-a may also contribute to some of the
clinical symptoms which characterize GWI. Low levels of IL-4 are sig-
nificantly correlated to chronic pain in some clinical studies (Uceyler
et al., 2006), and preclinical studies have shown that administration of
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IL-4 decreases hyperalgesia evoked by painful stimuli (Cunha et al.,
1999). However, understanding the intricacies of cytokine-cytokine
interactions, coordination of appropriate immune responses, and asso-
ciated physiological symptoms is extremely complex as these systems
act in concert, not in isolation. Further clinical and preclinical studies
are necessary to elaborate on these emerging findings.

4.4. PB exacerbates stress-induced short-term deficits in contextual fear
conditioning

Although veterans with GWI exhibit a host of memory problems
which have persisted over several decades, our model demonstrated
only transient deficits in contextual fear conditioning following PB and
stress. One week following the cessation of treatment, rats with a prior
history of restraint stress exhibited deficits in contextual-fear con-
ditioning, and this effect was exacerbated by PB, suggesting that PB and
stress interact to impair fear memory (Fig. 2, Panel B). The hippo-
campus is critically involved in contextual fear conditioning, and rats
with hippocampal lesions show severe deficits in the acquisition
(Phillips and LeDoux, 1992) as well as the recall of contextual fear
memory (Kim and Jung, 2006). One possible mechanism contributing
to the stress-induced deficits in contextual fear conditioning is that
elevations in CORT at 1-week post-treatment contributed to this
memory deficit. Alternatively, fear conditioning may have prompted
the persistent increase in CORT evidenced following euthanasia,
thereby contributing to impairments in consolidation and retrieval of
the contextual fear memory.

CORT levels were also increased selectively in the PB-stressed rats at
three months post-treatment (Fig. 3, Panel B). Either 1) CORT differ-
entially contributes to fear conditioning at these time points; or 2) by
the delayed time point the homeostatic balance between multiple sys-
tems have been sufficiently disrupted to complicate these interactions.
However, veterans returning from the Gulf War did not return to stress-
free conditions. Therefore, an important consideration is whether in-
termittent recurring stressors during that three-month post-treatment
stretch would have exacerbated effects in PB conditions.

Impairments in fear conditioning following combinations of PB and
stress one week after the end of treatment have important clinical im-
plications, particularly regarding PTSD rates in Gulf War veterans.
PTSD is undoubtedly a prevalent condition in veterans from the Gulf
War with higher rates in deployed versus non-deployed veterans (Ikin
et al., 2004; Perconte et al., 1993). However, when Gulf War veterans
are compared with other actively deployed veterans, prevalence of
PTSD is reduced, suggesting that stress from active deployment may be
a greater risk factor for PTSD than specific Gulf War conditions (Ikin
et al., 2004). Another important consideration is that the prevalence of
PTSD in Gulf War veterans changes over time. Immediately following
the Gulf War, several studies suggested low rates of PTSD with esti-
mates between 2% and 6% (Perconte et al., 1993; Wolfe et al., 1999).
Two years after the war, PTSD rates doubled (Wolfe et al., 1999). Si-
milarly, in the current study, we saw an increased risk for contextual
fear conditioning three months following the cessation of treatment
selectively in rats which were stressed but did not receive PB. This
suggests that repeated psychological stress may exert some latent ef-
fects on fear conditioning, possibly explaining in part some of the in-
creases in prevalence in PTSD in the years following the return from
war. Rates of conditioned freezing were not increased in the PB-stressed
rats or PB-NSC rats relative to vehicle-NSC rats, suggesting that PB in
the presence of stress may mitigate this latent effect on fear con-
ditioning. Alternatively, these data could indicate that continued post-
deployment stress is an important mediator in the progression of GWI.

5. Conclusions

In sum, this study provides evidence that combinations of PB and
stress contribute to the development of various physiological and
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psychological symptoms evidenced in veterans with GWI, and that the
development of these symptoms change over time. CORT levels, like
cytokines and ChE activity, exhibit a homeostatic shift over time fol-
lowing chronic stress and PB. In addition, PB and stress interact to
impair fear conditioning one week following the cessation of treatment,
providing further support that combinations of PB and stress impair
memory networks. A history of stress increases fear conditioning at the
delayed time point, but only in the absence of PB. This suggests that
while stress may increase some PTSD-like symptoms, PB mitigates this
effect.

As soldiers were exposed to a variety of factors, it is likely that di-
verse physiological changes contribute to a range of these symptoms.
Further studies will be needed to investigate whether PB and stress-
induced changes in peripheral cytokines and ChE contribute to chronic
pain and muscular fatigue as opposed to cognitive dysfunction.
Examining the progression of these symptoms over time is critical as
evidence continues to mount that severity and prevalence of GWI
symptomology is likewise progressing over the last several decades.
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