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Abstract

Aims: To characterize exercise fatigue, metabolic phenotype and cognitive and mood deficits
correlated with brain neuroinflammatory and gut microbiome changes in a chronic Gulf War
IlIness (GWI) mouse model. The latter have been described in an accompanying paper [1].

Main methods: Adult male C57BI/6N mice were exposed for 28 days (5 days/week) to
pyridostigmine bromide: 6.5 mg/kg, b.i.d., P.O. (GW1) or 8.7 mg/kg, g.d., P.O. (GW?2); topical
permethrin (1.3 mg/kg in 100% DMSOQ) and N,N-diethyl-meta-toluamide (DEET 33% in 70%
EtOH) and restraint stress (5 min). Exercise, metabolic and behavioral endpoints were compared
to sham stress control (CONY/S).

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Key findings: Relative to CON/S, GW?2 presented persistent exercise intolerance (through post-
treatment (PT) day 161), deficient associative learning/memory, and transient insulin insensitivity.
In contrast to GW2, GW1 showed deficient long-term object recognition memory, milder
associative learning/memory deficit, and behavioral despair.

Significance: Our findings demonstrate that GW chemicals dose-dependently determine the
presentation of exercise fatigue and severity/type of cognitive/mood-deficient phenotypes that
show persistence. Our comprehensive mouse model of GWI recapitulates the major multiple
symptom domains characterizing GWI, including fatigue and cognitive impairment that can be
used to more efficiently develop diagnostic tests and curative treatments for ill Gulf War veterans.

Keywords

Central nervous system; Insulin insensitivity; Novel object recognition memory; Passive avoidance
learning; Diabetes; Mood; Depression; Cognitive impairment

1. Introduction

Gulf War Illness (GWI) is defined as a chronic multi-symptom disorder that still

affects approximately one-third of US veterans that served in the 1990-1991 Persian

Gulf War (GW) [2]. GWI is characterized by a constellation of latently-emerging and
persistent symptoms that, according to the Kansas case definition, fall into 6 general
domains: neurological/cognitive/mood, muscle/joint pain, skin, respiratory, gastrointestinal
disturbance and especially chronic fatigue [3-6]. The pathophysiology of GWI has not
been established and there are still no curative treatments available in spite of 30 years of
debilitating conditions that are now further exacerbated by aging factors.

A leading hypothesis for the etiology of GWI is the association of physical and
psychological stress of combat, in combination with exposure to Gulf War-related chemicals
administered prophylactically [7], such as the insecticide permethrin (PER) and the

insect repellant, N, N-diethyl-meta-toluamide (DEET) and especially orally-administered
pyridostigmine bromide (PB), a reversible acetylcholinesterase inhibitor (AChEI), that
protects against the harmful effects of nerve agents [8]. Although these chemicals were
administered to GW personnel at doses considered safe [7], subsequent animal research
suggests that they synergistically contribute to GWI symptomology [7,9-11]. Multiple

lines of evidence, including the multi-symptom nature of GWI, converge on the idea

that the underlying pathobiology likely includes the central nervous system (CNS),
corroborated by neuroimaging and biomarker studies [7,12]. After exposure to stress and
GW:-related chemicals, the blood brain barrier may become leaky, allowing PB to target
central components of the cholinergic system [10,13], which may include basal forebrain
cholinergic neurons, whose projections to the cortex are necessary for memory, attention and
sleep [14,15], domains all altered in GWI.

Chronic fatigue (CF) and cognitive deficits are two of the most widely reported symptoms in
Gulf War veterans (GWVs) [16,17]. GWVs complain of debilitating CF symptoms defined
as a subjective lack of physical and/or mental energy perceived to significantly interfere
with daily activities that dramatically impairs quality of life [18]. Importantly, long-term
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studies have suggested that symptoms do not improve and, instead, worsen over time

in this aging population [19,20]. The widespread and multi-symptom characteristics of
GWI, in combination with neuropathological correlates, may indicate centrally-mediated
cascades that influence multiple physiological outcomes. Disturbingly, few studies have
been conducted to elucidate the biological mechanisms underlying chronic fatigue in
GWI veterans or experimental animal models. The fatigue phenotype of GW mice is
especially poorly understood because of the lack of a suitable model, specifically one that
also recapitulates GWI cognitive parameters. Moreover, fatigue and cognitive impairment
have been associated with diabetes [21], suggesting that glucose dyshomeostasis may be
comorbid with GWI manifestations. Recent reports show higher incidence of diabetes and
other chronic diseases associated with aging in the GWV population [4,20,22].

In this study we have characterized the cognitive, fatigue and metabolic phenotypes
produced by chronic exposure to the GW agents PER, DEET and PB at one of two

doses (GW1, GW2) using behavior, exercise endurance and insulin tolerance parameters
and compared those phenotypes to those manifested in stress- and vehicle-exposed sham
controls. To be relevant to the delayed/persistent pathophysiology in GWVs, analysis was
performed at delayed time points ranging from 3 weeks to 6.6 months after GW agent
exposure. Our findings characterize a comprehensive mouse model of GWI displaying
symptoms associated with neurological/cognitive/mood and fatigue categories used by

the Kansas case definition [3]. Specifically, in GW2 we demonstrate, for the first

time, exaggerated exercise fatigue, reduced passive avoidance learning and memory and
transient glucose dyshomeostasis. In contrast, GW1 showed deficient long-term novel object
recognition memory, less severe passive avoidance deficit, concomitant with behavioral
despair. Our results indicate that GW1 and GW?2 did not display a common phenotype,
indicating that the PB dose may dictate the occurrence and characteristics of GWI
phenotypes. Tissues from these animals were used to determine neuromolecular signatures
and other biomarkers associated with these GW phenotypes described in the accompanying
article in this issue [1]. Our comprehensive mouse model provides an integrated substrate
for diagnosis of multiple symptoms established and emerging in GWI, for examination of
underlying pathophysiology as well as for testing potential targets for therapeutic benefit.

2. Materials and methods

2.1. Animal care and maintenance

C57BI/6N mice were generated using breeders originally obtained from Charles River

Labs (West Sacramento, CA) or Taconic (Germantown, NY). Mice were housed 2—4 per
cage in standard static polycarbonate plastic cages with corn-cob bedding containing one
cotton Nestlet square for enrichment in a specific pathogen-free vivarium and kept on a
12:12-h light:dark cycle, in a controlled temperature (21.1-22.8 °C) environment. Relative
humidity ranged between 20 and 70%. Mice were provided rodent chow (LabDiet 5001;
Laboratory Diets, USA) and water ad /ibitum. Care and treatment of animals was performed
in compliance with guidelines from and approved by the University of California Riverside
Institutional Animal Care and Use Committee (AUP#20210024, 20200020 and 20180067).
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2.2. GW agent exposure paradigm

GW agents used consisted of N,N-diethyl-meta-toluamide (DEET) (100 Maximum Formula,
Coleman), which contains 98.1% DEET, permethrin (PER) (Crescent Chemical Co., Inc.),
and pyridostigmine bromide (PB; TLC Pharmaceutical Standards). A chronic exposure
paradigm was used as described for other GWI models [10,23]. These models used routes

of administration that are relevant to GW veterans since PB was taken orally and PER

and DEET exposure occurred through skin and inhalation [4,5,24]. At 7-10 weeks of age
mice were randomly assigned to GW-exposed or sham-treated control groups. Animals were
exposed to PB via oral gavage whereas PER and DEET were applied dermally to a shaved
region on the back of the neck. Group GW1 received PB at the dose of 6.5 mg/kg (b.i.d.,
P.O.), while group GW2 received 8.7 mg/kg (g.d., P.O.). Exposures were dispensed in 5-day
periods separated by 2-day rest for a duration of 28 days. Both groups received 1.3 mg/kg
PER in 100% DMSO (75 pl/30 g bw; topical) and 33% DEET in 70% EtOH (75 pl/30 g

bw; topical). We included 2 groups to control for sham (CON) and for sham/stress (CON/S)
treatment. Shams received 0.9% saline (150 ul/30 g, P.O. b.i.d) and 70% ETOH (75 ul/30

g bw, topical) and 100% DMSO (75 pl/30 g bw, topical). The CON/S group also received

5 min restraint stress in perforated 50 mL conicals once daily [25]. Animals were tested on
metabolic, behavior and exercise parameters as shown (Fig. 1). After mice were anesthetized
and sacrificed at PT199, tissues were harvested and analyzed as shown in the accompanying
article [1].

PB dose was determined based on 90 mg/day taken by troops, i.e., 30 mg/pill x 3 pills/day
[26]. Based on a male body weight of 75 kg the dose is estimated at 90 mg/75 kg or

1.2 mg/kg. To convert the human equivalent dose (HED) to the animal dose we examined
several methods including the use of a scaling factor to account for body surface area and
metabolic rate as described [27]. Using the equation HED (mg /kg) = Animal dose (mg /kg)
X Km ratio one calculates a correction factor (K,) that is estimated by dividing the average
body weight (kg) of species to its body surface area (human — 1.62 m? and mouse — 0.007
m?2). Assuming 75 and 0.025 kg bw for human and mouse, respectively, correction factors
are 46.3 and 3.6, respectively. The K, ratio is obtained by dividing animal K, by human
K constants or 0.077. Animal dose was calculated as the human dose 1.2 mg/kg divided by
K ratio or 15.5 mg/kg, which was near the LDgq for PB in mice fed through the oral route
(Cayman Chemical). In pilot experiments, mice exhibited symptoms of acute PB toxicity
due to overstimulation of the PNS at muscarinic and nicotinic sites, i.e., tremors, labored
breathing and lacrimation. Therefore, the PB dose was given twice daily at roughly half the
dose (6.5 mg/kg) for GW1.

We followed the US Environmental Protection Agency (EPA) recommended use of body
weight (BW) % scaling [28] to derive the 8.7 mg/kg PB dose. The BW Scaling Factor
was found by first dividing the human male body weight (75 kg) by the average weight
of a mouse (0.03 kg). This value was then raised to %, the recommended scaling value:

3
(%) /4 = 354. The 1.2 mg/kg dose of PB taken by troops was then multiplied by the

average male body weight, and this value was divided by the BW scaling factor to find the
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dose for mice: (1.2 mg/kg x 75 kg) / 354 = 0.261 mg. This value divided by the average
weight of a mouse determined the PB dosage given to GW2 (8.7 mg/kg).

2.3. Body composition

Whole body composition was determined in live, unanesthetized mice by use of quantitative
magnetic resonance (QMR) system, which relies on nuclear magnetic resonance (NMR)
technology (EchoMRI; Echo Medical Systems, Houston, TX) [29]. Using various pulse
sequences, the QMR system provides estimates of fat mass, lean tissue mass, free water,
and total body water. Briefly, this system generates a signal that modifies the spin patterns
of hydrogen atoms within the subject, and uses an algorithm to evaluate the individually
derived T1 and T2 relaxation curves fractionated from the total returned signal specific

to fat mass, lean muscle mass equivalent, and free water. This QMR system has been
demonstrated comparable to whole-body chemical carcass composition analysis, but with
higher overall precision. In addition, it can quantify differences in mice subjected to 18 h
water and food deprivation protocols [30]. In brief, duplicate QMR scans were performed
by placing previously-weighed mice into a well-ventilated plastic cylinder (1.5 mm thick,
4.7 cm inner diameter), with a cylindrical plastic insert added to limit movement. While in
the tube, animals were briefly subjected to a low-intensity (0.05 Tesla) electromagnetic field.
Duplicate QMR scans were performed with accumulation times of 2 min to determine mean
fat and lean mass, expressed at % body weight.

2.4. Insulin tolerance testing

An insulin tolerance test (IP ITT) was performed to assess glucose homeostasis by
evaluating the effectiveness of the clearance of exogenous insulin load administered by
intraperitoneal (ip) injection. At 6 days post cessation of GW agent exposure, mice were
administered 0.5 U/kg Humulin N ip (Eli Lilly, USA) in sterile saline (0.9% NaCl) after

a light phase fast of 7.5 h. In another group of mice, ITT was conducted at 192 days

post GW treatment. Mice were administered 1.0 U/kg Humulin R ip after a 5 h light

phase fast. Tail blood glucose was measured before and at 15, 30, 45, 60, 90 and 120 min
after insulin bolus. Tail blood glucose concentrations were measured with a glucometer
(One Touch Ultra 2, Lifescan Inc., USA) and test strips, shown to be accurate in C57BI1/6
mice [31]. To determine insulin sensitivity, the blood glucose reduction rate after insulin
administration, KT, was calculated over the initial slope of the ITT glucose response curve
using the formula 0.693 x t1,,. Half-life (t1,») was calculated from the slope of the blood
glucose concentration [23] from 0 to 30 min post-insulin injection, when plasma glucose
concentration declines linearly in response to insulin and represents insulin sensitivity [32—
34]. The inverse area (AUC) under the percent basal ITT glucose curve was calculated using
Prism (GraphPad). In brief, the definite integral of the AUC11giucose Was geometrically
approximated using the trapezoid rule as the area of time units (x) multiplied by glucose
units (y). The inverse AUC for each animal was obtained by subtracting the calculated AUC
from the total possible area defined by x and y units or 12,000%*min (100% baseline * 120
min).
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2.5. Neurobehavioral testing

At least 30 min prior to testing, mice were moved to a designated behavior room. Ethanol
(70%) was used to remove debris and odors on apparatus between individual mouse trials.
Unless stated otherwise, mouse behavior was recorded using digital cameras driven by
Logitech software and scored a posteriori using Ethovision (Noldus), ANY-Maze (Stoelting
Co.) or manually using BORIS [35] performed blind to treatment by a trained observer. The
passive avoidance, sucrose splash and the forced swim tests were scored manually with a
digital timer. Mice were tested during the light phase of a 12:12 h light/dark cycle (lights on
at 0700 h). To reduce cross-over effects, behavioral tests were performed after at least 1 day
rest. Certain tests were repeated at different post-treatment days (Fig. 1).

2.6. Exercise endurance (EE)

2.7. SUOK

Latency to exhaustion was measured using a previously published protocol for exercise
endurance in mice [36]. A human treadmill was modified to accommodate mice as described
[37]. Briefly, a frame with four tracks, each 92 cm x 8 cm x 16 cm, was overlaid to define
the narrow running area for each test mouse. The treadmill incline was set to a 0° incline.
Mice learned to avoid sharp bristle brushes placed inside and at the end of each track. Mice
were subjected to 3 days of training followed by 2 days of testing. During training, mice ran
for 15 min at increasing speeds of 10, 14, and 18 m/min, respectively. Animals not able to
successfully complete training were excluded from testing. During testing, the treadmill was
set to 20 m/min and the speed was increased by 3 m/min at 4 min intervals. Testing was
completed when the subject hit brush 4 times in a span of 10 s, the predetermined criterion
for exhaustion. Mice that stumbled on the brush prior to meeting the exhaustion criterion
were placed at the front of the treadmill to resume testing. One day prior to training,

tail blood was sampled to obtain baseline glucose and lactate values (Accutrend meter).
Post-testing glucose and lactate values were obtained on the last testing day immediately
following test completion.

SUOK is an elevated platform behavioral paradigm used as an experimental tool to analyze
anxiety, motor-vestibular anomalies, as well as anxiety-induced motor impairments in mice
[38]. The SUOK apparatus consists of a smooth (slippery) aluminum rod (2 m long, 3

cm diameter) elevated to a height of 20 cm and fixed to two clear acrylic vertical walls
[38]. After acclimation to the dimly lit testing room for 30-60 min, several behaviors were
scored over a 5 min trial as the animal walked along the aluminum rod: (1) horizontal and
locomotor (normalized to active time) activity, assessed as number of segments travelled,
(2) sensorimotor coordination represented as the number of hind leg slips and falls from the
rod, (3) exploratory behavior such as side looks and head dips, (4) anxiogenic behaviors
such as increased latency to leave the central zone, and unprotected (over the borders of
rod) stretch-attend postures (SAP) in which the mouse stretches forward and retracts without
moving its feet, [39,40], (5) vegetative responses (combined number of urinations and
defecation boli), and (6) auto-grooming behaviors.

Life Sci. Author manuscript; available in PMC 2022 April 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kozlova et al. Page 7

2.8. Accelerated rotarod test

The rotarod test was adapted from [41]. Motor ability, learning, and coordination were tested
using an accelerated Rotarod apparatus (Ugo Basile; [42,43]) placed on a table top. Animals
were placed on a rotating bar that accelerates from 4 to 40 rpm/min for 5-minute trials.

Each rotarod test consisted of 4 trials with a 10 min inter-trial interval. Latency to fall was
measured within each trial. If the animal was successful in maintaining its position on the
rotating rod without falling for the entire duration of the trial, a maximum score of 5 min
was assigned.

2.9. Step-through passive avoidance test (PAT)

Mice were subjected to an 8 day passive avoidance task (PAT) procedure to assess
impairments in avoidance learning and emotional memory processing [44]. The task requires
the animal to associate a neutral environment with an aversive stimulus and is hippocampal
function-dependent [45,46]. During acquisition, mice were placed in the brightly lit (1800
lux) chamber of a light-dark box with access to the dark chamber; the door between
chambers was kept open. The cross-over latency to enter the dark chamber, the naturally
preferred context during acquisition, was recorded. On entering the dark compartment, the
door was immediately closed and the mouse received a single mild (1 mA, 3 s) electric
foot shock (Unconditioned stimulus, UCS) delivered via stimulation pads (LG Med Supply,
USA). Mice were allowed to remain in the dark chamber for 10 s after the foot shock to
associate the environment with the aversive stimulus. During subsequent tests performed at
2, 4 and 8 days, mice were placed into the bright compartment and latency scores recorded
with a predetermined cut-off criterion (300 s without crossover). Once crossing over or
reaching criterion, mice were removed from the lit chamber (no foot-shock given). Passive
avoidance learning was assessed as an increased latency to enter the aversive context by
learning to associate the context with the UCS.

2.10. Hot plate test (HPT)

The hot plate test measures an animal’s tolerance to a thermal stimulus and, therefore,
informs about pain threshold [47]. A cast iron steel pan (1.9 cm thick) was placed over

a hot plate on a water bath. The surface temperature was maintained at 53 = 0.5 °C as
measured by an infrared thermometer (General IRT-207). The latency of the animal to
exhibit nociceptive behavior (i.e. hindpaw withdrawal or licking, jumping) was recorded
[48]. A predetermined cut-off time after which the test was stopped was set at 30 s to prevent
tissue damage.

2.11. Novel object recognition test (NORT)

The novel object recognition test (NORT) was used to assess short and long-term object
recognition memory [49] with modification as described [50]. Intrinsic preference for object
pairs was ruled out in optimization trials [51]. First, the test mouse was habituated to a
square plexiglass open field (40 x 40 x 40 cm) for 10 min in the absence of objects as
described. The test mouse was then returned to their home cage for 20 min. During the
acquisition phase, the test mouse was placed in the experimental apparatus containing two
identical objects placed in adjacent corners, and allowed to freely explore the environment
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and objects for 5 min. During the short-term memory testing session, the test mouse was
again placed in the apparatus after a retention time of 30 min, where this time one of the
familiar objects (F) was replaced by a novel one (N), and allowed to explore for 5 min. After
a 24 h retention time, long-term memory was assessed by placing mice into the apparatus
with the familiar (F) and second novel object (N”). It should be noted that in the NORT
paradigm adapted for 2 testing days the same mice were used for both 30 min and 24 h
retention periods as described [50,52] and, therefore, performance on the 24 h retention test
cannot be completely separated from likely carryover effects of the 30 min test. Preference
for the novel object was expressed using a discrimination index, calculated as the difference
of time exploring novel relative to total time exploring both objects, where 0 indicates no
preference for either object. We applied an exclusion criterion if the test mouse did not
visit the familiar or novel target zone at least 6 times, which we determined was required

to confirm the construct validity of the test, i.e. that mice spent sufficient time with objects
in order to learn/discriminate them. If a subject failed to meet this criterion on any phase
(training, 30 min or 24 h testing) then it was excluded from the data for all trials.

2.12. Open field test (OFT)

The open field test allows rapid assessment of rodent locomotion, anxiety and habituation
without a training requirement [53]. The open field apparatus, a square arena of 40 x 40

cm (1600 cm? of floor space) enclosed by continuous 40-cm-high walls made of clear
plexiglass, is a large, brightly lit and aversive environment for rodents. Locomotor and other
activity was examined over a 10 min period to determine distance travelled, velocity and
total time in periphery (10 cm adjacent to wall) and center.

2.13. Barnes maze

The Barnes maze [54] was used to assess spatial and learning memory impairments. The
Barnes maze is based on the assumption that the animal placed onto the surface of a
platform should learn and remember the location of an escape box by use of distant

visual spatial cues hung on the 4 surrounding walls. An extended version of the protocol
[55,56] was used to test different aspects of learning such as reference memory (short and
long-term) and to probe for cognitive flexibility through the implementation of reversal
learning trials. The protocol involved 5 stages: habituation (day 0), acquisition trials (days
1-5), acquisition probe trial (24 h, 7d), reversal trials (occurred following 7 day acquisition
probe; days 1-4), and reversal probe trial (24 h). At the beginning of each acquisition trial,
the animal was placed in the middle of the maze. If the animal did not enter the escape hole
after 3 min, it was gently guided to the escape box and allowed to stay there for 30 s before
being returned to the home cage. During the acquisition probe trials a decoy box replaced
the escape box and the apparatus was rotated 180° to avoid odor cues. During the reversal
learning trials, the escape chamber was placed 180° from the previous location and probe
trials conducted similarly. Both the time spent and latency to enter the escape or decoy holes
in respective trials were measured. The trials were scored with ANY-Maze (Stoelting Co.)
software and confirmed by manual scoring.
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2.14. Forced swim test (FST)

The forced swim test (FST) was used to assess despair behavior. The test was performed

as described [57]. Mice were individually placed in a cylinder of water (20 cm in diameter
and 30 cm height), filled with 15 cm of water (25 + 1 °C), for 6 min. Water was changed
between each test animal. After the test, mice were removed and dried before returning to
their home cage. The test was recorded and the immobility behavior was analyzed during the
last 4 min. Mice were judged to be immobile when making no or only movements necessary
to keep their head above water.

2.15. Sucrose splash test (SST)

To measure self-care behavior as an indication of depressive-like behavior, mice were
subjected to a sucrose splash test (SST) as previously described [58]. Briefly, mice were
placed individually in a clear observation cage without food and the dorsal coat sprayed
with a 10% sucrose solution. The sucrose solution dirties the mouse fur and elicits grooming
behavior. The latency to the first grooming and duration was recorded during a 5-min trial.
Depressive-like behavior has been shown to decrease the duration of grooming [59].

2.16. Tail suspension test (TST)

The tail suspension test (TST) was used as an additional measure of depressive-like
behavior. TST was performed as described [60]. Briefly, mice were suspended on the edge
of a table (elevated ~60 cm above the ground) using tape that was attached 2 cm from the tip
of their tails. Tail climbing was prevented by passing the mouse’s tail through a small plastic
cylinder prior to suspension. The duration of immobility was recorded and analyzed over a
6-min period. The animals were considered immobile when they hung down passively and
remained completely motionless. Test mice were assigned a score based on the average of 3
trials conducted with an inter-trial interval of 20 min.

2.17. Elevated plus maze (EPM)

Anxiety-like behavior was assessed using the elevated plus maze (EPM) consisting of 2
open and 2 closed arms (20 x 22 cm) elevated 92 cm and constructed from black plexiglass
as described [61]. The lighting was adjusted to create anxiogenic conditions, i.e., so that the
open and closed arms received differential lighting, i.e., 300 and 30 lux, respectively. At the
beginning of each trial, the test mouse was placed in the center zone facing the open arm
and was allowed to explore the apparatus for a total of 5 min. Activity was monitored by an
overhead camera (LogiTech) and recordings were later analyzed for time spent in each arm.

2.18. Statistical analysis

Statistical analysis was performed using GraphPad Prism (v8.4.3 San Diego, CA, USA),
unless otherwise specified. The normality of data distribution was evaluated with Shapiro-
Wilk test and the equality of variances across groups was compared using F-test. For
parametric data, unpaired one-sample £test, two-tailed paired Student’s #-test, one-way
ANOVA or RM-One-way ANOVA followed by Tukey’s or Dunnet’s post hoc or RM
Two-way ANOVA or Mixed-Effects model with Tukey’s or Sidak’s post hoc tests were used
to compare means within and across groups where appropriate. A Brown-Forsythe ANOVA
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was used instead if the group variances were significantly different. Biological outliers were
excluded when values exceeded 2 x standard deviations, 2 x s.e.m. from the mean or using
ROUT test (Q = 5%). For nonparametric data, a Kruskal-Wallis H test with Dunn’s post
hoc was used to compare differences across groups. Type 1 error rate (a) was set at 0.05; F
and p values are presented in the figure legends or Supplementary Information 1, Statistical
Results.

3. Results

3.1. GWa2 produces transient insulin insensitivity without altering body composition

Six days after the end of the GW exposure period, the glycemia response to exogenous
insulin was assessed during IP ITT experiments at PT 6. The mean glycemia values over
the 120 min time-course following insulin injection are shown in the insulin tolerance curve
(Fig. 2A). GW2 (but not GW1) displayed less reduction in glycemia relative to CON/S at t
=45 (p<.05). GW2 mice also displayed less reduction in glycemia as compared to GW1

at several time points post-injection (t = 15, 30, 45, 60 and 120; p < .05-.01). Since the
glycemia response over the 120 min observation period is due to complex actions of insulin,
we measured insulin sensitivity by calculating the rate constant for glucose reduction (K1)
over the first 30 min post-injection (Fig. 2B). This metric showed a significant decrease in
the plasma glucose disappearance rate for GW2 relative to CON/S (p < .05). The absolute
glycemia values were not different at t = 0, therefore, glycemia was expressed as percent

of baseline (Fig. 2C) [34]. Similarly, the GW?2 group displayed less post-insulin reduction
in glycemia relative to CON/S at t = 45 and 60. The corresponding inverse AUC|Tgucose
of the percent baseline curve showed that GW2 had significantly less reduction in glycemia
over the 120 min time-course (p < .05; Fig. 2D). In contrast, there were no differences
between groups in a second ITT conducted at PT192 for absolute glycemia values (Fig. 2E),
Kitt (Fig. 2F), glycemia expressed as percent baseline (Fig. 2G) nor corresponding inverse
AUC/TTglucose (Fig. 2H) suggesting a transient effect of GW2 on insulin response.

Body weight was monitored during select time points during treatment. No effects of

GW agent exposure were observed between GW and control groups (Fig. 21, K). Body
composition was also assessed by QMR. Fig. 2J and L shows that there were no differences
in lean mass nor fat mass. Taken together, these results suggest that GW agents at the GW2
dose produce a transient decrease in insulin sensitivity and possibly glucose utilization/
clearance that is not due to the effect of stress nor is driven by changes in body mass
composition.

3.2. GW2 produces persistent exercise intolerance without deficits in locomotion or
sensorimotor integration

3.2.1. Exercise endurance—Latency to fatigue was assessed using an Exercise
Endurance (EE) protocol at PT 23 (1x), PT 109 (2x) and PT 161 (3x). Between-group
comparisons indicated that only GW2 showed reduced latency to exhaustion relative to
CON/S at PT 23 (p< .01) (Fig. 3A). This deficit persisted at PT 161 (p < .05). This

is not likely due to an effect of stress since CON/S displayed better endurance relative
to CON at 1x (p<.05). In contrast, GW1 did not show exercise intolerance vs CON/S
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and, surprisingly, improved latency at PT 161 (3x) relative to 2nd testing (2x) (o < .05).
The opposite profiles of GW1 and GW?2 relative to CON/S indicate that the PB dose and
not stress may explain exaggerated exercise fatigue seen in GW2 at early testing. Blood
lactate was measured before and immediately after mice underwent EE in order to calculate
post-exercise lactate values as a percent of baseline. Mean values were significantly reduced
at PT 109 in GW2 relative to CON/S and GW1 (p < .05) (Fig. 3B). Interestingly, mean
values for GW1 at PT 161 were significantly different from both its earlier time points,
indicating a reduction in the magnitude increase of lactate across time (o < .05). For blood
glucose no differences were found across groups or across time (Fig. 3C).

3.2.2. SUOK—Sensorimator ability measured on the SUOK test showed no differences
across groups for locomotor activity (Fig. 3D). The test, however, indicated a significant
reduction in the falls per segments crossed in GW2 vs CON/S (p < .05) (Fig. 3E). Latency
to leave center, a measure of anxiety, was significantly lower in GW1 relative to CON/S
(p < .05) (Fig. 3F). There were no group differences in additional locomotor parameters
(Supplementary information, Supplementary Fig. 1).

3.3. GW agent exposure produced no adverse effects on motor coordination

For evaluation of motor coordination we used the Rotarod test (Supplementary Information,
Supplementary Fig. 2) and within-group comparisons showed that the CON/S, GW1 and
GW?2 groups performed better in the fourth trial, compared to the first trial (p < .05),
indicating improved motor learning for each group. Differences across groups included
increased latency to fall in GW1 vs CON/S (p < .05) and reduced latency in CON/S vs CON
in the second trial (p< .01).

3.4. GW agent exposure compromises fear-associated learning without affecting pain

sensitivity

The passive avoidance learning and memory test (PAT) with foot-shock was used to assess
associative learning and memory. At PT 34-70, mice were subjected to an acquisition trial
on day 1 and tested for latency to enter the dark chamber on retention trials performed at
days 2, 3 and 7. Within group comparisons showed significantly increased time to enter the
dark chamber on day 2, indicating memory retention after a 24 h period for CON, CON/S
and GW2 but not GW1. Across-group comparisons showed impaired retention in GW1 and
GW?2 since latency to enter dark was significantly shorter on day 2 relative to CON/S (Fig.
4A; p<.05). All groups showed memory retention that persisted out to 7 days, except
GW?2 representing a long-term deficit in memory retention (p < .05, vs days 2 and 3 and

to CON/S, Fig. 4A; p< .001). Mice were subjected to a second PAT at PT 110-120 (Fig.
4B). All groups showed a high baseline for acquisition suggesting mice had remembered to
associate the context with the unconditioned stimulus. Nevertheless, GW1 and GW2 showed
memory deficits, i.e., shorter latency to enter dark chamber on day 2 (GW2) relative to
CON/S (p<.05). In contrast, GW1 showed less retention at day 7 relative to CON/S (p <
.05) and vs day 2 and 3 (p < .05).

A hot plate test was used to assess nociceptive threshold to test the possibility that
GW groups performed worse on passive avoidance test due to elevated pain threshold.

Life Sci. Author manuscript; available in PMC 2022 April 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kozlova et al. Page 12

No statistical significance among groups was found at PT 190, suggesting that reduced
associative learning and memory was not confounded by hyper or hypoalgesia (Fig. 4C).

3.5. GW agent exposure produces short- and long-term object recognition memory
deficits without anxiety or locomotion alterations

3.5.1. Novel object recognition—Results obtained on the novel object recognition test
show that at 30 min retention time the GW2 and CON/S groups did not recognize the

novel over familiar objects (Fig. 5A), suggesting that altered short-term memory is possibly
due to stress. In Fig. 5B, the corresponding discrimination index values were significantly
different from 0, indicating a significant preference in exploring the novel object and normal
recognition memory for all groups except CON/S and GW2 (p < .05-.01). Mean NORT
scores for 24 h retention indicate that all groups except the GW1 group showed a significant
preference for the novel object (Fig. 5D; p< .05 and p < .001) and a discrimination index
that was significantly greater than 0 (Fig. 5E; p< .05 and p < .001). Therefore, GW1 group
displayed deficient long-term recognition memory. It should be noted that performance on
the 24 h retention test cannot be completely separated from the carryover effects of the

30 min test since the same mice were tested for recognition memory after both retention
periods. These changes in investigation of novel vs familiar objects were not due to reduced
locomotion, measured as distance travelled in the open field arena at Phase I (Fig. 5C) and
Phase Il (Fig. 5F).

3.5.2. Open field tests (OFT)—Prior to the acquisition phase of NORT, mouse
locomotion and anxiety were evaluated while mice explored an open field arena for 10 min
at PT 17. There were no group differences in total distance travelled (Fig. 5G). Similarly,
there was no difference observed between either of the GW groups vs CON/S in the total
time spent in the periphery over the center (Fig. 5H, 1), suggesting that investigation time in
NORT was not influenced by increased anxiety. The GW2 group remained less time in the
periphery when compared to GW1 (p < .05; Fig. 51).

3.6. GW agents do not affect spatial learning or memory retrieval

We used an extended Barnes maze (BM) protocol to assess spatial learning (acquisition
trials) and memory retrieval (acquisition/reversal probe trials) and cognitive flexibility
(reversal learning). Within group comparisons of acquisition trials, which were conducted
at PT 172, showed that CON and CONY/S groups had learned to locate the escape hole by
day 2 of the 5-day period. In contrast, both GW groups learned only by day 3 (Fig. 6A).
Across group comparisons revealed that CON/S showed increased latency to escape on Day
1 and 2 relative to CON (Fig. 6A; p<.05). During the single probe acquisition conducted
24 h later to assess short-term spatial memory, no group differences were seen except for
the memory-reducing effect of stress (Fig. 6B; p < .05). There were no abnormalities in
the latency to the escape hole for GW1 and GW?2 relative to CON/S (Fig. 6C). During

the acquisition probe trial conducted 7 days later to measure /ong-term spatial memory,
there were no differences in time spent in the escape hole nor latency to the escape hole
(Fig. 6D, E). We also implemented reversal learning trials in order to assess the cognitive
flexibility in relearning a new location. On the reversal learning acquisition trials, there
were no differences seen between CON/S and GW1 or GW?2 in the ability to learn the
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new position of the escape hole (Fig. 6F). This finding was also confirmed in the single
short-term reversal probe trial conducted 24 h later as assessed by the time spent in and
latency to the new escape hole (Fig. 6G, H).

3.7. GW1 shows despair-like behavior

Depressive-like behaviors were assessed with repeated testing on the FST at PT 55 (1x)

and PT 84 (2x) and on the SST at different time points at PT 28 (T1) and PT 140 (T2).
Immobility time in FST was significantly greater indicating despair-like behavior in the
GW1 group at 1x and 2x, when compared to CON/S (p < .05) (Fig. 7A, B). Regarding

the self-care behavior assessed in the SST, less grooming time was observed in the CON/S
group, compared to CON (Fig. 7C, p<.05) at PT 28 and no difference was found at PT 140
(Fig. 7D). Additionally, no difference was found in the latency to the first grooming at any
time point (Fig. 7E, F). For depressive-like behavior assessed through TST, no difference
was found across groups (Supplementary information, Supplementary Fig. 3).

3.8. GW agents do not affect anxiety

The elevated plus maze was used to test anxiety. Supplementary information, Supplementary
Fig. 4 at PT 14 shows that all mice spent significantly more time in closed vs open arms,
indicating internal validity of the maze (p < .0001). However, no across group differences

in time spent in the open arms were observed suggesting that GW agents do not exaggerate
anxious behavior. To test for latently emerging effects we subjected mice to EPM at PT 92
and PT 145 and found similar results (Supplementary information, Supplementary Fig. 4).
No differences in the total frequency of entries were seen across treated groups supporting
the lack of an anxiogenic effect by GW agents (Supplementary Information, Supplementary
Fig. 4).

4. Discussion

The pathophysiological processes underlying the chronic symptoms seen in GWI have not
been established, curtailing effective diagnosis and treatment for this debilitating chronic
disorder. One of the hurdles has been the lack of a tractable animal model that recapitulates
the most prevalent symptoms in GWI, such as debilitating fatigue and cognitive decline
[62]. Here, we characterized a GWI mouse model with exaggerated exercise intolerance and
impaired associative learning and object recognition memory. Notably, the GWI phenotype
is driven by GW chemicals since the abnormalities in the overwhelming majority of
parameters studied could not be recapitulated by stress exposure alone. Specifically, the
6.5 mg/kg, b.i.d. (GW1) did not appear to be as impactful as the single 8.7 mg/kg treatment
per day received by GW2. Because GW1 mice were exposed to GW chemicals throughout
the day rather than just acutely as in GW2, GW1 mice may have developed physiological
adaptation (tolerance) to ACh producing changes in cholinergic receptor responses. In
support of this, Dabisch and others [63] have demonstrated that overstimulation with PB,
and the resultant elevation of ACh, causes increased tolerance to ACh on the ocular miotic
response, pointing to oversaturation of muscarinic receptors as the likely cause. Along with
this, the systemic half-life of PB in rats is roughly 30 min [64], which would imply that the
muscarinic receptors of GW1 mice were more heavily saturated with PB than GW2.
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We aimed to characterize the glucose metabolic health in our model since epidemiological
evidence in GWVs supports an association for GWI with metabolic syndrome and obesity
[65] and animal models indicate obesity worsens GWI pathology across multiple domains
[66,67]. The ITT results in this study show that GW2 but not GW1 manifested insulin
insensitivity (lower K1) relative to CON/S. The former also showed recalcitrance to return
to normal glycemia after insulin challenge resulting in a reduced inverse AUC|t1gjucose
possibly representing less glucose utilization or elimination, effects that could not be
attributed to obesity (increased body weight) nor reduced lean mass. These metabolic effects
did not persist beyond PT 6 in contradistinction to changes in cognitive, and exercise
endurance parameters. Albeit the glucose dyshomeostasis was transient, these results warn
about the diabetogenic risk of GW agent exposure. In a study of Australian GWVs, multi-
symptom illness was associated with elevated plasma glucose [68]. Currently, diabetes is
more prevalent in GWI [22], and the additional burden of obesity and chronic intake of
Western diet in the current situation of GWVs [66,67] may result in more substantive

risk for accelerated brain aging, risk of dementia and cognitive impairment and fatigue
symptoms [20,21].

Little is known about how GW agents may directly interfere with insulin signaling and
related glucose transporters at target tissues. PB is an AChEI that can increase the level

of the neurotransmitter acetylcholine (ACh), which elevates glucose utilization via GLUT4
transporters, in part, by improving vagal nerve activity [69]. Consistent with this, in obese
human patients, PB, through cholinergic enhancement, increases the insulin response to
glucose [70]. Complementary support from animal studies shows that the cholinergic
antagonist atropine decreases the glucose disposal response to exogenously administered
insulin [71,72]. Prolonged elevation of ACh levels, however, resulting from chronic AChEI
application may desensitize muscarinic ACh receptors and cause subsequent blockade

of ACh responses [73]. Therefore, chronic PB-mediated block of AChEI may promote
cholinolytic actions on insulin signaling seen in GW2. Additionally, there is evidence that
exposure to pyrethroids insecticides such as PER, is linked to increased weight gain, glucose
dyshomeostasis in rodents [74] and Type Il diabetes [75,76] in humans [77,78]. Altered
glucose/lipid metabolism /n vitro [79] and insulin resistance in mice have also been reported
[80]. In humans, chronic exposure to PER has been associated with increased blood glucose
levels in animals and humans and increased body mass index, a comorbidity of diabetes, in
pesticide factory workers [81], although the biochemical mechanisms are poorly understood.
The most prevalent complaint in GWI1 patients is severe and debilitating fatigue [17]. Of
particular interest is our finding that GW2 displayed marked exercise intolerance up to PT
161 relative to CONY/S, offering translational value since chronic fatigue continues to be a
predominant symptom reported by ill GWVs [82]. While there is sufficient evidence from
self reports that GWVs suffer from chronic fatigue, a more detailed analysis is required

to understand the effects of exercise or physical exertion on exacerbating GW phenotypes
[18,83-85]. In our study, exercise intolerance in GW2 cannot be ascribed to elevated lactate
levels that may result in muscular fatigue [86], since post-exercise lactatemia was normal
relative to control. Similarly, there were no group differences in post-exercise changes in
glycemia that could explain exercise intolerance, indicating other physiological processes
may be responsible. For example, reduced muscle and/or subcortical levels of ATP have
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been found in GWI mice [87]. Alternatively, morphological data from PB-treated mice
showing structural changes in skeletal muscle [88] may explain, in part, intolerance to
exercise in GW?2. Central mechanisms may also contribute to exercise fatigue such as
increased tryptophan-kynurenic acid pathway activity within the hypothalamus-hippocampal
circuit and disturbances in the serotonergic system implicated in different fatigue models
[89,90]. The exercise-intolerant phenotype seen in GW2 was coincident with reduced
associative learning on PAT that can be studied using the same mouse model. It is important
to note that ill GWVs have been suffering from persistent cognitive and fatigue deficits for
30 years. Veterans with GWI have higher rates of adverse health conditions and present
poorer physical functioning compared to GW-era non-deployed veterans likely due to
chronic fatigue symptoms that promote a sedentary lifestyle [20]. GWI veterans seem to

be showing accelerated aging and presenting higher rates and earlier onset of medical
conditions, such as diabetes [20].

Along with chronic fatigue, impaired cognition is one of the most debilitating symptoms

of GWI [91]. Symptomatic GWVs present deficits in visuospatial abilities, executive
functioning, and learning and memory [92] which severely affect quality of life. Using a
passive avoidance test that measures associative learning and memory, we showed that,
when tested at PT 34-70, GW1 and GW?2 took 2 days longer to learn the aversive nature of
the dark chamber, relative to CON/S. GW?2 also showed memory loss at day 8, suggesting
a severe learning impairment. On repeat testing, occurring at an extended time point,

i.e.,, PT 110-120, GW1 showed memory loss only at day 8 and GW2 showed memory
impairment at day 2. Therefore, the PB dose may dictate the nature of the impairment

in associative learning and memory. The amygdala and hippocampus and various cortical
areas are part of the neural network that subserves passive avoidance learning [93,94], but
NMDA-receptors in hippocampus are especially necessary for contextual learning [93]. This
coincides with hippocampal dysfunction and cognitive problems seen in GWVs [95-97].
However, our PAT findings differ from those studied in a rat model exposed to Sarin and
PB alone, and in combination, for which no effect of exposure was seen [98]. It should

be noted that combined PB and Sarin treatment has been reported to produce elevated
nociceptive threshold at PT 16 weeks which may influence results reported previously [98].
The differences on PAT performance shown here could not be ascribed to an elevated pain
threshold or exaggerated anxiogenic effects towards the aversive electric shock of PAT
caused by GW agents, since no abnormal effects were observed on the hot plate test or EPM,
respectively.

We also report a dose-dependent GW agent-induced reduction in long-term object
recognition memory (GW1) on NORT, that requires the integrity of the hippocampus,
perirhinal cortex and prefrontal cortex [99,100]. Wang and colleagues showed long-term
recognition memory deficits in male but not female C57BL/6 mice chronically exposed
to GW chemicals (1.3 mg/kg PB P.O., 0.13 mg/kg PER and 40 mg/kg DEET topical)
[87]. Similar results have been reported in rats [101]. Reduced short-term (30 min) object
recognition memory was also seen in GW2 and CON/S suggesting the outcome was
likely due to stress alone. Therefore, it is important to use the proper control to parse

out the unique effects of GW chemicals. Distance travelled during NORT (open field
test) showed no group differences ruling out the possibility that differential NORT scores
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were due to deficits in general sensorimotor ability. Our experimental results align well
with the impaired central executive processing seen in symptomatic GWVs displayed as
distinctive prefrontal cortical activity during a working memory challenge task on fMRI,
when compared to civilian controls [7,102]. Since GWVs have self-reported visual memory
decrements [103] we also examined the effects of GW agents on spatial memory using the
Barnes maze test [103]. Our results indicate only minor changes, namely that both GW
groups require a longer acquisition period to learn the location of escape hole compared to
CONY/S at 6 months post exposure. Previous GW rodent models have found more profound
deficits when tested similarly at 5-22.5 month post exposure [87,104-107]. In combination,
the results of the cognitive tests performed indicate several cognitive effects of GW agents
that likely vary by dose of chemicals and time following exposure.

Since a combination of GW agents was used to mimic GW exposure, it has been difficult
to determine which chemicals are the most salient in producing GW phenotypes. However,
we found differential phenotypes using two different PB doses suggesting pharmacological
actions of PB and/or interactions with PER and/or DEET are driving the phenotypic
changes. Several epidemiological studies have reported a link between exposure to a
ACNhEI, such as pyridostigmine bromide (PB), and chronic symptoms in GW veterans

[8]. Indeed, even though PB does not normally cross the blood-brain barrier, stress has
been shown to enhance PB entry and affect acetylcholinesterase (AChE) activity in rats
[13]. These changes may interfere with basal forebrain cholinergic circuits participating in
domains altered in GWI such as memory, attention and sleep [11,15]. Within the cortex,
structural changes such as reduced neurogenesis, neurodegeneration and inflammation in
the hippocampus may underlie object memory dysfunction (NORT) and associative learning
deficits (PAT) [108] and have been previously shown to occur after GW agent exposure
[11,91]. Therefore, as a follow up to this study demonstrating differential phenotypes for
GW?2 and GW1, we compared neuroinflammatory transcriptional signatures, and brain IL-6
levels as well as plasma endotoxin and the gut microbiome community structure to find
molecular/pathological correlates that may specifically drive the GW2 cognitive and fatigue
phenotype [1].

Neurological and psychiatric symptoms including cognitive impairment, attention deficits,
depression and anxiety are widely reported among GWI patients [109]. This is hypothesized
to be due to stress-induced disruption of the blood-brain barrier allowing PB penetration into
the brain [13] and disrupting the homeostatic balance in synaptic acetylcholine signaling
that is required for mood regulations and stress reactivity [110]. Consistent with other
studies, here we show that GW1 (but not GW2) displayed a significant increase in time
spent immobile on FST, corroborating previous findings of depressive-like effect of GW
agent exposure in animal models [11,87,104]. The immobility observed in GW1 is not likely
confounded by fatigue since GW1 reached exercise exhaustion at a normative time (>25
min) and no locomotor deficits were seen in the open field test. On a separate test, the SST,
that measures self-care, we observed only the effect of stress, but not of GW agents. The
differential effects of FST and SST could be due to the different types of depressive-like
behavior that each test measures. While the FST measures behavioral despair, that parallel
with symptoms of despair and hopelessness seen in depression [57,111], the SST assesses
the grooming behavior, considered a form of motivational behavior that parallels other
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symptoms of depression, such as the apathetic behavior [112]. These findings corroborate
the increased rates of mood disorders, especially depression, reported by GWVs [113].

With regard to anxiety, previous reports showed increased anxiety following administration
of GW agents and stress at 3 months post treatment compared to vehicle control [23,106].
While our results obtained on EPM do not support an anxiogenic effect of GW agent
treatment, CONY/S did increase latency to leave center on the SUOK test and produced less
time in center of OFT. Therefore, the discrepancy may be due to the type of control group
selected for comparison. Our findings on cognitive and mood domains are consistent with
previous published results showing that chronic GW1 agent exposure promoted depressive-
like behavior but not enhanced anxiety, a combination seem in some rat [25] and mouse
models [106] but not others showing enhanced anxiety as well [11,23,87,114]. Importantly,
the cognitive and exercise intolerance displayed prominently by GW2 did not appear to
parallel a depressive-like nor increased anxiety phenotype, indicating different circuits are
involved in the pathological manifestations of the GW2 PB dose.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

G\%V exposure model and endpoints. Four experimental groups of adult mice were used: a
sham treated control (CON), a sham treated control that received restraint stress (CON/S),
and two GW groups that received one of two doses of PB P.O.: 6.5 mg/kg b.i.d. (GW1)

and 8.7 mg/kg (GW?2), plus topical DEET and PER as well as 5 min restraint stress. The
exposure regimen was given 5 days/week followed by 2 day rest for 4 weeks. Animals were
tested on metabolic, behavior and exercise endpoints as described. We tested the persistence
of phenotype by testing for selected behaviors at various post-treatment time points T1

(PT 25-70), T2 (PT 70-94), T3 (94-199). Metabolic endpoints assessed include insulin
sensitivity (IP ITT), post-exercise blood lactate and glucose, body weight and composition
(QMR). Behavior tests included: SUOK, elevated plus maze (EPM), forced swim test (FST),
tail suspension test (TST), novel object recognition test (NORT), sucrose splash test (SST),
passive avoidance test (PAT), exercise endurance (EE), Rotarod, Barnes maze (BM), hot
plate test (HPT). Mice were tested initially (1x) and repeat-tested on selected behaviors
once (2x) and twice (3x) to determine onset and persistence of latently-emerging GW
pathology as described in captions of figures below. DEET, N,N-diethyl-meta-toluamide;
PB, pyridostigmine bromide; PER, permethrin; PT, post-treatment; QMR, quantitative
magnetic resonance; T, time point; TRT, treatment; GW1, 6.5 mg/kg b.i.d.; GW2, 8.7 mg/kg.

Life Sci. Author manuscript; available in PMC 2022 April 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kozlova et al. Page 27

A 175 A B 2.0r C 125 D‘D 0.4r
- A ? i
e A * AA o =
—E'150 n A = ' 15F ] * %E 0.3+
* S x ©100] * E®
=) Qo o S}
£ S ° O ®
=125 = 31or >, D Qo02r
£ Eg x g <
] X o € 75 o <"
2.100] To5- 8 5 201 %
I X > > X
= ) E X
75 0.0~ 50! 0.0k
0 15304560 90 120 015304560 90 120
E Minutes post IP Humulin G Minutes post IP Humulin
175 _ 125
< CON - GW1 2.0 —_ 0.4r-
= < CON/S o GW2 = o g =
- c = g £
E 159 ~E15F @ SEqal
= S ©100) S 03
£ 20 2 E's
=125 Sé 2 O 3
© < ® 1.0 = 3 002k
€ E2 3 < o
5] 9 £ 75 B
3] X o o
100 Sosk ] o <
> 0.5 o £ L
15 o S R 0.1
< o Z =
75! L 50 - L
015304560 90 120 0.0 0 15304560 90 120 0.0 ——— —
Minutes post IP Humulin Minutes post IP Humulin

| J L

=N
I=3
S
N
@
=]
d

@
(=}
£
N
o
T

[+
=]
N
N
=]
T

N
o
-
Q
S
T

20|

. OBAd

—_—

Body weight (% change initial)

Body composition (% bw)
Body composition (% bw)

@
=]
T

Body weight (% change initial) 2N

20
LORE0
Fat

¢ A X o ) C o B D@
L N Lean &Y N S ¥ Fat Lean
& /\Qi\ & L ¢ &
Days Days

Fig. 2.

G3V2 produces transient insulin insensitivity without affecting body composition. (A-H)
Mice were subjected to an IP ITT test at PT 6 and 192. (A) Absolute blood glucose
concentrations measured before and at t = 15, 30, 45, 60, 90 and 120 min post-insulin
injection during IP ITT at PT 6. (B) The corresponding rate constant for glucose reduction
(Ky17), calculated over the initial slope of the ITT glucose response curve from 0 to 30
min, was significantly reduced for GW2 vs CONY/S. (C) Blood glucose values, expressed
as a percent of baseline are plotted versus time. (D) The corresponding inverse integrated
area (AUC) of the percent basal glucose curve (Inverse AUC|TTgiycose) Shows a significant
decrease for GW2 vs CON/S. (E-H) Absolute blood glucose concentrations measured
during IP ITT at PT 192 show no group differences in glycemia response over 120 min
post-injection (E), K17 (F), glycemia expressed as percent baseline (G) and corresponding
inverse AUC glucose (H)- Body weight (1, K): Body weight, monitored before (PRE),
during (TRT) and post (PT) GW exposure, shows no difference vs CON/S. QMR (J, L):
Measurements indicate that GW exposure did not affect fat and lean mass composition
measured at PT 25 (J) and PT 139-166 (L). Stress alone did not influence any parameters.
Values are expressed as mean = s.e.m. *Significantly different from CON/S, *p < .05.
Significantly different from GW1, Ap< .05, Mp< .01. A-D, I, J: n = 6-9/group and E-H,
K, L: n =5-10/group. PRE, pretreatment; PT, post-treatment; QMR, quantitative magnetic
resonance; TRT, treatment. GW1, 6.5 mg/kg b.i.d.; GW2, 8.7 mg/kg.

Life Sci. Author manuscript; available in PMC 2022 April 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Kozlova et al.

e
o

Page 28
Exercise
Endurance J N Ll
] CON —e —
A B CON/S oi° D
O GW1 2 ;
5 Oowe BV, o
— [0}
o §4o_ Y bbbb g%
2 0 L
3§ 30 » CE™
- *% aa 2o
2 2 20t S E
T3 £ 202
< 10+ o3
o (]
o- A A A 0.0t
- 1X 2X 3X -
2 . 0.06
8 8
Qo =
© DOl s
o= 8 £0.041
28 * g
cE4 Iab g .
RS ID =0.02
i ] “’ ]
- LL
[}
(o]
o ot : ) . 0.00t
1X 2X 3X
@ 20 1507 #
So D
5218 £ &0
¥ ot
S @ 1.0F 58
e T 2 50
o < 0.5+ 3
‘g - kK
K L _ . . ol =
1X 2X 3X

Fig. 3.

G3V2 produces persistent exercise intolerance without deficits in locomotion or sensorimotor
processing. Mice were subjected to repeat tests of exercise endurance at PT 23 (1x), PT

109 (2x), and PT 161 (3x) and SUOK test at PT 10. Exercise endurance (A-C): (A)

Mean scores on latency to exhaustion were significantly reduced for GW2 at 1x and 3%

vs CONY/S. (B,C) Corresponding mean post-exercise blood lactate (B) were not elevated in
any group and post-exercise glucose levels (C) were not significantly affected by exercise.
SUOK test (D-F): (D) Locomotor activity, expressed as segments crossed over time spent
mobile at PT 10 showed no intergroup differences. (E) Corresponding falls per segment
crossed and (F) latency to leave center indicate no sensorimotor deficits for GW groups.
Values are expressed as mean + s.e.m. aSignificantly different from x1, 2p < .05, 3@p < 0.01.
bSignificantly different from x2, Pp < 0.05, PPPbp < 0.0001. *Significantly different from
CON/S at corresponding time point, *p < .05, **p < .01, ***p < .001. Significantly different
from GW1 at corresponding time point, ~p < .05. #Significantly different from CON at
corresponding time point, ¥p < .05, n = 5-10/group (A-C) and n = 12-15/group (D-F). GW1,
6.5 mg/kg b.i.d.; GW2, 8.7 mg/kg.
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Fig. 4.

GSV agent exposure compromises fear-associated learning without affecting pain sensitivity.
Passive avoidance test (PAT, A, B): Mice were subjected to two passive avoidance tests

(1x and 2x) at time points indicated. PAT with foot shock was conducted to assess fear-
associated learning as measured by hesitation to leave bright chamber on days 2-8 after
training (day 1). (A) PAT at PT 34-70 (1x) showed that CON and CON/S avoided aversive
dark chamber on days 2-8. In contrast, GW1 and GW2 took two days longer to accomplish
memory retention and GW?2 group also presented a deficit at day 8 when compared to
CONY/S. (B) PAT at PT 110-120 (2x). Increased latency scores over successive test trials
were observed for all groups with 2 exceptions. Intergroup differences indicated reduced
memory retention for GW1 at day 8 and GW?2 at day 2 relative to CON/S. Hot plate test

at PT 191 (C) Mean scores on withdrawal latency show no group differences. Values are
expressed as mean * s.e.m. #significantly different from CON at corresponding day (p <
.05). *Significantly different from CONY/S at corresponding day, *p < .05, ***p < .001.
aSjgnificantly different from day 1, 2p < .05; PSignificantly different from day 2, Pp < .05;
CSignificantly different from day 3, ¢p < .05; n = 13-17/group (A,B), n = 5-10/group (C).
GW1, 6.5 mg/kg b.i.d.; GW2, 8.7 mg/kg.
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Fig. 5.

GW agent exposure produces deficits in short- and long-term novel object recognition
memory without anxiety or locomotion alterations. Novel object recognition test, A—F:
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| >

Short- and long-term memories were tested in Phase | (30 min) and Phase Il (24 h retention)
performed at PT 17 (T1). (A) After a 30 min retention period GW2 and CON/S spent equal
time investigating familiar and novel objects, indicating a short-term memory deficit that is
possibly due to an effect of stress alone. (B) Mean discrimination index scores significantly
greater than 0 indicate that all mice except CON/S and GW2 preferred the novel vs familiar
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object. (D) After 24 h retention GW1 behaved abnormally and showed no preference for

a new novel object vs familiar relative to CON/S. (E) Mean corresponding discrimination
index indicates that all groups except GW1 showed an overall preference for the novel
object but no across-group differences were seen. Changes in investigation were not due to
immobility in the open field arena prior to Phase | (C) and Phase Il (F). Open field test
(G-1): (G) There were no group differences on total distance travelled in the open field
arena. (H-1) Average total time spent in center (H) and periphery zone (1) indicated no
reduction in time spent in center for GW groups vs CON/S. Values are expressed as mean
+ s.e.m. except for those in B, E which are expressed as median and inter quartile range
with whiskers representing minimum and maximum values. *Significantly different from
time exploring familiar object; *p < .05, **p < .01, ***p < .001. Significantly different from
GW1, "p < .05; 8Significantly different from a hypothetical discrimination index of 0, p <
.05, 3@p< 0133p< 001. “Significantly different from CON. F, familiar. N, novel. A-F, n =
10-13/group, G-I, n = 6-9/group. GW1, 6.5 mg/kg b.i.d.; GW2, 8.7 mg/kg.
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Fig. 6.

G\%V treatment does not affect spatial learning and memory retrieval. Acquisition learning
trials were conducted on the Barnes maze at PT 172. (A) Intergroup comparisons indicated
increased latency to escape hole for CON/S vs CON at Days 1, 2. Unlike CON and CONY/S,
which learned the location of escape hole by Day 2, GW groups showed delayed learning
until Day 3. (B) All mice behaved similarly with regard to time in the escape hole, except
CONY/S who spent less time in escape. (C) Latency to reach the escape hole was assessed in
a single probe trial conducted 24 h later. (D-E) There were no differences in time in (D) and
latency to reach (E) escape hole in a single probe trial conducted 7 days later. (F-H) During
reversal learning trials, only the GW1 group learned to find the new escape location by Trial
4. There were no group differences for time in new escape location (G) nor latency to reach
new escape hole (H). Values are expressed as mean * s.e.m. #Significantly different from
CON, #p < .05. 8Significantly different from Trial 1 for corresponding group, 2p< .05, n =
5-10/group. GW1, 6.5 mg/kg b.i.d.; GW2, 8.7 mg/kg.
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Fig. 7.

G3V1 shows despair-like behavior. Mice were subjected to a sucrose splash test (SST) at one
of two times (T1, T2) and to the forced swim test (FST) at two successive times (1x, 2x)
throughout the post-treatment period. FST (A-B): (A) FST at 1x (PT 55). (B) FST at 2x (PT
84). SST: (C) Grooming time in SST at PT 28 (T1). (E) Latency to start grooming in SST

at PT 28 (T1). (D) Grooming duration in SST at PT 140 (T2) (F) Latency to start grooming
in SST at PT 140. Values are expressed as mean + s.e.m. *Compared to CON/S, *p < .05;
#compared to CON, #p < .05. n = 5-10/group. GW1, 6.5 mg/kg b.i.d.; GW2, 8.7 mg/kg.
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