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Abstract

Background Inflammation and neuroinflammation are integral to the progression and severity of many diseases
and are strongly associated with cardiovascular disease, cancer, autoimmune disorders, neurodegenerative disease,
and neuropsychiatric disorders. These diseases can be difficult to treat without addressing the underlying inflam-
mation, and, as such, a growing need has arisen for pharmaceutical treatments that target inflammatory mediators
and signaling pathways. Our lab has investigated the therapeutic potential of the irreversible y-opioid antagonist
B-funaltrexamine (3-FNA) and discovered that acute treatment ameliorates inflammation in astrocytes in vitro

and inhibits central and peripheral inflammation and reduces anxiety- and sickness-like behavior in male C57BL/6)
mice. Now, our investigation has expanded to investigate the chronic pre-treatment effects of 3-FNA on lipopolysac-
charide (LPS)-induced inflammation and behavior in male C57BL/6J mice.

Results Micro-osmotic drug pumps were surgically inserted into the subcutaneous intrascapular space of male
C57BL/6J mice. B-FNA or saline vehicle was continuously administered for seven days. On the sixth day, mice were

given intraperitoneal injections of LPS or saline. An elevated plus maze test, followed by a forced swim test, were
administered 24 h post-injection to measure sickness-, anxiety- and depressive-like behavior. Immediately after test-

ing, frontal cortex, hippocampus, spleen, and plasma were collected. Levels of inflammatory chemokines C—C motif
chemokine ligand 2 (CCL2) and C-X-C motif chemokine ligand 10 (CXCL10) were measured in tissues by enzyme-linked
immunosorbent assay (ELISA). Quantitative reverse transcription polymerase chain reaction (RT-gPCR) was used to assess
expression of the enzyme indoleamine 2, 3-dioxygenase 1 (IDO1) and the NLR family pyrin domain-containing protein

3 (NRLP3) inflammasome in frontal cortex and spleen tissues. Chronic pre-treatment robustly decreased inflamma-

tion in the hippocampus, frontal cortex, and spleen and reduced or abolished anxiety- and sickness-like behavior (e.g,,
increased time spent motionless, increased time spent in a contracted position, and reduced distance moved). However,
treatment with 3-FNA alone increased both inflammation in the frontal cortex and anxiety-like behavior.

Conclusion These findings provide novel insights into the anti-inflammatory and behavior-modifying effects of chronic
B-FNA pre-treatment and continue to support the therapeutic potential of 3-FNA under inflammatory conditions.
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Background

Chronic inflammation is associated with pathological
states, including cardiovascular disease, diabetes, can-
cer, autoimmune disorders [1-7]. Additionally, persis-
tent neuroinflammation has been linked to a variety of
neurodegenerative and neuropsychiatric conditions and,
in some cases, has been associated with disease pro-
gression, severity, and treatment-resistance [2, 8—14].
Consequently, developing pharmaceuticals that tar-
get inflammatory pathways has become increasingly
important.

Our lab has a longstanding interest in the anti-inflam-
matory effects of B-FNA, a well-tolerated and non-toxic
irreversible p-opioid antagonist and reversible k-opioid
agonist. We have substantial evidence that B-FNA has
in vitro anti-inflammatory effects on human astrocytes,
and, in vivo,

B-ENA inhibits LPS-induced inflammation and anxi-
ety- and sickness-like behavior in male C57BL/6] mice
[15—-20]. Peripheral LPS administration is an established
pre-clinical model of neuroinflammation in mice [21-23].
LPS activates toll-like receptor 4 (TLR4) on immune
cells, microglia, and astrocytes leading to upregulation of
pro-inflammatory cytokines/chemokines, enzymes, and
inflammatory metabolites/products that disrupt synaptic
and neuronal function [21, 22]. Sickness behavior (as indi-
cated by increased time spent motionless, increased time
spent in a contracted position, and/or reduced distance
moved) typically peaks around 6 h post LPS, followed
by anxiety- and depressive-like behavior at 24 h [15, 23].
Both in vitro and in vivo, these B-FNA-mediated effects
appear to be driven, in part, through inhibition of nuclear
factor kappa B (NF-kB) and p38 mitogen-activated pro-
tein kinase (MAPK) activation [17-20]. Here, we provide
the first report of the anti-inflammatory and behavioral
effects of chronic, continuous B-FNA pre-treatment in
a pre-clinical model of LPS-induced inflammation. As a
result, this study advances our understanding of the neu-
roprotective potential of B-FNA, particularly in the con-
text of inflammation-associated psychiatric disorders.

Methods

Animals

The protocol for all experimental procedures and ani-
mal manipulations was approved by the Oklahoma
State University Center for Health Sciences Institutional
Animal Care and Use Committee. Male C57BL/6] mice
(4—6 weeks; Jackson Laboratories, Bar Harbor, ME) were
housed in USDA-approved facilities at the Oklahoma
State UniversityCenter for Health Sciences and were
acclimated for at least 7 days prior to initiation of experi-
ments. Each plastic cage housed two to three mice and
contained pine chip bedding, ad libitum food and water,
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and a plastic igloo and cardboard tube for environmen-
tal enrichment. The room was maintained at an ambi-
ent temperature of 21 °C and programmed with a 12 h
light/12 h dark cycle.

Experimental protocol

Seven-week-old male C57BL/6] mice (n=16/group) were
administered 150 mg meloxicam then anesthetized using
continuous-flow isoflurane (5L/min, 2.5%) prior to sur-
gically inserting a drug/vehicle-loaded micro-osmotic
pump (Alzet 1007D) into the intrascapular subcutaneous
space. Meloxicam (150 mg) was administered again 6 h
post-surgery to minimize discomfort. The pumps deliv-
ered either B-FNA (National Institute on Drug Abuse
reagent supply program; 42 ug/d, 0.5uL/h for 7d) or
saline vehicle. To induce neuroinflammation and behav-
ioral deficits, a well-established pre-clinical model [24]
was used wherein six days post-surgery, mice (n=7-8/
group) were injected (i.p.) with either 25uL LPS (Escheri-
chia coli O55:B5; Sigma L.2880; 0.83 mg/kg, as previously
reported [15]) or saline. Doses of LPS and B-FNA were
based upon previous research [15, 16, 19]. At 24 h post-
injection, each mouse underwent an elevated plus maze
test (EMT), followed by a forced swim test (FST).

Elevated plus maze

Anxiety- and sickness-like behavior were measured using an
EPM. The testing apparatus was an elevated, white plexiglass
structure with two open arms (25 cmX5 cm X 0.5 cm), two
enclosed arms (25 cmXx5 cmX 16 c¢cm), and a center region
(5 cmx5 cmXx0.5 cm). Each mouse was placed in the center
of the maze, and Noldus EthoVision XT 16.0 Software was
used to record and analyze various behavioral measures
for five minutes. Anxiety-like behavior was indicated by an
increase in closed arm activity, whereas sickness-like behav-
ior was denoted by a decrease in locomotor activity and
greater time spent in a contracted body position [25, 26].

Forced swim test

Depressive-like behavior was measured using an FST.
Each mouse was placed in a 4-L glass beaker containing
approximately 2700 mL of fresh water at a temperature of
28 +1 °C. Three beakers, separated by blinding dividers,
were used to administer the test to three mice simulta-
neously. Activity was digitally recorded with a Microsoft
Surface Book 2 Windows 11 camera for six minutes.
Each video was converted to a standard frame rate of 30
frames per second and then automatically scored using
the DBscorer 1.0 software [27]. The perimeter of the
scoring area was manually defined using the software’s
guidelines and scored using the recommended A area
threshold of 1.6%. Scoring occurred during the initial
4 min. period after placement in the water. Each analysis
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was performed three times per mouse to ensure scoring
area accuracy, and the average value for each mouse was
used for statistical analysis. Depressive-like behavior was
defined as an increase in floating time and/or decreased
latency to immobility relative to control mice.

Tissue collection

Immediately after behavioral testing, animals were eutha-
nized via CO, inhalation and subsequent decapitation.
Trunk blood was collected in sodium heparin tubes and
placed on ice. Frontal cortex, hippocampus, and spleen
were removed and bisected on a chilled surface, flash fro-
zen with liquid nitrogen, and then placed on ice. Plasma
was isolated from blood specimens via cold centrifu-
gation (5000 X rpm, 10 min, 4 °C). All tissues were then
stored at -80 °C until assays were performed.

Measurement of cytokine/chemokines

Standard dual-antibody solid phase immunoassays
(ELISA Development Kit; Peprotech, Rocky Hill, NJ)
were used according to manufacturer’s instructions
for quantitation of secreted CXCL10 (cat#900-K153
and CCL2 (cat#900-K126) in spleen, frontal cortex,
and hippocampus tissue homogenates. Tissues were
homogenized in ice-cold triple detergent lysis buffer con-
taining HALT Protease/Phosphatase Inhibitor Cocktail
(cat#1,861,282, Thermo Scientific) using a pellet pes-
tle cordless motor, cold centrifuged (20,000xg, 20 m,
4 °C), and the supernatant collected and stored at -80 °C.
Absorbance was read at 405 nm (650 nm wavelength
correction) using a BIOTEK Synergy 2 Multi-Detection
Microplate Reader and quantified using BioTek Gen5
software. Levels were normalized to total cell protein as
determined by bicinchoninic assay (BCA).

Measurement of IDO and NLRP3 expression

RT-qPCR was used to quantify relative expression of
NLRP3 and IDO1 in RNA extracts from tissue homoge-
nates. Tissues were homogenized in TRIzol reagent
using a pellet pestle cordless motor. Total RNA was
extracted using a phenol-chloroform process as pre-
viously described [28], quantified using a NanoDrop
spectrophotometer, and frozen at—80 °C until used.
RNA was reverse transcribed using a combination of
Moloney murine leukemia virus (M-MLV) reverse tran-
scriptase (cat#M170B, ProMega), 10 mM dNTP Mix
(cat#100,004,893, Invitrogen) and random hexamer
primers (cat#SO142, Thermo Scientific). For qPCR,
160 ng cDNA was used to quantify the relative expres-
sion of NLRP3 and IDO. Sense and antisense oligonu-
cleotide primers were designed for RT-qPCR using DNA
sequence information obtained from the Genome Data-
base (National Center for Biotechnology Information)
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and were synthesized by Integrated DNA Technologies.
The following specific primers were used for RT-qPCR:

« IDOL1 sense (5-CTAGAAATCTGCCTGTGCTGA
TTGAG-3");

. IDO1 antisense (5'-GCTCGCAGTAGGGAACAG
CAATATTG 3');

« NLRP3 sense
ACCAGCC-3");

« NLRP3 antisense (5 -TCCTTGATAGAGTAGAAC
CTGCTTCTCACATG-3");

« 18S rRNA sense (5-GTATATTAAAGTTGCTGC
AGTTAAAAAGCTCGTAGTTGG-3");

« 18S rRNA antisense (5-CAACAAAATAGAACC
GCGGTCCTATTCCATTATTC-3").

(5'-GGGAAAAAGCTAAGAAGG

Quantitative analysis was performed using PowerUp
SYBR Green Master Mix (cat#A25742, Applied Biosys-
tems) in an Applied Biosystems QuantStudio 5 Real-Time
PCR system. Primers for 185 rRNA were used as internal
controls. The results were analyzed using the AcT-AcT
method and were expressed as fold change relative to the
control group.

Statistical analysis

Details of the analyses are presented with each experi-
ment. While power analysis was not performed for
this specific study, we previously observed relatively
large effect sizes for B-FNA treatment on LPS-induced
changes in CXCL10 (I]2P=0.35), and our recent study
used a similar design and yielded significant effects with
n=>5-6 [16]. In this study, data were analyzed using two-
way ANOVA (B-FNAXLPS), Fisher’s Least Significant
Difference (LSD) for pairwise comparisons, and linear
regression. Data are presented as mean + SEM, and p-val-
ues<0.05 are considered statistically significant. Graph-
Pad Prism 10.0.1 software (GraphPad Inc, San Diego,
CA) was used for data analysis and figure preparation.

Results

Effects of B-FNA on anxiety- and sickness-like behavior
Multiple behavioral traits were recorded and analyzed
during the elevated plus maze test. Specifically, anxiety-
like behavior was evaluated by examining time spent
in closed arms, while sickness-like behavior was exam-
ined by evaluating time spent motionless, total distance
moved, and time spent in a contracted body position.
Two-way ANOVA results indicated a significant main
effect of LPS (F, ,,=9.96, p<0.01), no significant main
effect of B-FNA (F, ;,=0.14, p=0.71), and a significant
interaction of main effects (F; ,,=72.42, p<0.0001)
on time spent in closed arms (Fig. 1A). Pairwise com-
parisons revealed that LPS mice spent significantly
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Fig. 1 Chronic effects of B-FNA on LPS-induced anxiety- and sickness-like behavior in male C57BL/6J mice. Micro-osmotic pumps containing saline
or B-FNA (42 pg/d) were surgically implanted and dispensed at a flow rate of 0.5 puL/h for 7d. 6d post-surgery, mice (n=7-8/group) were injected
(i.p.) with either 25 pL saline control or LPS (0.83 mg/kg). Behavioral tests were administered 24 h later, and termination followed immediately after.
Data are presented as mean + SEM. A Time in closed arms: Two-way ANOVA indicated significant main effect of LPS (p <0.01), no significant main
effect of B-FNA (p=0.71), and a significant interaction of main effects (p <0.0001) on time spent in the closed arms of the EPM (n=5-6/group).
Pairwise comparisons were assessed using Fisher’s LSD test; bars with letters in common indicate data are not significantly different (p >0.05).

B Time spent motionless: Two-way ANOVA indicated significant main effect of LPS (p <0.005), no significant main effect of 3-FNA (p=0.12),

and a significant interaction of main effects (p <0.001) on time spent motionless in EPM (n=5-8/group). C Total distance moved: Two-way ANOVA
indicated significant main effect of LPS (p <0.001), no significant main effect of B-FNA (p=0.26), and a significant interaction of main effects
(p<0.05) on total distance moved in EPM (n=6-8/group). D Time spent in a contracted position: Two-way ANOVA indicated significant main effects
of LPS (p<0.0001) and B-FNA (p <0.0005), as well as a significant interaction of main effects (p <0.0001) on time spent in a contracted position
(n=6-7/group). Pairwise comparisons were assessed using Fisher's LSD test; bars with letters in common indicate data are not significantly different

(p>0.05)

more time in the closed arms than saline (p <0.0001)
or B-FNA +LPS mice (p<0.0001), and B-FNA+LPS
mice spent significantly more time in closed arms than
saline mice (p<0.05). Notably, the B-FNA mice spent
significantly more time in closed arms than saline mice
(p<0.0001) or B-FNA+LPS mice (p<0.005). While
B-FNA mice tended to spend less time in closed arms
than LPS mice, the reduction in time was not signifi-
cant (p=0.07).

Two-way ANOVA revealed a significant main effect of
LPS (F1, 22=13.10, p<0.005), no significant main effect
of B-ENA (F1, 22=2.61, p=0.12), and a significant inter-
action of main effects (F1, 22=15.57, p<0.001) on time

spent motionless in the elevated plus maze (Fig. 1B).
Pairwise comparisons revealed that LPS mice spent sig-
nificantly more time motionless than saline (» <0.0001),
B-ENA (p<0.001), or B-FNA +LPS mice (p<0.01), while
time spent motionless between those three groups was
similar (p=0.10, p =082, p =0.20, respectively).

Two-way ANOVA also revealed a significant main effect
of LPS (F1, 22=22.02, p<0.001), no significant main
effect of B-FNA (F1, 22=1.36, p=0.26), and a significant
interaction of main effects (F1, 22=7.90, p <0.05) on total
distance moved (Fig. 1C). Pairwise comparisons indicated
that LPS mice covered significantly less distance than
saline (»<0.0001), B-FNA (p<0.0005), or B-FNA+LPS
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(p<0.05) mice. While distance covered was similar
between saline and B-FNA mice (p=0.25) and -FNA and
B-ENA+LPS mice (p=0.21), B-FNA +LPS mice covered
significantly less distance than saline mice (p <0.05).

Finally, two-way ANOVA showed significant main
effects of LPS (F1, 20=22.55, p<0.001) and B-FNA (F1,
20=19.77, p<0.0005), as well as a significant interaction of
main effects (F1, 20=43.94, p<0.0001) on time spent in a
contracted position (Fig. 1D). LPS mice spent significantly
more time in a contracted position than saline, -FNA,
or B-ENA+LPS mice (p<0.0001). Additionally, time
spent in a contracted position was similar between saline
and B-FNA mice (p=0.14), saline and B-FNA +LPS mice
(p=0.84), and B-FNA and B-FNA +LPS mice (p=0.22).

In summary, chronic, continuous B-FNA treatment
ameliorated LPS-induced anxiety- and sickness-like
behaviors, as indicated by an increase in total distance
moved, less time spent in closed arms, and less time
spent motionless and in a contracted body position.
B-FNA alone did not significantly affect sickness-like
behaviors under non-inflammatory conditions; but it did
increase anxiety-like behavior, as measured by increased
time spent in closed arms.

Effects of B-FNA on depressive-like behavior

DBscorer software was used to automatically score key
depressive-like traits in the FST, including percentage of
time spent immobile and latency to immobility. Two-way
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ANOVA showed no significant main effect of LPS (F1,
19=0.55, p=0.46), B-FNA (F1, 19=1.75, p=0.20), or
interaction of main effects (F1, 19=0.12, p=0.74) on
percentage of time spent immobile (Fig. 2A). Similarly,
two-way ANOVA did not show a significant main effect
of LPS (F1, 19=2.00, p=0.17, B-ENA (F1, 19=1.94,
p=0.18), or interaction of main effects (F1, 19=3.31,
p=0.08) on latency to immobility (Fig. 2B). While 3-FNA
did not significantly reduce depressive-like behavior,
control and PB-FNA treatment groups tended to have
increased latency to immobility compared to LPS mice.

Effects of B-FNA on CCL2 in the brain and spleen

CCL2 expression was quantified in frontal cortex, hip-
pocampus, and spleen tissues (Fig. 3). Two-way ANOVA
indicated that there was no significant main effect of LPS
(F1, 19=0.98, p=0.33) or B-ENA (F1, 19=2.74, p=0.11)
on CCL2 levels in the frontal cortex, but there was a
significant interaction of main effects (F1, 19=67.23,
p<0.0001) (Fig. 3A). LPS mice had significantly higher
levels of CCL2 in the frontal cortex than either saline
(p<0.0001) or B-FNA+LPS (p<0.0001) mice, which
were similar (p=0.66). Additionally, B-FNA mice tended
to have lower CCL2 levels in the frontal cortex than
LPS mice (p=0.06). Interestingly, p-FNA mice had sig-
nificantly higher levels of CCL2 in the frontal cortex
than either saline (p<0.0005) or PB-FNA+LPS mice
(p<0.0001).

Forced Swim Test
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Fig. 2 Chronic effects of 3-FNA on LPS-induced depressive-like behavior in male C57BL/J6 mice. Micro-osmotic pumps containing saline or 3-FNA
(42 pug/d) were surgically implanted and dispensed at a flow rate of 0.5 pL/h for 7d. 6d post-surgery, mice (n=7-8/group) were injected (i.p.)

with either 25 pL saline control or LPS (0.83 mg/kg). Behavioral tests were administered 24 h later, and termination followed immediately after.
Endpoints measured included A percentage of time spent immobile and (B) latency to immobility. Data are presented as mean +SEM. A Two-way
ANOVA indicated no significant main effect of LPS (p=0.46), 3-FNA (p=0.20), or interaction of main effects (p=0.74) on percentage of time
immobile (n=5-7/group). B Two-way ANOVA indicated no significant main effect of LPS (p=0.17), B-FNA (p=0.18) or interaction of main effects
(p=0.08) on latency to immobility (n=4-7/group). Pairwise comparisons were assessed using Fisher’s LSD test; bars with letters in common indicate

data are not significantly different (p>0.05)
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Fig. 3 Chronic effects of B-FNA on LPS-induced elevations of CCL2 in male C57BL/J6 mice. Micro-osmotic pumps containing saline or 3-FNA

(42 ug/d) were surgically implanted and dispensed at a flow rate of 0.5 ulL/h for 7d. 6d post-surgery, mice (n=7-8/group) were injected (i.p.)

with either 25 pL saline control or LPS (0.83 mg/kg). Behavioral tests were administered 24 h later, and termination followed immediately after.

CCL2 was measured via ELISA in (A) frontal cortex, (B) hippocampus, and (C) spleen tissues. Data are presented as mean +SEM. A Two-ANOVA
(n=5-7/group) indicated that there was no significant main effect for LPS (p=0.33) or B-FNA (p=0.11) on CCL2 levels in the frontal cortex, but there
was a significant interaction of main effects (p <0.0001). B Two-way ANOVA revealed a significant main effect of LPS (p <0.005), no significant main
effect of -FNA (p=0.55), and a significant interaction of main effects (p <0.005) on CCL2 levels in the hippocampus (n=6-7/group). C Two-way
ANOVA (n=5-8/group) suggested a main effect for LPS (p <0.0001) and B-FNA (p < 0.0001) on CCL2 levels in the spleen, but no interaction of main
effects (p=0.24). Pairwise comparisons were assessed using Fisher's LSD test; bars with letters in common indicate data are not significantly

different (p>0.05)

Two-way ANOVA revealed a significant main effect of
LPS (F1, 21=12.24, p<0.005), no significant main effect
of B-ENA (F1, 21=0.36, p=0.55), and a significant inter-
action of main effects (F1, 21=11.50, p <0.005) on CCL2
levels in the hippocampus (Fig. 3B). LPS mice had sig-
nificantly higher levels of CCL2 in the hippocampus than
saline (p<0.0001), B-FNA (p<0.01), or BFNA +LPS mice
(p<0.05). CCL2 levels in the hippocampus were similar
between B-FNA and B-FNA+LPS mice (p=0.94), but
B-ENA+LPS mice had significantly higher CCL2 levels
than saline mice (p<0.05). While B-FNA mice tended
towards higher levels of CCL2 in the hippocampus than
saline mice, it fell short of significance (p =0.06).

Two-way ANOVA indicated a main effect of LPS
(F1, 21=38.03, p<0.0001) and B-FNA (F1, 21=43.70,
p<0.0001) on CCL2 levels in the spleen, but no inter-
action of main effects (F1, 21=1.44, p=0.24) (Fig. 3C).

Pairwise comparisons revealed that LPS mice had sig-
nificantly higher levels of CCL2 in the spleen than
saline, B-FNA, or B-FNA +LPS mice (p<0.0001). While
saline and B-FNA +LPS mice had similar levels of CCL2
(p=0.77), it is notable than f-FNA mice had significantly
lower levels of CCL2 in the spleen than either saline
(p<0.001) or B-FNA + LPS mice (p <0.005).

In summary, B-FNA abolished LPS-induced CCL2
elevations in the frontal cortex and spleen, while also sig-
nificantly reducing CCL2 in the hippocampus. Under non-
inflammatory conditions, B-FNA differentially affected
select tissues by raising CCL2 levels in the frontal cortex;
yet, reducing CCL2 levels in the spleen.

Effects of B-FNA on CXCL10 in the brain and spleen
Levels of the chemokine CXLC10 were also quantified
in frontal cortex, hippocampus, and spleen (Fig. 4).



Hodge et al. Journal of Inflammation (2024) 21:33

[ Saline
A Frontal Cortex
400
c
= 300 Ex3 d
- ]
58 b
Q5 2004
E ]
100
0
Control LPS
Spleen
C 500+
] b
400
S = ] C
3F 3004
Q= ]
K E 200 2@ s
Q= 1
il
o]
Control LPS

Page 7 of 18

B B-FNA
B Hippocampus
300—- b
< £ 200+ c
- E 1
=3
Q= 100- a a
0 -
Control LPS

Fig. 4 Chronic effects of B-FNA on LPS-induced elevations in CXCL10 in male C57BL/6J mice. Micro-osmotic pumps containing saline or 3-FNA
(42 pg/d) were surgically implanted and dispensed at a flow rate of 0.5 uL/h for 7d. 6d post-surgery, mice (n=7-8/group) were injected (i.p.)

with either 25 pL saline control or LPS (0.83 mg/kg). Behavioral tests were administered 24 h later, and termination followed immediately after.
CXCL10 was measured via ELISA in (A) frontal cortex, (B) hippocampus, and (C) spleen tissues. Data are presented as mean +SEM. A Two-way
ANOVA revealed a significant main effect of LPS (p < 0.0001), no significant main effect of B-FNA (p=0.48), and a significant interaction of main
effects (p <0.0001) on CXCL10 levels in the frontal cortex (n=5-6/group). B Two-way ANOVA indicated that there were significant main effects

of LPS (p<0.0001) and 3-FNA (p <0.001), as well as an interaction of main effects (p <0.005) on CXCL10 levels in the hippocampus (n=5-8/group).
CTwo-way ANOVA (n=6-7/group) revealed that there was a significant main effect for LPS (p <0.0001) and B-FNA (p <0.005) on CXCL10 levels

in the spleen, but there was no significant interaction of main effects (p=0.13). Pairwise comparisons were assessed using Fisher’s LSD test; bars

with letters in common indicate data are not significantly different (p >0.05)

Two-way ANOVA revealed a significant main effect
of LPS (F1, 18=96.94, p <0.0001), no significant main
effect of B-FNA (F1, 18=0.51, p=0.48), and a sig-
nificant interaction of main effects (F1, 18=41.26,
p<0.0001) on CXCLI10 levels in the frontal cortex
(Fig. 4A). Pairwise comparisons revealed that LPS mice
had significantly higher levels of CXCL10 in the fron-
tal cortex than saline (p <0.0001), B-FNA (p <0.0001) or
B-FNA +LPS (p <0.005) mice. While saline (p <0.0001)
and B-FNA (p<0.05) mice had significantly lower lev-
els of CXCL10 in the frontal cortex than B-FNA +LPS
mice, it is notable that B-FNA mice had significantly
higher levels of CXCL10 than saline mice (p <0.0001).
Two-way ANOVA indicated that there were significant
main effects of LPS (F1, 23=142.30, p<0.001) and p-FNA
(F1, 23=15.29, p<0.001), as well as an interaction of
main effects (F1, 23=11.90, p<0.005) on CXCL10 levels
in the hippocampus (Fig. 4B). LPS mice had significantly

elevated levels of CXCL10 when compared to saline,
B-ENA, and B-FNA +LPS mice (p<0.0001). B-FNA +LPS
mice had significantly higher CXCL10 levels than saline
or B-FNA mice (p <0.0001), while levels of CXCL10 were
similar between saline and -FNA mice (p=0.72).

Two-way ANOVA revealed that there was a signifi-
cant main effect for LPS (F1, 22=91.15, p<0.0001) and
B-ENA (F1, 22=12.06, p<0.005) on CXCL10 levels in
the spleen, but there was no significant interaction of
main effects (F1, 22=2.49, p=0.13) (Fig. 4C). LPS mice
had significantly higher levels of CXCL10 than saline
(p<0.0001), B-FNA (p<0.0001) or B-FNA+LPS mice
(p<0.005). CXCL10 levels were similar between saline
and B-FNA mice (p=0.19), and both saline (p <0.0005)
and B-FNA mice (p<0.0001) had significantly lower lev-
els of CXCL10 than B-FNA +LPS mice.

In conclusion, B-FNA attenuated LPS-induced eleva-
tions of CXCL10 in the frontal cortex, hippocampus,
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and spleen. Also, B-FNA prevented LPS-induced eleva-
tions of CCL2 in the brain and spleen. However, under
non-inflammatory conditions, B-FNA raised CCL2 and
CXCL10 levels in the frontal cortex and inhibited CCL2
expression in the spleen.

Correlation of inflammatory mediators in the brain

and spleen with anxiety-like behavior

Linear regression analysis was performed to determine
whether there were significant correlations between
pro-inflammatory chemokine expression and anxiety-
like behavior. CCL2 levels in the frontal cortex and hip-
pocampus were positively correlated with time spent
in closed arms (*?=0.56, F1, 16=20.81, »<0.0005 and
=040, F1, 13=8.67, p<0.05, respectively; Fig. 5A).
Furthermore, there was a significant positive correlation
with CXCL10 expression in the frontal cortex and time
spent in closed arms (r*=0.37, F1, 13=7.66, p<0.05;
Fig. 5B).

Correlation of inflammatory mediators in the brain

and spleen with sickness-like behavior

Linear regression analysis demonstrated that there
were significant correlations between tissue-specific
chemokine levels and sickness-like behaviors. Specifi-
cally, CCL2 levels in the frontal cortex, hippocampus,
and spleen were each positively correlated with time
spent motionless in the elevated plus maze (r*=0.41,
F, 1o=13.12, p<0.005; *=0.37, F; ,,=11.99, p<0.005;
r*=0.39, F, 5=12.67, p<0.005, respectively; Fig. 6A).
Similarly, CCL2 levels were correlated with time spent
in a contracted body position (*=0.58, F, ,,=23.57,
p<0.0005; r*=0.49, F, ,=16.10, p<0.001; r*=0.54,
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F, 13=20.88, p<0.0005, respectively; Fig. 6B). Lastly,
CCL2 levels in the frontal cortex, hippocampus, and
spleen were each negatively correlated with total dis-
tance moved (=029, F; 1,=7.80, p<0.05 r*=0.35,
F, 10=10.31, p<0.005; r*=0.45, F; 1,=15.46, p<0.001,
respectively; Fig. 6C).

CXCL10 levels in the frontal cortex, hippocampus,
and spleen were also positively correlated with time
spent motionless (r*=0.55, F, 1,=2045, p<0.0005;
=047, Fl, 21=1825 p<0.005 r*=049, Fl,
20=18.88, p<0.0005, respectively; Fig. 7A). CXCL10
levels in the frontal cortex, hippocampus, and spleen
were also positively correlated with time spent in a
contracted body position (r*=0.58, F1, 15=21.10,
p<0.0005; *=0.70, F1, 19=43.55, p<0.0001; r*=0.46,
F, ,=14.59, p<0.005, respectively; Fig. 7B). Finally,
CXCL10 levels in the frontal cortex, hippocampus, and
spleen were negatively correlated with total distance
moved (*=0.56, F1, 16=20.37, p<0.0005; r*=0.58,
F1, 20=27.55, p<0.0001; r*=0.54, F1, 20=23.11,
p<0.0005, respectively; Fig. 7C).

Correlation of inflammatory mediators in the brain

and spleen with depressive-like behavior

Linear regression analysis revealed significant correla-
tions between chemokine levels in various tissues and
depressive-like behavior. Specifically, CCL2 levels in
the frontal cortex, hippocampus, and spleen were nega-
tively correlated with latency to immobility in the FST
(r*=0.36, F1, 14=7.80, p<0.05; =041, F; ,=11.62,
p<0.005 *=0.24, F1, 18=5.83, p<0.05, respectively;
Fig. 8A). Additionally, CXCL10 levels in the frontal cor-
tex (r*=0.56, F1, 14=17.58, p<0.001) and hippocam-
pus (*=0.41, F1, 19=13.01, p<0.005) were negatively
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Fig. 5 Correlations between LPS-induced CXCL10 levels in male C57BL/6J mouse brains and anxiety-like behavior. Micro-osmotic pumps
containing saline or B-FNA (42 pg/d) were surgically implanted and delivered at a flow rate of 0.5 pL/h for 7d. 6d post-surgery, mice (n=7-8/group)
were injected (i.p.) with either 25 pL saline control or LPS (0.83 mg/kg). Behavioral tests were administered 24 h later, and termination followed
immediately after. A CCL2 and (B) CXCL10 were measured via ELISA in brain region and spleen homogenates. Data are presented as mean + SEM.
Linear regression analysis was used to assess frontal cortex, hippocampus, and spleen CCL2 and CXCL10 levels with EPM-time spent in closed arms.
Linear regression statistics and symbols are provided in the figure, and only significant results are shown
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Fig. 6 Correlations between LPS-induced CCL2 levels in male C57BL/6J mouse tissues and sickness-like behavior. Micro-osmotic pumps containing
saline or B-FNA (42 pg/d) were surgically implanted and dispensed at a flow rate of 0.5 uL/h for 7d. 6d post-surgery, mice (n=7-8/group)

were injected (i.p.) with either 25 pL saline control or LPS (0.83 mg/kg). Behavioral tests were administered 24 h later, and termination followed
immediately after. CCL2 was measured via ELISA in brain region and spleen homogenates. Behavioral endpoints that were measured included (A)
time spent motionless, (B) time spent in contracted position, and (C) total distance moved. Data are presented as mean + SEM. Linear regression
analysis was used to assess frontal cortex, hippocampus, and spleen CCL2 levels with EPM behavioral endpoints. Linear regression statistics

and symbols are provided in figure, and only significant results are shown

correlated with latency to immobility (Fig. 8B). Notably,
CXCL10 levels in the spleen trended towards correlation
with latency to immobility (p=0.051, Fig. 8B).

Effects of B-FNA on NLRP3 in the frontal cortex and spleen
Two-way ANOVA indicated no significant main effect
of LPS (F1, 13=0.60, p =0.45) or B-FNA (F1, 13=1.49,
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Fig. 7 Correlations between LPS-induced CXCL10 levels in male C57BL/6J mouse tissues and sickness-like behavior. Micro-osmotic pumps
containing saline or 3-FNA (42 pg/d) were surgically implanted and dispensed at a flow rate of 0.5 pL/h for 7d. 6d post-surgery, mice (n=7-8/group)
were injected (i.p.) with either 25 pL saline control or LPS (0.83 mg/kg). Behavioral tests were administered 24 h later, and termination followed
immediately after. CXCL10 was measured via ELISA in brain region and spleen homogenates. Behavioral endpoints that were measured included
(A) time spent motionless, (B) time spent in contracted position, and (C) total distance moved. Data are presented as mean + SEM. Linear regression
analysis was used to assess frontal cortex, hippocampus, and spleen CXCL10 levels with EPM behavioral endpoints. Linear regression statistics

and symbols are provided in figure, and only significant results are shown
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Fig. 8 Correlations between LPS-induced chemokines in male C57BL/6J tissues and latency to immobility in the FST. Micro-osmotic pumps
containing saline or B-FNA (42 pg/d) were surgically implanted and dispensed at a flow rate of 0.5 pL/h for 7d. 6d post-surgery, mice (n=7-8/group)
were injected (i.p.) with either 25 pL saline control or LPS (0.83 mg/kg). Behavioral tests were administered 24 h later, and termination followed
immediately after. A CCL2 and (B) CXCL10 were measured via ELISA in brain region and spleen homogenates. Data are presented as mean + SEM.
Linear regression analysis was used to assess frontal cortex, hippocampus, and spleen CCL2 and CXCL10 levels with percentage of time spent
immobile and latency to immobility in the FST. Linear regression statistics and symbols are provided in the figure, and only significant results are

shown

p=0.24), as well as no significant interaction of main
effects (F1, 13=4.24, p=0.06) on NLRP3 expression
in the frontal cortex (Fig. 9A). However, f-FNA +LPS
mice tended to have lower levels of NLRP3 than LPS
mice.

Two-way ANOVA revealed a significant main effect
of LPS (F1, 19=12.71, p<0.005), no significant main
effect for B-FNA (F1, 19=0.48, p=0.50), and no signifi-
cant interaction of main effects (F1, 19=0.0004, p=0.98)
on NLRP3 expression in the spleen (Fig. 9B). Pair-
wise comparisons revealed that expression was similar
between saline and B-FNA mice (p=0.60) and LPS and
B-FNA+LPS mice (p=0.65). However, LPS mice had
significantly lower NLRP3 expression in the spleen than
saline (p<0.05) or B-FNA mice (p<0.01). Additionally,
B-ENA + LPS mice had significantly lower NLRP3 expres-
sion than B-FNA mice (p <0.05) and tended to have lower
NLRP3 expression than saline mice (p=0.06).

Effects of B-FNA on IDO1 in the frontal cortex and spleen
Two-way ANOVA revealed a significant interaction of
main effects (F1, 13=5.81, p<0.05), but no significant
main effect for LPS (F1, 13=2.59, p=0.13) or B-FNA (F1,
13=0.25, p=0.62) on IDO1 expression in the frontal cor-
tex (Fig. 10A). Pairwise comparisons revealed that LPS
mice had significantly higher levels of IDO1 expression in
the frontal cortex than saline mice (p<0.05). There was
no significant difference between saline and B-FNA mice
(p=0.07), saline and B-FNA +LPS mice (p=0.17), B-ENA
and LPS mice (p=0.44), B-FNA and B-FNA +LPS mice
(p=0.59), or LPS and -FNA + LPS mice (p=0.19).
Two-way ANOVA indicated a significant main
effect for LPS (F1, 18=9.14, p<0.01) and B-FNA
(F1, 18=10.29, p<0.005), but no significant interac-
tion of main effects (F1, 18=0.03, p=0.87) on IDO1
expression in the spleen (Fig. 10B). Pairwise compari-
sons revealed that LPS mice had significantly higher
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Fig. 9 Chronic B-FNA effects on LPS-induced NLRP3 expression in male C57BL/6J frontal cortex and spleen tissues. Micro-osmotic pumps
containing saline or 3-FNA (42 pg/d) were surgically implanted and dispensed at a flow rate of 0.5 pL/h for 7d. 6d post-surgery, mice (n=7-8/group)
were injected (i.p.) with either 25 pL saline control or LPS (0.83 mg/kg). Behavioral tests were administered 24 h later, and termination followed
immediately after. RNA was extracted from (A) frontal cortex and (B) spleen tissues, and NLRP3 expression was measured via RT-qPCR. Statistical
analysis was performed using the ACT-ACT method and reported as fold change relative to the control group. Data are presented as mean + SEM.
A Two-way ANOVA (n=3-6/group) indicated no significant main effect for LPS (p=0.45) or B-FNA (p=0.24), as well as no significant interaction
of main effects (p=0.06) on NLRP3 expression in the frontal cortex. (B) Two-way ANOVA (n=4-7/group) revealed a significant main effect for LPS
(p<0.005), no significant main effect for 3-FNA (p=0.50), and no significant interaction of main effects (p=0.98) on NLRP3 expression in the spleen.
Pairwise comparisons were assessed using Fisher’s LSD test; bars with letters in common indicate data are not significantly different (p >0.05)
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Fig. 10 Chronic B-FNA effects on LPS-induced IDO1 expression in male C57BL/6J frontal cortex and spleen tissues. Micro-osmotic pumps
containing saline or 3-FNA (42 pg/d) were surgically implanted and dispensed at a flow rate of 0.5 pL/h for 7d. 6d post-surgery, mice (n=7-8/group)
were injected (i.p.) with either 25 pL saline control or LPS (0.83 mg/kg). Behavioral tests were administered 24 h later, and termination followed
immediately after. RNA was extracted from (A) frontal cortex and (B) spleen tissues, and NLRP3 expression was measured via RT-qPCR. Statistical
analysis was performed using the ACT-ACT method and reported as fold change relative to the control group. Data are presented as mean + SEM. A
Two-way ANOVA (n=4-5/group) revealed a significant interaction of main effects (p <0.05) and no significant main effect for LPS (p=0.13) or B-FNA
(p 0.62) on IDO1 expression in the frontal cortex. B Two-way ANOVA (n=4-7/group) indicated a significant main effect for LPS (p<0.01) and B-FNA
(p <0.005), but no significant interaction of main effects (p=0.87) on IDO1 expression in the spleen. Pairwise comparisons were assessed using
Fisher's LSD test; bars with letters in common indicate data are not significantly different (p > 0.05)
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IDO1 expression than saline (p <0.05) or B-FNA mice
(<0.0005). While p-FNA +LPS mice tended to have
lower IDO1 expression than LPS mice, it fell short of
significance (p=0.06). Pairwise comparisons revealed
that B-FNA mice had significantly lower IDO1 expres-
sion than saline (p<0.05) or P-FNA+LPS mice
(»<0.05). IDO1 expression was similar between saline
and B-FNA 4 LPS mice (p=0.90).

To conclude, while trends showed that B-FNA +LPS
mice had lower expressions of IDO1 in the frontal
cortex and spleen than LPS mice, it was not signifi-
cant. Additionally, it appeared that B-FNA treatment
suppressed splenic IDO1 expression under control
conditions.

Correlation of NLRP3 in the frontal cortex and spleen

with behavioral test measures

Linear regression analysis was used to determine whether
NLRP3 expression in the frontal cortex and spleen were
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significantly correlated with anxiety-, sickness-, and
depressive-like behavioral measures. Behavioral end-
points analyzed included time in closed arms (EPM),
time spent motionless (EPM), time spent in a contracted
position (EPM), percentage of time immobile (FST), and
latency to immobility (FST). NRLP3 expression in the
frontal cortex was not correlated with anxiety-like behav-
ior (F,,p=2.64, p=0.14). However, NLRP3 expression
in the frontal cortex increased with sickness-like behav-
ior (as determine by increased time spent motionless
and decreased total distance moved; p<0.05, Fig. 11A).
Conversely, linear regression analysis demonstrated that
NLRP3 expression in the spleen was negatively correlated
with time spent motionless and positively correlated
with total distance moved (p <0.05, Fig. 11B). These find-
ings are consistent with the significantly lower levels of
NLRP3 in the spleen of LPS-treated mice compared to
the saline-treated mice (Fig. 9B). Overall, NLRP3 expres-
sion in the frontal cortex was positively correlated with
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Fig. 11 Correlations between LPS-induced NLRP3 expression and measures of sickness-like behaviors in male C57BL/6J mice. Micro-osmotic
pumps containing saline or B-FNA (42 ug/d) were surgically implanted and dispensed at a flow rate of 0.5 uL/h for 7d. 6d post-surgery,

mice (n=7-8/group) were injected (i.p.) with either 25 pL saline control or LPS (0.83 mg/kg). Behavioral tests were administered 24 h later,

and termination followed immediately after. NLRP3 was measured via RT-qPCR using frontal cortex and spleen RNA extracts. Linear regression
analysis was used to assess (A) frontal cortex and (B) spleen NLRP3 expression with various anxiety-, sickness-, and depressive-like behavioral
endpoints. Data are presented as mean + SEM. Linear regression statistics and symbols are provided in figure, and only significant results are shown
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sickness-like behaviors, while NLRP3 expression in the
spleen was inversely related to sickness-like behaviors.

Correlation of IDO1 in the frontal cortex and spleen

with behavioral test measures

Linear regression analysis revealed that IDO1 expres-
sion in the frontal cortex was significantly correlated with
measures of anxiety- and sickness-like behaviors. Specifi-
cally, IDOL1 in the frontal cortex was correlated with time
spent in the closed arms (p<0.005) and time spent in a
contracted position (p<0.0005, Fig. 12A). Time spent in
a contracted position also tended to increase with IDO1
expression in the spleen (p=0.051, Fig. 12B). While
IDOL1 levels did not significantly correlate with depres-
sive-like behaviors, latency to immobility in the FST
tended to decrease as IDO1 expression increased in the
frontal cortex (p=0.054, Fig. 12C). There were no other
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significant correlations between IDO1 expression in the
frontal cortex or spleen and measures of anxiety-, sick-
ness-, or depressive-like behaviors. Consequently, only
IDOL1 expression in the frontal cortex significantly corre-
lated with anxiety- and sickness-like behaviors.

Discussion

To our knowledge, this is the first examination of the
effects of chronic, continuous B-FNA pre-treatment
on inflammation and behavior. We found that B-FNA
greatly reduced anxiety- and sickness-like behavior in
male C57BL/6] mice, while simultaneously inhibiting
or even abolishing LPS-driven elevations in CCL2 and
CXCL10 in the hippocampus, frontal cortex, and spleen.
The spleen is integral to innate immunity and accumu-
lating evidence suggests that communications between
the brain and spleen (brain-spleen axis) are important
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Fig. 12 Correlations between LPS-induced IDO1 expression and behavioral measures in male C57BL/6J mice. Micro-osmotic pumps containing
saline or B-FNA (42 pg/d) were surgically implanted and dispensed at a flow rate of 0.5 pL/h for 7d. 6d post-surgery, mice (n=7-8/group)

were injected (i.p.) with either 25 pL saline control or LPS (0.83 mg/kg). Behavioral tests were administered 24 h later, and termination followed
immediately after. IDO1 was measured via RT-gPCR using frontal cortex and spleen RNA extracts. Linear regression analysis was used to assess
frontal cortex and spleen NLRP3 expression with various anxiety-, sickness-, and depressive-like behavioral endpoints. A IDO1 in the frontal cortex
correlated with anxiety- and sickness-like behavior. B IDO1 in the spleen trended with sickness-like behavior but fell short of significance. C IDO1
in the frontal cortex trended with depressive-like behavior but fell short of significance. Data are presented as mean + SEM. Linear regression

statistics and symbols are provided in figure
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for well-being, and disruptions in this axis play an inte-
gral role in the underlying pathophysiology of numerous
diseases, such as traumatic brain injury, autoimmune
diseases, and depression [29-32]. Furthermore, we
established that anxiety-like behaviors were predomi-
nantly correlated with CNS levels of CCL2 and CXCL10,
whereas sickness-like behaviors were correlated with sys-
temic levels of CCL2 and CXCL10. Moreover, we dem-
onstrated that sickness-like behavior was correlated with
NLRP3 expression in the frontal cortex and inversely
related to NLRP3 expression in the spleen, and IDO1
expression in the frontal cortex was correlated with anxi-
ety- and sickness-like behavior.

Previous work in our lab has shown that acute (6—24 h)
B-ENA treatment reduces LPS-stimulated pro-inflamma-
tory chemokine expression in C57BL/6] mice [15-17, 19].
Acute B-ENA treatment reduced CXCL10 levels across
brain regions, but those changes were not always detected
in whole brain tissue [15-17, 19]. Likewise, B-FNA
appeared to inconsistently reduce CCL2 levels in whole
brain tissue and plasma, and region-specific reductions
have only been found in the cerebellum and brainstem
[15-17]. Additionally, acute B-FNA effects appear to be
sex-specific, as LPS-induced CXCL10 in the hippocam-
pus, prefrontal cortex, cerebellum, and brainstem and
CCL2 in the cerebellum and brainstem were decreased by
B-ENA in males, but not in females [17].

The apparent, differential effects of acute versus
chronic, continuous B-FNA pretreatment on LPS-induced
CXCL10 and CCL2 may be attributed to pre-exposure
and cumulative dose. Studies with rats have shown that
p-opioid receptor (MOR) turnover becomes slower and
less efficient with increased B-FNA pre-exposure [33].
Therefore, it is possible that chronic B-FNA pre-treat-
ment could reduce MOR turnover and efficiency and
effectively decrease the ability of endogenous opioids to
surmount B-FNA antagonism [34, 35]. Additionally, the
extent of irreversible MOR inhibition is dose-dependent,
and, as such, the mice in this study were exposed to higher
doses due to the continuous administration of the drug
via micro-osmotic pump [36-38]. Importantly though, it
remains unclear the extent to which the anti-inflamma-
tory and/or behavior-modifying effects of B-FNA in this
preclinical model are related to actions at MOR. In fact,
the in vitro findings indicate that the anti-inflammatory
effects of B-FNA in astrocytes involve a MOR-independ-
ent mechanism [15, 18, 19, 39]. Briefly, these investiga-
tions suggest that B-FNA inhibits cytokine/chemokine
and inducible nitric oxide synthase activation through dis-
ruption of upstream, pre-transcriptional events including
NF-«B and p38 MAPK activation [18, 19, 40]. Our group
also demonstrated that -FNA blocks TLR4 signaling by
LPS in TLR4-HEK reporter cells [39]. Our investigation
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into the mechanism by which -FNA modulates inflam-
matory signaling at the cellular and molecular level is
ongoing.

Our previous studies found that LPS-induced
chemokine expression in the brain was positively corre-
lated with anxiety- and sickness-like behaviors [15-17].
Furthermore, we previously found that LPS-induced
sickness-like behavior in male mice was inhibited by
acute B-FNA treatment [15, 16]. Consistent with these
earlier reports, the current study revealed that LPS-
induced sickness-like behavior is also inhibited by
chronic, continuous B-ENA pretreatment. Interestingly,
previous findings in this model showed that acute p-FNA
decreased LPS-induced anxiety-like behavior predomi-
nantly in a female-specific manner [17]. While only male
mice were used in the present study, chronic, continuous
B-ENA pre-treatment effectively inhibited anxiety-like
behavior.

We did not observe pronounced LPS-induced depres-
sive-like behavior in the present study, which was unex-
pected given the extensive literature showing that LPS
is frequently and effectively used to induce depressive-
like behavior in C57BL/6] mice utilizing the LPS strain,
dose, and administration method used in our study [41].
Furthermore, it has been shown that depressive-like
behaviors peak at 24 h post-injection and can still be
observed 48 h after LPS administration [41]. One expla-
nation for the lack of measurable depressive-like activity
in the present study is disruption of swimming mechan-
ics due to displacement of micro-osmotic drug pumps.
Over the course of the experiment, in numerous cases
the mini-pump shifted laterally from the original place-
ment between the scapulae, potentially hindering bal-
ance and swimming mechanics. Furthermore, most of
the mice atypically became immobile within seconds of
entering the water, hence the elimination of the standard
2-min delay in FST scoring. In future experiments, daily,
i.p. injections of B-FNA are warranted when utilizing
the FST; alternatively, a tail suspension test may be more
effective in mice implanted with a mini-pump.

NLRP3 expression in the frontal cortex correlated with
sickness-like behaviors. Since the NLRP3 inflammasome
is responsible for processing and releasing bioactive IL-1f3,
this trend aligns with evidence that inflammasome signal-
ing and IL-1p in the brain is a key mediator of depressive-,
anxiety-, and sickness-like behaviors [25, 42—45]. Inter-
estingly, NLRP3 expression was lower in LPS-stimulated
mice compared to saline counterparts and was negatively
correlated with sickness-like behavior. The suppression of
NLRP3 in the spleen under LPS stimulation may be due
to the prolonged LPS stimulation, as it has been shown
that acute LPS (4 h) robustly induces NLRP3 inflamma-
some activation in bone marrow-derived macrophages,
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but chronic LPS (12 h-24 h) attenuates it [46]. This has
been attributed to the release of interleukin-10 (IL-10) as
a protective mechanism against excessive inflammation,
as macrophages and bone marrow-derived macrophages
only release IL-10 under chronic and not acute LPS stim-
ulation [46]. This assertion was strengthened by a recent
study that demonstrated that TLR4, NF-kB, and interleu-
kin-6 (IL-6) were significantly increased, while IL-1f was
significantly decreased, in the spleens of ICR mice 12 h
after LPS injection, whereas IL-1p was significantly ele-
vated in the brain [47].

IDOL1 is a pivotal mediator of LPS-induced depression-
and anxiety-like behavior in C57BL/6] mice [48]. Like-
wise, this study found that LPS raised IDO1 levels in the
frontal cortex, and IDOL1 in the frontal cortex was posi-
tively correlated with anxiety- and sickness-like behav-
ior. However, B-FNA treatment did not significantly alter
LPS-induced IDOL1 levels in the frontal cortex. The lack
of significance may simply reflect a relatively low sample
size and warrants further investigation.

Surprisingly, we determined that B-FNA treatment
alone increased CCL2 and CXCL10 levels in the fron-
tal cortex and seemed to be anxiogenic. These are the
only seemingly adverse effects of B-FNA that we have
observed and are presumably due to the chronic, contin-
uous administration. Indeed, acute B-ENA, per se, has
not impacted inflammatory factors or behaviors in our
previous studies or those of others using mixed neuron/
glia cultures from Sprague—Dawley rats [49]. It has been
well documented that -FNA inhibits NF-kB activation,
which results in the subsequent downregulation of pro-
inflammatory cytokines, such as CCL2 and CXCL10
[16, 17, 19, 20, 49]. While seen as predominantly pro-
inflammatory, NF-kB regulates a wide expression of
genes involved in cell survival, growth, stress responses,
and immune system activity [50]. Additionally, NF-kB
is constitutively active in region-specific neurons, espe-
cially the cortex and hippocampus, and plays an inte-
gral role in synaptic plasticity, learning and memory,
and synapse-to-nucleus communication under nor-
mal physiological conditions [50-52]. Moreover, it has
been shown that inhibiting or blocking NF-«kB expres-
sion induces death in cortical neurons and causes loss
of neuroprotection and defects in learning and memory
[53-55]. As such, it is possible that continuous adminis-
tration of B-FNA may inhibit constitutive NF-«B to the
detriment of neurons in the frontal cortex [56—-62].

Conclusion

This study builds upon our previous findings that acute
B-ENA treatment inhibits inflammatory signaling in
human astrocytes and ameliorates LPS-induced neuroin-
flammation and anxiety- and sickness-like behavior in a
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pre-clinical mouse model. We now provide evidence that
chronic B-ENA pre-treatment inhibits LPS-driven eleva-
tions in CCL2 and CXCL10, as well as limits or abol-
ishes anxiety- and sickness-like behaviors. In particular,
anxiety-like behaviors were predominantly correlated
with CCL2 and CXCL10 in the brain, whereas sickness-
like behaviors were correlated with CCL2 and CXCL10
in the spleen. Moreover, we demonstrated that sickness-
like behavior was positively correlated with NLRP3
expression in the frontal cortex and inversely related to
NLRP3 expression in the spleen. Additionally, IDO1
expression in the frontal cortex was correlated with both
anxiety- and sickness-like behavior. However, -FNA did
not significantly inhibit LPS-induced NLRP3 or IDO1
expression in the frontal cortex or spleen. Further inves-
tigation is needed to fully understand the differential
effects of acute and chronic, pre-treatment in terms of
the anti-inflammatory and behavior-modifying effects of
B-ENA. Similarly, additional investigation is needed to
define the cellular and molecular events governing the
anti-inflammatory effects of f-FNA.
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