1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Brain Behav Immun. Author manuscript; available in PMC 2017 March 01.

-, HHS Public Access
«

Published in final edited form as:
Brain Behav Immun. 2016 March ; 53: 207-222. doi:10.1016/j.bbi.2015.12.012.

Stress-induced neuroinflammation is mediated by GSK3-
dependent TLR4 signaling that promotes susceptibility to
depression-like behavior

Yuyan Cheng?, Marta Pardo?, Rubia de Souza Arminil, Ana Martinez2, Hadley Mouhsine3,
Jean-Francois Zagury3, Richard S. Jopel2* and Eleonore Beurell-&"

1Department of Psychiatry and Behavioral Sciences, and Department of Biochemistry and
Molecular Biology, Miller School of Medicine, University of Miami, Miami, FL 33136

2Centro de Investigaciones Biologicas-CSIC, 28040 Madrid, Spain

SLaboratoire Génomique, Bioinformatique et Applications, EA4627, Conservatoire, National des
Arts et Métiers, 75003 Paris, France

Abstract

Most psychiatric and neurological diseases are exacerbated by stress. Because this may partially
result from stress-induced inflammation, we examined factors involved in this stress response.
After a paradigm of inescapable foot shock stress that causes learned helplessness depression-like
behavior, eighteen cytokines and chemokines increased in mouse hippocampus, peaking 6 to 12 hr
after stress. A 24 hr prior pre-conditioning stress accelerated the rate of stress-induced
hippocampal cytokine and chemokine increases, with most reaching peak levels after 1 to 3 hr,
often without altering the maximal levels. Toll-like receptor 4 (TLR4) was involved in this
response because most stress-induced hippocampal cytokines and chemokines were attenuated in
TLR4 knockout mice. Stress activated glycogen synthase kinase-3 (GSK3) in wild-type mouse
hippocampus, but not in TLR4 knockout mice. Administration of the antidepressant fluoxetine or
the GSK3 inhibitor TDZD-8 reduced the stress-induced increases of most hippocampal cytokines
and chemokines. Stress increased hippocampal levels of the danger-associated molecular pattern
(DAMP) protein high mobility group box 1 (HMGBL), activated the inflammatory transcription
factor NF-xB, and the NLRP3 inflammasome. Knockdown of HMGB1 blocked the acceleration
of cytokine and chemokine increases in the hippocampus caused by two successive stresses.
Fluoxetine treatment blocked stress-induced up-regulation of HMGBL1 and subsequent NF-xB
activation, whereas TDZD-8 administration attenuated NF-xB activation downstream of HMGB1.
To test if stress-induced cytokines and chemokines contribute to depression-like behavior, the
learned helplessness model was assessed. Antagonism of TNFa modestly reduced susceptibility to
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learned helplessness induction, whereas TLR4 knockout mice were resistant to learned
helplessness. Thus, stress-induces a broad inflammatory response in mouse hippocampus that
involves TLR4, GSK3, and downstream inflammatory signaling, and these stress responses
contribute to susceptibility to depression-like behavior in mice.
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stress; neuroinflammation; depression; Toll-like receptor 4; fluoxetine; glycogen synthase
kinase-3

INTRODUCTION

Psychological stress activates the inflammatory system and exacerbates a diverse array of
psychiatric and neurological diseases, which may be partly mediated by stress-induced
neuroinflammation (Miller et al., 2009; Kubera et al., 2011). In particular, there is increasing
evidence that inflammation increases susceptibility to depression, a progressive and
debilitating disease that afflicts nearly 20% of people in the United States (Belmaker et al.,
2008; Raison and Miller, 2015). This includes many reports of increased plasma levels in
depressed patients of inflammatory cytokines, particularly tumor necrosis factor-a (TNFa),
interleukin-6 (I1L-6), and IL-1p (Dantzer et al., 2008; Zunszain et al., 2013). Rodents
exhibiting depression-like behaviors also have elevated brain cytokine levels (Goshen et al.,
2008; Kreisel et al., 2014), and administration of inflammatory cytokines causes depression-
like behaviors in rodents (Bluthé et al., 2000; De la Garza et al., 2005; Dantzer and Kelley
2007; Palin et al., 2008; Fu et al., 2010). Acute inescapable tail shocks, acute or chronic
restraint stress, and social defeat stress, all of which induce depressive-like behaviors in
rodents, activate the inflammatory transcription factor nuclear factor-xB (NF-xB) and
increase levels of the cytokines IL-18, TNFa, IL-6 and IL-10 in rodent brains (Nguyen et al.,
2000; Madrigal et al., 2002; O’Connor et al., 2003; Deak et al., 2003; Deak et al., 2005;
Blandino et al., 2006; Blandino et al., 2009; Audet et al., 2011; Wohleb et al., 2011; You et
al., 2011). In addition to inducing neuroinflammation, stress amplified the increases of
inflammatory cytokines (e.g., IL-1B, TNFa) in rodent brains induced by peripheral
administration of the inflammatory Toll-like receptor 4 (TLR4) agonist lipopolysaccharide
(LPS) (Quan et al., 2001; Johnson et al., 2002; Johnson et al., 2003; Johnson et al., 2004;
Munhoz et al., 2006; De Pablos et al., 2006; Frank et al., 2007; Espinosa-Oliva et al., 2009;
Wohleb et al., 2012). Thus, stress increases rodent brain levels of several cytokines and
primes the TLR4-mediated inflammatory response to LPS.

TLR4 is a pattern recognition receptor expressed not only in macrophages and other immune
cells, but also in neurons, astrocytes, and microglia (Akira et al., 2006; Pandey and Agrawal,
2006; Crack and Bray, 2007; Hanke and Kielian, 2011). Besides being activated by
pathogens, TLR4 is activated by endogenous molecules known as damage- or danger-
associated molecular patterns (DAMPs) that are produced by host cells in response to stress
or injury (Piccinini et al 2010; Schaefer, 2014). DAMPs include molecules normally stored
intracellularly and released by insults (e.g., high mobility group box 1 (HMGB1) protein and
heat shock proteins), proteolytic products of the extracellular matrix (e.g., hyaluronic acid),
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and a wide variety of other endogenous molecules (Schaefer, 2014). Despite the structural
heterogeneity of DAMPs, they frequently stimulate TLR4 (Schaefer, 2014). TR4 may
mediate some components of stress-induced inflammation since restraint stress increased
TLR4 expression in rodent brain and blocking TLR4 activity attenuated stress-induced NF-
kB activation and the ensuing up-regulation of IL-1p and IL-6 in the prefrontal cortex
(Garate et al., 2011; Garate et al., 2013; Garate et al., 2014). Several DAMPs have been
shown to be increased after psychological stressors in a variety of tissues, suggesting that
increased DAMPs induced by stress may activate the inflammatory response (Campisi et al.,
2003; Fleshner et al., 2004; Campisi et al., 2012; Maslanik et al., 2013; Beninson et al.,
2014; Weber et al., 2015). Particular interesting are the findings that acute inescapable tail
shock stress increased HMGBL1 levels in rodent hippocampus, and central administration of
an HMGBL antagonist diminished the potentiation by stress of LPS-induced increases of
IL-18 by hippocampal microglia, suggesting that HMGB1 mediates the priming effect of
stress on LPS-stimulated microglia (Weber et al., 2015).

In both the periphery and the CNS, TLR4 signaling depends on active glycogen synthase
kinase-3 (GSK3), a kinase linked to depression (Beurel, 2011; Beurel et al., 2015). GSK3
inhibition reduced the production of pro-inflammatory cytokines after TLR4 stimulation in
human monocytes (Martin et al 2005) and in mouse microglia (Yuskaitis et al 2009) and
astrocytes (Beurel et al 2009). However, it is not known if GSK3 promotes stress-induced
inflammatory responses, which may be particularly important in disorders involving
inflammation in which GSK3 is known to promote the disease, such as depression (Jope,
2011; Beurel et al., 2015).

Although stress causes neuroinflammation, there remains limited information about the
breadth, timing, magnitude and signaling of the neuroinflammatory response to stress. The
present study examined (1) the extent of neuroinflammatory cytokine and chemokine
induction in mouse hippocampus induced by a paradigm of foot shock stress that causes
learned helplessness depression-like behavior, (2) the effects of a prior stress on cytokine
and chemokine responses to a second stress in the brain, (3) the inflammatory molecules
involved in stress-induced neuroinflammation, (4) the effects of TLR4 deficiency, the
antidepressant fluoxetine, and a specific GSK3 inhibitor on the neuroinflammatory response
to stress, and (5) the effects of abrogating stress-induced neuroinflammation by TLR4
deficiency on susceptibility to learned helplessness depression-like behavior.

MATERIALS AND METHODS

Mice and drug administration

These studies used 8-12 week old male wild-type C57BI/6 mice obtained from the National
Cancer Institute and from Charles River Laboratories when the National Cancer Institute
terminated their mouse production program, 8-12 week old male TLR4~/~ C57BI/6 mice
(generously provided by Dr. Sue Michalek, University of Alabama at Birmingham) bred
with wild-type mice from the National Cancer Institute, and 8-12 week old female wild-type
mice were used for the experiments reported in Figure 9A. All mice were housed and treated
in accordance with NIH and the University of Miami Institutional Animal Care and Use
Committee regulations. Where indicated, mice were pre-treated by intraperitoneal (i.p.)
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injection daily for 2 weeks prior to stress with the antidepressant fluoxetine (20 mg/kg;
National Institute of Mental Health Chemical Synthesis and Drug Supply Program) or the
GSK3-specific inhibitor TDZD-8 (5 mg/kg; produced in the Martinez laboratory). Other
mice were treated with the TNFa antagonist etanercept (100 pg/mouse, i.p.; every other day
for a week; Enbrel® Amgen), a newly developed small molecule TNFa inhibitor, Vax-
ATCL1 (5 mg/kg, i.p.; produced in the Zagury laboratory) or vehicle (5% DMSO/Tween 80/
saline) every other day for a week. HMGB1 siRNA( 10 pg/mouse; 5 ug/nostril; ON-
TARGETplus Mouse Hmgb1 (15289) siRNA-SMARTpool, Dharmacon, a combination of
four pre-validated sequences specifically targeting HMGB1) or control scrambled siRNA
were administered intranasally 1 hr after one stress session of inescapable foot shocks.

Stress and learned helplessness

Inescapable foot shocks were used to stress mice by using a protocol that induces learned
helplessness depression-like behavior (Beurel et al 2013). Mice were placed in one side of a
Gemini Avoidance system shuttle box (San Diego Instruments, San Diego, CA, USA) with
the gate between chambers closed, and 180 inescapable foot shocks (IES) were delivered at
an amplitude of 0.3 mA, a duration of 6 sec, and a randomized inter-shock interval of 5-45
sec. Some groups of mice were subjected to the identical protocol 24 hr after the first stress
in order to compare the effects of a single stress and two stresses on cytokine and chemokine
levels. For measuring learned helplessness, 24 hr after one session of inescapable foot
shocks, mice were returned to the shuttle box and 30 escape trials were carried out with a 0.3
mA foot shock for a maximum duration of 24 sec with door of the chamber opening at the
beginning of the foot shock administration to allow mice to escape. Latency to escape the
shock was recorded using Gemini software, and trials in which the mouse did not escape
within the 24 sec time limit were counted as escape failures. Mice with greater than 15
escape failures were defined as learned helpless.

Cytokine and chemokine measurements

The prefrontal cortex and hippocampus were rapidly dissected in ice-cold phosphate-
buffered saline, snap-frozen, and stored at —80°C. Brain regions were homogenized in ice-
cold lysis buffer containing 20 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 1% Triton-100, 10 pg/ml leupeptin, 10 pg/ml aprotinin, 5 ug/ml pepstatin, 1 mM
phenylmethanesulfonyl fluoride, 1 mM sodium vanadate, 50 mM sodium fluoride, and 100
nM okadaic acid. The lysates were centrifuged at 14,000 rpm for 10 min to remove insoluble
debris, and protein concentrations in the supernatants were determined using the Bradford
protein assay. Enzyme-linked immunosorbent assays (ELISA) were carried out according to
the manufacturer’s instructions (eBioscience) using 100-150 pg protein. For multiplex
measurements, 50 pg protein from brain region extracts from 3—-4 mice were combined and
the cytokines and chemokines IL-1a, IL-1p, IL-2, IL-3, IL-4, IL-5, IL-6, IL-10, IL-12(p40),
IL-12(p70), IL-13, IL-17A, GM-CSF, IFN-x, CXCL1, CCL11, CCL3, CCL4, CCL2, CCLS5,
and TNFa were measured using the Bio-Plex mouse cytokine and chemokine multiplex
assay according to the manufacturer’s instructions (Bio-Rad, Hercules, CA, USA) with the
same control samples loaded on multiple plates to control for inter-plate variability.
Cytokine and chemokine concentrations were determined by the multiplex assay reader
(Magpix; Luminex) and Bio-Plex manager software (Bio-Rad).
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Western blotting

Proteins (5-20 pg) in brain region extracts prepared as described above were resolved with
SDS-PAGE, transferred to nitrocellulose membranes, and immunoblotted with antibodies to
HMGBL (ab18256, Abcam), IxBa (#9242, Cell Signaling Technology), active NF-«xB
(MAB3026, Millipore), NLRP3 (AG-20B-0014, Adipogen), active p20 caspase-1
(AG-20B-0042, Adipogen), phospho-Ser9-GSK3p (#9322, Cell Signaling Technology),
phospho-Ser21-GSK3a (#9316, Cell Signaling Technology), total GSK3a/f (05-412,
Millipore), and reblotted with B-actin (Sigma Aldrich) to ensure loading consistency.

Quantitative real-time polymerase chain reaction

Total RNA from brain regions was isolated by TRIzol extraction (Invitrogen). 500 ng of
RNA was converted to cDNA using ImProvlI reverse transcriptase (Promega) according to
the manufacturer’s instructions. Quantitative changes in the mRNA levels were determined
by the QuantStudio 6 Flex real-time PCR system (Applied Biosystems) using Tagman gene
expression assay according to the manufacturer’s instructions using 100 ng of cDNA.
Quantification was made with 2 2ACt method using 18s as the housekeeping gene. The
primers used for TLR4 were: (Forward: AAACTTGCCTTCAAAACCTGGC; Reverse:
ACCTGAACTCATCAATGGTCACATC Tagman probe:
CACGTCCATCGGTTGATCTTGGGAGAA) (Tanga et al., 2005); 18s primers were
purchased from Applied Biosystems.

Statistical analysis

Statistical significance was analyzed with Student’s t test when one treatment group was
compared with a control group, with the Mann Whitney test for the data in Figure 9A, or
with one-way ANOVA with Bonferroni post-hoc test, using Prism software, and p<0.05 was
considered significant.

RESULTS

Stress increases cytokine and chemokine levels in the hippocampus and prefrontal cortex of
wild-type mice. TNFa, IL-6, IL-12(p70), and IL-1 were measured by ELISA in mouse
hippocampus from 1 to 24 hr after administration of a single stress session consisting of
inescapable foot shocks that induces learned helplessness depression-like behavior (Beurel
et al, 2013). There were significant increases 12 hr after stress in the hippocampal levels of
TNFa (one-way ANOVA,; F(4 35) = 2.884, p < 0.05)B, IL-6 (F(4, 20) = 3.888, p < 0.05), and
IL-12(p70) (F (3,17) = 4.639, p < 0.05), but not IL-1f (Figure 1). These results demonstrate
that 1, 6, 12, and 24 hr would be appropriate times to evaluate stress-induced changes in
cytokines and chemokines measured by multiplex.

Evaluation of multiple cytokines and chemokines by multiplex revealed that a single stress
session increased the levels of most cytokines and chemokines measured in the
hippocampus, with peak values occurring after 6 hr for IL-2, IL-3, IL-10, IL-13, IL-12(p40),
CXCL1 and CCL11 (Supplementary Figure 1A), or 12 hr for TNFa, I1L-12(p70), IL-5,
IL-17A, CCL2, CCL3, CCL4, CCL5, IFNy, and GM-CSF (Supplementary Figure 1B and
Supplementary Table 1), whereas the levels of IL-1B, IL-1a, and IL-4 did not increase
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(Supplementary Figure 1C). Table 1 reports the absolute values of each cytokine and
chemokine. In contrast to the hippocampus, none of these cytokines and chemokines, except
for CXCL1, were elevated in the prefrontal cortex after a single stress (Supplementary
Figure 2). These results demonstrate that a single stress that causes a model of depression in
mice is sufficient to induce increases of most cytokines and chemokines in the hippocampus.

A preconditioning stress accelerates the rate of increases in hippocampal cytokines and
chemokines after stress

To determine the effects of a prior stress on cytokine and chemokine increases induced by a
second stress, mice were exposed to two identical inescapable foot shock sessions with a 24
hr interval. Stress pretreatment accelerated the rate of increases, but often did not alter the
magnitudes, of many cytokines and chemokines. As opposed to maximal increases at 6 or 12
hr after a single stress, there were maximal increased levels of cytokines and chemokines in
the hippocampus 1 or 3 hr following two stresses. Thus, TNFa (one-way ANOVA; F (4 23
=7.842, p < 0.05 compared to 24 hr after the first stress), IL-6 (F (3, 11) = 10.83, p < 0.05),
IL-18 (F (4, 10y = 6.326, p < 0.05), IL-2, IL-3, IL-13, CXCL1, IL-5, IL-17A, and GM-CSF
increased to peak levels 3 hr following two stresses, whereas peak levels were evident 1 hr
after two stresses of 1L-12(p70), IL-10, IL-12 (p40), CCL11, CCL2, CCL3, CCL4, CCL5,
and IFN«k(Figure 1, Supplementary Figure 1, and Supplementary Table 1). Cytokines and
chemokines with similar magnitudes of increases after two stresses as after a single stress
include IL-6, IL-2, IL-13, IL-12 (p40), CXCL1, CCL11, IL-5, CCL2, CCL3, CCL4, CCL5
and GM-CSF, whereas greater increases after two stresses were evident with TNFa and
IL-1p, and lower increases occurred with 1L-12(p70), IL-3, IL-10, IL-17A, and IFN«after
two stresses than a single stress (Figure 1 and Supplementary Figure 1). These results
demonstrate that in the hippocampus two daily stresses induce more rapid cytokine and
chemokine increases than a single stress. In contrast to the hippocampus, most cytokines and
chemokines in the prefrontal cortex did not change after two stresses, except the levels of
IL-1p increased 3 hr after two stresses (Supplementary Figure 2). These results demonstrate
that the hippocampus is more susceptible to cytokine and chemokine increases induced by
the stress of inescapable foot shocks than the prefrontal cortex, and that two stresses
accelerates the accumulation of most cytokines and chemokines tested.

Effects of TLR4 deficiency on stress-induced increases of hippocampal cytokines and
chemokines

Since TLR4 is a major mediator of pathogen-induced cytokine production in the periphery
and has been linked to stress-induced inflammation, we first tested if stress modulates TLR4
expression in the hippocampus. TLR4 mRNA levels significantly increased 24 hr after stress
by 22% (one-way ANOVA; F (6 20) = 5.042, p < 0.05; Figure 2A), similar to the 20%
increase previously reported to occur in mouse cortex following acute or chronic restraint
stress (Garate et al 2013; Garate et al. 2014). We tested if stress-induced hippocampal
cytokines and chemokines were dependent on TLR4 by comparing cytokines and
chemokines in TLR4 knockout mice and wild-type mice after stress. TLR4 deficiency
resulted in a blunted cytokine and chemokine response to stress, with lower than wild-type
hippocampal levels of TNFa, IL-6, IL-12 (p70), IL-1p, IL-10, IL-17A, GM-CSF, CCL2
(Figure 2B), 1L-12 (p40), IL-5, CXCL1, CCL11, IL-3, CCLS5, IFNy and CCL3
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(Supplementary Figure 3A). However, the stress-induced hippocampal levels of IL-13
indicated a complex relationship with TLR4, and CCL4, were similar in TLR4~/~ and wild-
type mice. Thus, hippocampal TLR4 expression is induced after one stress and TLR4
deficiency blocked the elevations of many cytokines and chemokines in the hippocampus
after stress.

Pretreatment of mice with the antidepressant fluoxetine or the GSK3-specific inhibitor
TDZD-8 attenuate stress-induced cytokine and chemokine increases in the hippocampus

We tested if stress activates GSK3 and if this is altered by TLR4 deficiency because active
GSK3 is necessary for LPS-induced TLR4-mediated inflammation (Jope et al., 2007). The
two isoforms of GSK3 are inhibited by phosphorylation on a regulatory serine residue,
serine-21 in GSK3a and serine-9 in GSK3p. Immunoblotting showed that the inhibitory
serine-phosphorylation of GSK3a and of GSK3p in the hippocampus were significantly
reduced 6 or 12 hr after a single stress (one-way ANOVA; GSK3a: F(3, 16) = 4.601, p <
0.05; GSK3: F (3, 20) = 3.754, p < 0.05), and 1 hr after two stresses (GSK3a: F (, 13) =
4.986, p < 0.05 compared to 24 hr after the first stress; GSK3: F (2 17) = 4.079, p < 0.05;
Figure 3A and B). This demonstrates that inescapable foot shock stress activates
hippocampal GSK3 and stress pretreatment accelerates the rate of GSK3 activation.
Remarkably, the stress-induced activation of hippocampal GSK3 was dependent on TLR4,
as TLR4™~ mice exhibited no activation of either GSK3 isoform (Figure 3C and 3D) after
one stress (one-way ANOVA; GSK3a: F (3, 10) = 0.0909, p > 0.05; GSK3B: F (3, 12) =
0.9734, p > 0.05) or two stresses (GSK3a: F (2, 9) = 0.3937, p > 0.05 compared to 24 hr
after the first stress; GSK3p: F (2, 9) = 0.8844, p > 0.05).

Since stress activated GSK3 and GSK3 promotes pathogen-induced TLR4-mediated
cytokine production (Martin et al., 2005; Yuskaitis et al 2009; Beurel et al 2009; Beurel,
2011), we tested if active GSK3 also promotes stress-induced cytokine production. Prior to
administration of two daily stresses, mice were treated for two weeks with the antidepressant
fluoxetine (20 mg/kg; i.p.), a serotonin-selective reuptake inhibitor that inhibits GSK3 in
mouse brain in vivo (Li et al., 2004), or with the direct GSK3-specific inhibitor TDZD-8 (5
mg/kg; i.p.) (Martinez et al., 2002). Treatment with fluoxetine reduced stress-induced
increases of ELISA-detected TNFa (one-way ANOVA; F (2 15)=9.091,p <0.05), IL-6
(F (2, 11) = 9.346, p < 0.05 ), IL-12 (p70) (F (2, 14) = 14.98, p < 0.05) and IL-1B (F (2, 15) =
5.505, p < 0.05) (Figure 4A), and multiplex-detected 1L-13, CXCL1, CCLS5, IL-17A, IL-2,
IL-3, IL-5, CCL2 and CCL11 in the hippocampus 3 hr after stress (Figure 4B and
Supplementary Figure 4), but did not affect the levels of IL-1a, IL-4, IL-10, IL-12 (p40),
IFN%, GM-CSF, CCL3 and CCL4 (data not shown). Pretreatment with TDZD-8 reduced
stress-induced increases of ELISA-detected TNFa(one-way ANOVA; F (2, 15) = 6.157, p <
0.05), IL-6 (F (2, 15) = 6.212, p < 0.05), IL-12 (p70) (F(2, 14) = 28.27, p < 0.05), and I1L-1f
(F (2, 15) = 5.439, p < 0.05) (Figure 4A), and multiplex-detected 1L-13, CXCL1, CCLS5,
IL-17A, and IL-5, but did not affect the levels of IL-2, IL-3, CCL2, CCL11 (Figure 4B and
Supplementary Figure 4), IL-1qa, IL-4, IL-10, IL-12 (p40), IFNx, GM-CSF, CCL3 and
CCLA4 (data not shown). These results demonstrate that administration of an antidepressant
or a selective inhibitor of GSK3 attenuate the induction of several stress-induced cytokines
and chemokines in mouse hippocampus.
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In summary (Figure 4C), hippocampal TNFa, IL-12 (p70), IL-6, IL-1p, (Figure 1) CXCL1,
CCL5, IL-17A, and IL-5 (Supplementary Figure 1) were induced by two stresses by a
pathway involving TLR4 (Figure 2B and Supplementary Figure 3A) and reduced by
treatment with fluoxetine or a GSK3 inhibitor (Figure 4 and Supplementary Figure 4).
Stress-induced increases in hippocampal IL-2, IL-3, CCL2, and CCL11 were also dependent
on TLR4 (Figure 2B and Supplementary Figure 3) and reduced by fluoxetine but not by
TDZD-8 (Supplementary Figure 4), and 1L-10, GM-CSF, I1L-12 (p40), CCL3, and
IFNkwere dependent on TLR4 (Figure 2B and Supplementary Figure 3A), but not
diminished by fluoxetine or GSK3 inhibition (Figure 4 and Supplementary Figure 4).
Altogether this data indicates that multiple mechanisms contribute to stress-induced
cytokine and chemokine increases in the hippocampus although TLR4 signaling and GSK3
is a predominant pathway.

Inflammatory signaling in the hippocampus induced by stress

We tested if hippocampal HMGBL levels were increased by inescapable foot shocks since
HMGB1 stimulates TLR4 (Schaefer 2014) and HMGB1 was reported to be increased by
inescapable tail shocks (Weber et al., 2015). Hippocampal HMGB1 levels were significantly
increased 24 hr after a single stress (one-way ANOVA; F (5 1g) = 4.590, p < 0.05) and
further increased 1 hr after two daily stresses (F (, 14) = 3.751, p < 0.05 compared to 24 hr
after the first stress) (Figure 6A). This suggests that HMGB1 is not required for
hippocampal cytokine and chemokine increases induced by a single stress, which increased
more rapidly, but HMGB1 may contribute to the priming effects of stress-pretreatment,
leading to the accelerated rate of induction of most hippocampal cytokines and chemokines
after two stresses. Since previously intranasal administration has been shown to allow
modification of hippocampal functions and intranasal or intracerebroventricular
administration of a variety of sSiRNA constructs have been shown to knockdown levels of
proteins in the hippocampus (Bortolozzi et al., 2012; Kim et al., 2012; Ferres-Coy et al.,
2013; Kanazawa et al., 2014; Ferres-Coy et al., 2015; Mohanty et al., 2015), we tested the
effects of knocking down HMGB1 by intranasal sSiRNA administration, followed by
measurements of hippocampal cytokines and chemokines that were increased at 3 hr after
two stresses. Intranasal administration of HMGB1 siRNA eliminated the stress-induced
increase in the hippocampal HMGB1 level at 3 hr after two stresses (one-way ANOVA,;

F (2, 12) = 9.957, p < 0.05: Figure 5B). We examined the effects of intranasal administration
of HMGB1 siRNA on the levels of cytokines and chemokines with peak values 3 hr after
two stresses to test if the peak reverted to the 12 hr time that occurred after a single stress.
Remarkably, intranasal administration of HMGB1 siRNA blocked the accelerated rate of
induction of hippocampal cytokines and chemokines induced by a prior stress (Figure 5C
and Supplementary Figure 5), delaying increases after two stresses of TNFa (one-way
ANOVA; scrambled siRNA 3 hr: F (5 12) = 8.316, p < 0.05; HMGBL1 siRNA 12 hr: F (5 1)
=9.645, p < 0.05), IL-6 (scrambled siRNA 3 hr: F (5 g) = 4.628, p < 0.05; HMGB1 siRNA
12 hr: F (2, 12) = 7.919, p < 0.05), and IL-12 (p70) (scrambled siRNA 3 hr: F (5 1) = 7.858,
p <0.05; HMGBL1 siRNA 12 hr: F 5 12) = 10.79, p < 0.05) measured by ELISA, and
multiplex-measured IL-2, IL-5, IL-13, CXCL1 and IL-17A, but not GM-CSF.
Administration of HMGB1 siRNA also inhibited the increase of hippocampal IL-1
(scrambled siRNA 3 hr: F (2, 10) = 6.18, p < 0.05; HMGB1 siRNA 12 hr: F (3 109) = 0.246, p
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> 0.05) and IL-3 that were otherwise induced 3 hr after administration of two stresses
(Figure 5C and Supplementary Figure 5). This data indicates that increases in HMGB1
induced by stress contribute to the accelerated rate of increases of hippocampal cytokines
and chemokines occurring after two stresses, and the increases of IL-1f and IL-3.

TLR4 deficiency did not affect the increases in hippocampal HMGB1 induced by stress
(Figure 6A), as HMGBL levels were also significantly increased in TLR4~/- mice 1 hr after
two stresses (t (11) = 5.899, p < 0.05 for wild-type mice; t () = 3.370, p < 0.05 for TLR4~/-
mice), indicating that HMGBL is upstream of TLR4 signaling. Remarkably, pretreatment
with fluoxetine (20 mg/kg) for two weeks completely blocked the stress-induced increase of
hippocampal HMGBL1 (one-way ANOVA; F (5 13) = 7.521, p < 0.05; Figure 6B), indicating
that fluoxetine acts on an upstream target to reduce the stress-induced induction of this
DAMP. In contrast, two weeks of pretreatment with TDZD-8 (5 mg/kg) did not significantly
reduce stress-induced hippocampal HMGB1 (Figure 6C). HMGBL levels in the prefrontal
cortex did not change 24 hr after one stress (t (s) = 0.6167, p > 0.05; Supplementary Figure
5A), or 3 hr after two stresses, and were unaffected by treatment with fluoxetine or TDZD-8
(Supplementary Figure 6B and 6C), further indicating that the prefrontal cortex is less
susceptible to stress-induced inflammatory responses than the hippocampus.

The activation of TLR4 signaling induces degradation of IxBa to release active NF-xB,
which induces the expression of many cytokines and chemokines (Akira et al., 2006).
Therefore, following stress we measured IxBa levels and active p65-NF-xB, using an
antibody that binds to an epitope of the p65 subunit of NF-xB that is exposed after release
from 1xBa (Blondea et al., 2001; Weber et al., 2015). Hippocampal IxBa levels were
significantly reduced (one-way ANOVA,; F (3 20) = 5.399, p < 0.05) and active p65-NF-xB
levels were significantly increased (F (3, 19) = 6.757, p < 0.05) 6 and 12 hr after stress
(Figure 7A and B). In TLR4™~ mice, stress did not significantly decrease 1xBa (F (3, 12) =
0.365, p > 0.05; Figure 7A) or activate p65-NF-xB (F (3, 12) = 0.96, p > 0.05; Figure 7B).
Furthermore, pretreatment with either fluoxetine (F (2, 14) = 9.714, p < 0.05) or TDZD-8

(F (2, 14) = 6.137, p < 0.05) prevented the stress-induced degradation of IxBa (Figure 7C)
and activation of p65-NF-xB (Fluoxetine: F (5 14) = 5.436, p < 0.05; TDZD-8: F (5 14) =
7.636, p < 0.05; Figure 7D). These data demonstrate that acute stress is sufficient to activate
NF-xB by a TLR4-mediated signaling pathway in the hippocampus that is attenuated by
treatment with fluoxetine or TDZD-8.

Previous reports have shown that HMGB1 increases the levels of NLRP3, a component of
the NLRP3 inflammasome (Xiang et al., 2011; Weber et al., 2015) that activates caspase-1,
leading to the production of IL-1p (Tschopp and Schroder, 2010). Since IL-1p levels in the
hippocampus did not increase after a single stress but increased after two stresses, we
examined if stress-induced IL-1p is associated with activated NLRP3 inflammasome. The
hippocampal levels of NLRP3 and the p20 active form of caspase-1 were up-regulated 24 hr
after stress (one-way ANOVA,; F(;, 20) = 3.036, p < 0.05 for NLRP3; F (5 19y =2.213,p <
0.05 for caspase-1 p20; Figure 8A and B), indicating a prior stress primes the NLRP3
inflammasome for IL-1p increases in the hippocampus after a second stress. This is similar
to previous reports that NLRP3 is primed in response to TLR4 activation by LPS, priming
that includes increased levels of NLRP3 (Bauernfeind et al., 2009; Guo et al., 2015; Weber
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etal., 2015). Indeed, TLR4 deficiency attenuated stress-induced increases in NLRP3 (t () =
2.705, p < 0.05 for wild-type mice; t 5) = 0.074, p > 0.05 for TLR4~"~ mice; Figure 8C), and
the p20 active form of caspase-1 in the hippocampus 1 hr after two stresses (t (10y = 2.351, p
< 0.05 for wild-type mice ; t g) = 0.8121, p > 0.05 for TLR4™/~ mice; Figure 8D),
suggesting that TLR4 mediates stress-induced activation of the NLRP3 inflammasome.

TLR4™~ mice display resistance to learned helplessness depression-like behavior

Since hippocampal TNFa was increased after stress, many studies have linked TNFa to
depression (Dantzer and Kelley 2007; Palin et al., 2008; Tonelli et al., 2008; Dean, 2011,
Kaster et al., 2012; Pandey et al., 2012), and TNFa production was blocked by the
antidepressant fluoxetine, we tested if blocking TNFa is sufficient to provide resistance to
learned helplessness. TNFa was inhibited using either a newly developed small molecule
TNFa inhibitor, Vax-ATCL, or the classical TNFa antagonist etanercept. 73% of vehicle-
treated mice exhibited learned helplessness depression-like behavior (Figure 9A).
Administration of TNFa inhibitors tended to reduce the number of mice that developed
learned helplessness, as 45% of the TNFa inhibitor-treated mice and 55% of the etanercept-
treated mice exhibited learned helplessness (Figure 9A). This supports previous reports that
inhibiting TNFa exerts antidepressant properties in mouse models of depression (Karson et
al., 2013; Simen et al., 2006: Kaster et al., 2012), but also demonstrates that inhibiting
TNFa only modestly reduces the induction of learned helplessness depression-like behavior.

The limited success of anti-TNFa interventions suggested that simultaneously targeting
multiple cytokines and chemokines may provide more a powerful antidepressant effect.
Therefore, we tested if TLR4 deficiency, which reduces stress-induced increases of TNFa,
IL-6, IL-12 (p70), IL-1B, IL-10, IL-17A, GM-CSF, CCL2 (Figure 2B), IL-12 (p40), IL-5,
CXCL1, CCL11, IL-3, CCL5, IFNy and CCL3, increased resistance to learned helplessness.
TLR4~"~ mice did not differ from wild-type mice in locomotor activity in a novel open field
(Supplementary Figure 7A) or in sensitivity to foot shocks in an escapable foot shock
paradigm (without previous inescapable foot shocks) (Supplementary Figure 7B). However,
TLR4~"~ mice exhibited resistance to learned helplessness compared with wild-type mice.
Most wild-type mice (78%) exhibited learned helplessness (Figure 9B). In contrast, TLR4™/~
mice were largely resistant to the induction of learned helplessness, with only 25%
displaying learned helplessness (t (41) = 2.921, p < 0.05; Figure 9B). This demonstrates that
blocking a major pathway that mediates stress-induced cytokine and chemokine production
is sufficient to reduce susceptibility to this depression-like behavior.

DISCUSSION

Stress is a pervasive condition that exacerbates numerous psychiatric and neurological
conditions, such as depression. Increasing evidence demonstrates that stress activates
inflammatory signaling (Dantzer et al., 2008; Miller et al., 2009; Kubera et al., 2011;
Zunszain et al., 2013), raising the possibility that inflammation contributes to the deleterious
health effects of stress. Here we report a comprehensive evaluation of the cytokine and
chemokine increases after stress in mouse hippocampus, which increased more rapidly after
a pre-conditioning stress, were largely dependent on TLR4, and many cytokine and
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chemokine increases were attenuated by administration of the antidepressant fluoxetine or
the GSK3 inhibitor TDZD-8 (Figure 10). Furthermore, the attenuation of stress-induced
inflammation in TLR4™~ mice reduced vulnerability to learned helplessness depression-like
behavior.

Acute stress induced by a single session of inescapable foot shocks that induces learned
helplessness increased the levels of 18 cytokines and chemokines in the hippocampus. Stress
was previously reported to increase the levels of certain cytokines in rodent brain, as
summarized in Supplementary Table 2. We found that a single stress of inescapable foot
shocks increased the hippocampal levels of TNFa, IL-12(p70), IL-6, IL-2, IL-3, IL-10,
IL-13, IL-12(p40), CXCL1, CCL11, IL-5, IL-17A, CCL2, CCL3, CCL4, CCL5, IFNk, and
GM-CSF. It is interesting to note that there was a wide range in the magnitude of the stress-
induced increases in cytokines and chemokines in the hippocampus, spanning from an
approximately 300% increase of IL-6 to increases near 20% of CCL3, CCL4, and CCLS5.
These variable increases emphasize the limited understanding of mechanisms that
differentially regulate the responses of hippocampal cytokines and chemokines to stress, and
suggest that those displaying the largest increases may have the greatest impact on
behavioral responses to stress. The lack of increase of hippocampal IL-1f after a single
session of inescapable foot shocks is in agreement with previous studies showing that
hippocampal IL-1 levels were not increased at several times after stress (Nguyen et al.,
2000; O’Connor et al., 2003; Deak et al., 2003; Deak et al., 2005; Blandino et al., 2006;
Blandino et al., 2009). The same stress that increased hippocampal cytokine and chemokine
levels did not increase cytokines and chemokines in the prefrontal cortex. While there is no
information regarding the cause of this differential inflammatory response to stress, previous
studies have reported that inescapable foot or tail shocks do not increase IL-6 or IL-1 in the
prefrontal cortex (Nguyen et al., 2000; Deak et al., 2003; Blandino et al., 2009). On the other
hand, cytokines in the prefrontal cortex or cortex were reported to increase after acute social
defeat stress (Audet et al., 2011), chronic restraint stress (Garate et al., 2013), and chronic
mild stress (Garate et al., 2011; You et al., 2011). These disparate findings raise the
possibility that stress induced by shock paradigms preferentially affect hippocampal
cytokines whereas stress induced by non-shock paradigms affect cytokines in both the
hippocampus and the prefrontal cortex. Other differential responses of the hippocampus and
prefrontal cortex to stress have been reported previously, notably a variety of stresses have
been reported to increase brain-derived neurotropic factor mRNA and or protein levels
within the prefrontal cortex (Bland et al., 2007; Fanous et al., 2010), but they were
unchanged or decreased in subregions of the hippocampus (Smith et al., 1995; Barrientos et
al., 2004; Pizarro et al., 2004). The greater sensitivity of hippocampal cytokine increases to
shock stresses may be related to the reportedly larger density of microglia in the
hippocampus than in the prefrontal cortex (Lawson et al., 1990), although potential
mechanisms underlying the differential inflammatory responses to stress in the hippocampus
and the prefrontal cortex remain to be clarified. Here we found that a single stress that
causes depression-like behaviors increases the levels of many cytokines and chemokines in
the hippocampus. In the future it will be important to examine the responses to stress of
cytokines and chemokines that were not measured in this study to gain a more complete
understanding of the influence of stress on cytokines and chemokines in the brain.

Brain Behav Immun. Author manuscript; available in PMC 2017 March 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cheng et al.

Page 12

We tested if a prior stress affects neuroinflammatory responses to a second stress because
stress is often encountered repeatedly and stress pretreatment amplified cytokine increases in
the brain induced by LPS administration. For example, LPS-induced increases in
hippocampal TNFa and IL-1f levels were potentiated by prior inescapable tail shocks,
repeated social defeat stress or chronic unpredictable stress (Quan et al., 2001; Johnson et
al., 2002; Johnson et al., 2003; Johnson et al., 2004; Munhoz et al., 2006; De Pablos et al.,
2006; Frank et al., 2007; Espinosa-Oliva et al., 2011; Wohleb et al., 2012) (Supplementary
Table 3). In addition, previous studies have reported that acute administration of IL-1
sensitized rodents to stress-induced increases in corticosterone and adrenocorticotropin
hormone (Tilders and Schmidt, 1999; Schmidt et al., 2003), TNFa pretreatment sensitized
rodents to TNFa-induced changes in corticosterone, corticotropin-releasing hormone, and
sickness behaviors (Hayley et al., 1999; Hayley et al., 2001; Hayley et al., 2003; Anisman et
al., 2003), repeated social defeat stress increased mouse IL-1f3 and TNF-a mRNA levels in
the prefrontal cortex in response to a single episode of social defeat stress (Audet et al.,
2011), and pre-exposure to three days of variable stress increased IL-1f mRNA levels in the
hippocampus and the prefrontal cortex induced by acute social defeat stress in male mice
(Hudson et al., 2014). Extending those results to stress interactions, we found that a prior
stress increased subsequent stress-induced hippocampal levels of TNFa and IL-1.
However, the magnitudes of increases for most cytokines and chemokines after two stresses
were similar to after a single stress, but the rates of increases were faster. Therefore, the
major effect of a preconditioning stress is to accelerate the induction of hippocampal
cytokines and chemokines after a subsequent stress.

TLR4 may play a central role in stress-induced neuroinflammation because it is activated by
many types of DAMPs, some of which are induced by stress, and TLR4 activation can often
increase TLR4 expression (Dantzer et al., 2008; Miller et al., 2009; Kubera et al., 2011,
Zunszain et al., 2013; Schaefer, 2014). For example, acute or chronic restraint stress
increased TLR4 mRNA expression by 20% in rodent frontal cortex and increased the
activation of NF-xB, a transcription factor downstream of TLR4 signaling that induces the
production of many cytokines and chemokines (Madrigal et al., 2002; Gérate et al., 2013;
Garate et al., 2014). Additionally, administration of an antagonist to block TLR4 prevented
stress-induced potentiation of LPS-induced increases in hippocampal IL-15 (Weber et al.,
2013). We found that acute inescapable foot shock stress increased TLR4 mRNA levels by
22%, similar to previous findings (Garate et al., 2013; Garate et al., 2014), increased IxBa
degradation, and increased active p65-NF-kB in the hippocampus. Notably, stress-induced
increases of most hippocampal cytokines and chemokines and activation of hippocampal
NF-xB were attenuated in TLR4~/~ mice. This data indicates that TLR4 activation plays a
central role in a substantial portion of stress-induced inflammatory responses in the
hippocampus.

The NLRP3 inflammasome has been reported to mediate some components of stress-
induced neuroinflammation, particularly increases in IL-10. For example, chronic mild
stress increased NLRP3 levels, active caspase-1, and hippocampal IL-1f levels, and a
NLRP3 inflammasome inhibitor reduced stress-induced IL-1f increases (Pan et al., 2014;
Zhang et al., 2015). In addition, chronic corticosterone treatment that mimics stress
increased NLRP3 levels in the hippocampus (Frank et al., 2014). The recent findings of
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increased levels of NLRP3 and active caspase-1 in mononuclear blood cells from patients
with major depression (Alcocer-Gomez et al., 2014) indicate that activation of the NLRP3
inflammasome contributes to inflammation that is known to be associated with depression
(Dantzer et al., 2008; Miller et al., 2009; Kubera et al., 2011; Zunszain et al., 2013). We
found that NLRP3 and p20 active caspase-1 increased 24 hr after acute stress in the
hippocampus. Since hippocampal IL-1p did not increase after a single stress, similar to
previous findings (Nguyen et al., 2000; O’Connor et al., 2003; Deak et al., 2003; Deak et al.,
2005), but increased after two stresses, and the NLRP3 inflammasome was not activated
until 24 hr after the first stress, we hypothesize that a prior stress primes the NLRP3
inflammasome for IL-1p increases induced by a second stress. Interestingly, stress-induced
increases in hippocampal NLRP3 and p20 caspase-1 were blocked in TLR4™~ mice,
suggesting that TLR4 plays a role in stress-induced activation of the NLRP3 inflammasome
for IL-1p production.

Stress activates HMGBL1, a DAMP protein that is an agonist of TLR4 (Schaefer 2014). A
previous study showed that acute inescapable tail shock stress increased HMGBL in rodent
hippocampus, and its release from isolated hippocampal microglia, and central
administration of an HMGB1 antagonist diminished the potentiation by stress of LPS-
induced increases of IL-1p by hippocampal microglia, suggesting HMGB1 mediates the
priming effects of stress on microglia stimulated by LPS (Weber et al., 2015). In addition,
HMGB1 increased NLRP3 levels in hippocampal microglia and lung epithelial cells (Xiang
etal., 2011; Weber et al., 2015). We found that the hippocampal HMGBL1 levels increased
24 hr after acute stress of inescapable foot shocks, indicating that HMGB1 does not mediate
cytokine and chemokine increases induced by one stress. We also found that intranasal
injection of HMGBL1 siRNA blocked the accelerated rate of cytokine and chemokine
increases induced by a prior stress, delaying the increases in several hippocampal cytokines
and chemokines after two stresses. These findings indicate that HMGB1 contributes to the
priming effects of stress-pretreatment, along with up-regulated expression of TLR4, leading
to the rapid activation of TLR4 and the NLRP3 inflammasome for faster induction of most
hippocampal cytokines and chemokines after two stresses. However, the mechanism by
which stress increases HMGBL is unknown. Frank et al (2015) recently proposed that the
stress-induced increase in HMGBL1 is mediated by glucocorticoids because glucocorticoids
mediate the potentiation by stress of neuroinflammation induced by a subsequent immune
challenge. Thus, it is possible that stress-induced glucocorticoids increase HMGB1, which
then activates TLR4 and NLRP3 to increase cytokines and chemokines.

Fluoxetine is a selective serotonin reuptake inhibitor that is widely used as an antidepressant
and has previously been reported to attenuate inflammation. For example, fluoxetine
reduced TNFa and IL-6 levels in microglia stimulated with LPS (Liu et al., 2011), and
pretreatment with fluoxetine reduced peripheral cytokines in animal models of inflammatory
diseases, such as rheumatoid arthritis, LPS-induced septic shock, and allergic asthma
(Abdel-Salam et al., 2004; Roumestan et al., 2007; Sacre et al., 2010). However, the effects
of antidepressants on inflammation are controversial, as variable changes, or no changes, in
cytokines have been reported in some studies following antidepressant administration,
particularly in the serum of depressed patients (reviewed in Baumeister et al., 2015), and
anti-inflammatory agents were reported to impair the behavioral responses to

Brain Behav Immun. Author manuscript; available in PMC 2017 March 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cheng et al.

Page 14

antidepressants (Warner-Schmidt et al., 2011). We found that pretreatment with fluoxetine
reduced many stress-induced hippocampal cytokines and chemokines, including TNFa and
IL-6. In addition, fluoxetine pretreatment reduced stress-induced increases in HMGB1
levels, and prevented stress-induced degradation of 1kBa. These findings indicate that
fluoxetine acts early in the response to stress, blocking the increase in HMGB1, which binds
and activates TLR4, inhibited activation of NF-xB, and reduced stress-induced cytokines
and chemokines.

Substantial evidence has shown that LPS-induced TLR4 signaling depends on active GSK3.
GSK3 inhibitors reduced the levels of pro-inflammatory cytokines after stimulation with the
TLR4 agonist LPS in human monocytes (Martin et al, 2005) and mouse microglia and
astrocytes (Yuskaitis et al 2009; Beurel et al 2009). We found that stress activates GSK3a
and GSKJ in the hippocampus and that this was dependent on TLR4. Pretreatment with the
selective GSK3 inhibitor TDZD-8 reduced stress-induced increases in many hippocampal
cytokines and chemokines, indicating that active GSK3 is required for maximal increases in
multiple cytokines and chemokines following stress. Inhibition of GSK3 with TDZD-8
administration did not reduce stress-induced hippocampal HMGBL increases, but prevented
stress-induced lIxBa degradation in the hippocampus. This indicates that active GSK3 is
required for stress-induced activation of NF-xB, as previously shown for LPS-induced
activation of NF-xB (Martin et al., 2005), thus promoting stress-induced cytokine increases
in the hippocampus.

Inflammation, and in particular TNFa, have previously been linked to depression (Dantzer
et al., 2008; Miller et al., 2009; Kubera et al., 2011; Zunszain et al., 2013). For example,
central administration of TNFa induced depression-like behaviors in the forced swimming
test and tail suspension test (Kaster et al., 2012), while treatment with the TNFa inhibitor
infliximab and targeted deletion of TNF receptors had antidepressant effects in mice (Simen
et al., 2006; Karson et al., 2013). In agreement with previous studies, we found that
administration of TNFa inhibitors reduced by ~20~30% the number of mice that developed
learned helplessness, suggesting that stress-induced TNFa contributes to learned
helplessness. However, since depression is associated with elevations of many cytokines and
chemokines, we hypothesized that blocking the production of multiple cytokines and
chemokines may be more efficacious than targeting a single cytokine in treating depression.
Furthermore, stress responses, particularly after acute stress, are not only deleterious but also
in part provide support for adaptation to the environment. In order to test if the TLR4-
mediated inflammatory response to stress is healthy or deleterious for mood regulation,
susceptibility to learned helplessness was measured in TLR4-deficient mice and compared
to wild-type mice. TLR4™~ mice were resistant to learned helplessness behavior, with only
25% of TLR4™/~ mice developing learned helplessness compared with 78% of wild-type
mice. This demonstrates the important role of TLR4 in modulating the susceptibility to
depression-like behaviors in mice.

In conclusion, this study found that inescapable foot shock stress induced increases in
eighteen cytokines and chemokines in mouse hippocampus, and a pre-conditioning stress
accelerated the rate of induction of stress-induced cytokines and chemokines, often without
changing the maximal levels. These responses were mediated by TLR4, GSK3, and
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inflammatory molecules that promote susceptibility to learned helplessness. These findings
suggest that interventions blocking the molecules that mediate stress-induced
neuroinflammatory responses may provide possible treatments for depression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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» Foot shock stress increased mouse hippocampal levels of 18 cytokines

e Prior stress accelerated the rate of increase of stress-induced hippocampal
cytokines

»  Knockdown of HMGBL1 reduced acceleration caused by prior stress on cytokine
increases

e  TLR4 knockout reduced stress-induced increases of many hippocampal
cytokines

e Fluoxetine or GSK3 inhibitor pretreatment reduced stress-induced cytokine
increases
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Figure 1. Cytokines and chemokines in the brain after one and two stresses
Mice were subjected to one or two daily sessions of inescapable foot shocks. Hippocampi

were collected 1, 6, 12, and 24 hr after a single session of inescapable foot shocks, or 0.25,
1, 3, and 6 hr after two daily sessions of inescapable foot shocks, followed by measurements
of TNFa (n = 6-10), IL-6 (n = 4-7), IL-12(p70) (n= 4-7), and IL-1B (n = 3-4) in the
hippocampus by ELISA. Values are means+SEM; Vertical dashed line separates the mice
subjected to one stress (left) and those subjected to two stresses (right); *p < 0.05 compared
to non-stressed control (0 hr) group; **p < 0.05 compared to 24 hr after the first stress (one-
way ANOVA).
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Figure 2. Role of TLR4 in the response to stress
(A) TLR4 mRNA levels 6, 12, and 24 hr following administration of a single session of

inescapable foot shocks. 18s MRNA was used as an internal control. Bars represent means
+SEM; n = 3-5 in each group; *p < 0.05 compared to non-stressed control (CTL) group
(one-way ANOVA). (B) Wild-type and TLR4~/~ mice were subjected to one or two daily
sessions of inescapable foot shocks followed by measurements of cytokines and chemokines
in the hippocampus by multiplex analysis. Hippocampi were collected 6, 12, and 24 hr after
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a single session of inescapable foot shocks, or 1 and 3 hr after two sessions of inescapable
foot shocks. Hippocampi from 3—-4 mice in each group were pooled for multiplex analysis.
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Figure 3. Stress activates GSK3 in mouse hippocampus
Serine-phosphorylated (A, C) GSK3a and (B, D) GSK3p, and total GSK3a/p (GSK3) were

measured in mouse hippocampus at the indicated times after one or two daily inescapable
foot shock stresses in wild-type (A: n = 4-7; B: n = 7-9) and TLR4™/~ mice (Cand D: n =
3-4). Quantitation of GSK3p includes both the main isoform and the slightly slower
migrating alternatively spliced GSK3p2 variant. Bars represent meanstSEM; *p < 0.05
compared to non-stressed control (CTL) group; **p < 0.05 compared to 24 hr after the first
stress (one-way ANOVA).
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Figure 4. Pretreatment with fluoxetine or TDZD-8 attenuates stress-induced cytokines and
chemokines in mouse hippocampus

Following two weeks of daily treatment with fluoxetine (FIx), TDZD-8, or saline (Sal), mice
were subjected to two daily sessions of inescapable foot shocks and after 3 hr cytokines and
chemokines in the hippocampus were measured by (A) ELISA or (B) multiplex. ELISA
values are means=SEM; n = 5-6 mice in each group; *p < 0.05 compared to non-stressed
control (CTL) mice or to mice treated with saline (one-way ANOVA). Hippocampi from 3—
4 mice in each group were pooled for multiplex analysis. (C) A diagram summarizing
hippocampal cytokine and chemokine changes affected by two daily stresses stress.
Cytokines and chemokines within the outer circle were increased by stress, and the labeled
circles show the cytokines and chemokines that were decreased by TLR4 deficiency,
fluoxetine treatment, and GSK3 inhibition.
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Figure 5. Stress increases hippocampal HMGBL1 that accelerates increases in stress-induced
cytokines and chemokines

(A) Hippocampal HMGBL levels in wild-type mice after administration of a single or two
sessions of inescapable foot shocks at the indicated times. n = 5-8 mice in each group;
*p<0.05 compared with control (CTL) mice that were not stressed; **p<0.05 compared to
24 hr after the first stress (one-way ANOVA). (B, C) HMGBL1 siRNA or scrambled siRNA
was administered intranasally to mice 1 hr after the first of two daily sessions of inescapable
foot shocks, and hippocampi were collected 3 and 12 hr after the second session. (B)
Hippocampal HMGB1 levels were measured 3 hr after two stresses by immunoblotting
hippocampal extracts using p-actin as a loading control. Bars represent meanstSEM; n = 4—
6 mice in each group; *p<0.05 compared with control (CTL) mice that were not stressed or
mice treated with scrambled siRNA (one-way ANOVA). (C) Measurements of hippocampal
TNFa, IL-6, IL-12(p70), and IL-1B by ELISA at 3 and 12 hr after two stresses. Values are
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means£SEM; n = 4-6 mice per group; *p < 0.05 compared to non-stressed control (O hr)
mice (one-way ANOVA).
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Figure 6. Stress-induced increases in hippocampal HMGBL1 levels is blocked by fluoxetine
treatment

(A) Hippocampal HMGB1 levels 1 hr after two sessions of inescapable foot shocks in wild-
type and TLR4™/~ mice. n = 4-6 mice in each group; *p < 0.05 compared with control
(CTL) mice that were not stressed (Student’s t test). Following two weeks of daily treatment
with saline (Sal), (B) fluoxetine (FIx), or (C) TDZD-8, mice were subjected to two daily
sessions of inescapable foot shocks and HMGBL1 levels were measured by immunoblotting
hippocampal extracts using -actin as a loading control. n = 5-6 mice in each group; *p <
0.05 (one-way ANOVA).
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Figure 7. Effects of TLR4 deficiency and pretreatment with fluoxetine or TDZD-8 on stress-
induced hippocampal 1xBa and p65-NF-kB levels

Hippocampal (A) 1xBa and (B) p65-NF-«xB levels 6, 12 and 24 hr after administration of a
single session of inescapable foot shocks in wild-type and TLR4~/~ mice. n = 4-6 mice in
each group; *p < 0.05 compared with control (CTL) mice that were not stressed (one-way
ANOVA). Mice were pretreated for two weeks with fluoxetine (FIx), TDZD-8, or saline
(Sal) and subjected to two daily sessions of inescapable foot shocks followed by measuring
hippocampal (C) 1kBa and (D) active p65-NF-xB levels. n = 5-6 in each group; *p < 0.05
compared with saline-treated mice (one-way ANOVA).
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Figure 8. Effects of stress on NLRP3 inflammasome activation in the hippocampus
Hippocampal (A) NLRP3 and (B) active p20 caspase-1 levels were measured 12 and 24 hr

after administration of a single session of inescapable foot shocks in wild-type mice. n = 6-8
mice in each group; *p < 0.05 compared with mice that were not stressed (one-way
ANOVA). Hippocampal (A) NLRP3 and (B) active p20 caspase-1 levels were measured 1
hr after two daily sessions of inescapable foot shocks in wild-type and TLR4~/~ mice. n = 4—
6 mice p group; *p < 0.05 compared with mice that were not stressed (Student’s t test).
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Figure 9. TLR4™/~ mice are resistant to learned helplessness
(A) Learned helplessness was evaluated in wild-type mice following treatment with a small

molecule TNFa inhibitor, Vax-ATC1, the anti-TNFa etanercept, or vehicle every other day
for a week. n = 11-18 in each group. *p < 0.05 compared with mice treated with vehicle
(Mann Whitney test). (B) Wild-type (WT) and TLR4~/~ mice were subjected to the learned
helplessness paradigm. Each point represents the number of failures to escape for a single
mouse. Bars represent means + SEM. n = 20-23 mice in each group. *p < 0.05 compared
with wild-type mice (Student’s t test).
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Figure 10. Hypothetical scheme of the signaling activated by stress
Stress activates TLR4, possibly through DAMP molecules, leading to the degradation of

IxBa and the activation of NF-xB, which induces increased levels of several cytokines and
chemokines including TNFa and IL-6. A pre-conditioning stress activates TLR4 signaling
and increases expression of NLRP3, possibly through NF-xB activation (Bauernfeind et al.,
2009; Guo et al., 2015), followed by assembly of the NLRP3 inflammasome and activation
of caspase-1 leading to increased IL-1f production. A prior stress also increases the DAMP
HMGBL, which may activate TLR4 to accelerate the rate of cytokine and chemokine
increases after the second stress. Fluoxetine reduces stress-induced neuroinflammation and
dampens stress-induced increases in HMGBL1 and activation of NF-«xB, and inhibition of
GSK3 by TDZD-8 reduces stress-induced cytokines and chemokines and inhibits activation
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of NF-xB. MyD88 = Myeloid differentiation primary response gene 88; ASC = Apoptosis-
associated speck-like protein containing a CARD.
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Table 1
Absolute values of each cytokine and chemokine in untreated mice

Cytokine and chemokine concentrations in control non-stressed hippocampus

Cytokines and chemokines | Means + SEM (pg/ml/100 pg protein)
TNFa 23.1+6.5
IL-6 27+05
IL-12 (p70) 215+39
IL-1B 221494
IL-10 433+31
IL-17A 33.1+3.0
GM-CSF 152.2 +20.5
CCL2 98.8+12.0
IL-12 (p40) 11.8+0.7
IL-5 3.8+0.2
CXCL1 12.1+0.7
CCL11 669.8 +8.5
IL-3 11.0+20
CCL5 95+0.8
IFNk 32.3+2.6
CcCL3 27.1+95
IL-13 292.1+20.5
CCL4 735+0.7
IL-2 135.6 +21.8
IL-1a 15.7+0.9
IL-4 4110
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