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Abstract

Depression is a leading cause of disability worldwide and current treatments are often inadequate
for many patients. Increasing evidence indicates that inflammation contributes to susceptibility to
depression. We hypothesized that targeting Toll-like receptor 4 (TLR4), one of the main signaling
pathways for triggering an inflammatory response, would lessen stress-induced depression-like
behaviors in male mice. TLR4 inhibition with the CNS-penetrating drug (+)-naloxone that is a
TLR4 antagonist but is inactive at opiate receptors increased resistance to the learned helplessness
model of depression and provided an antidepressant-like effect in the tail suspension test. (+)-
Naloxone administration also reversed chronic restraint stress-induced impairments in social
behavior and novel object recognition. These effects involved blockade of stress-induced
activation of glycogen synthase kinase 3p (GSK3p), NF-xB, IFN regulatory factor 3 (IRF3) and
nitric oxide production, and reduced levels of the cytokines tumor necrosis factor-a (TNFa) and
interferon-p (IFN). These findings demonstrate that blocking TLR4 with (+)-naloxone effectively
diminishes several detrimental responses to stress and raise the possibility that (+)-naloxone may
be a feasible intervention for depression.
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Introduction

Major depressive disorder (MDD) is a debilitating disease with a prevalence of
approximately 21% in women and 11% in men in the United States (Belmaker and Agam,
2008; Kessler et al., 2005). Treatment options for MDD are limited and are often ineffective,
partly because of the insufficient understanding of the causes of MDD (Gaynes et al., 2009;
Kennis et al., 2020).

In addition to genetic and environmental factors, increasing evidence has associated MDD
with abnormally elevated inflammation (Dantzer et al., 2008; Medina-Rodriguez et al.,
2018; Miller et al., 2009). Pertinent to this, stress is a major risk factor for MDD, and
inflammation is a frequent response to stress (Maes et al., 1998; Miller and Raison, 2015,
2016). These findings have raised the possibility that targeting the immune system’s
inflammatory actions may be a therapeutic option for treating MDD.

Toll-like receptor 4 (TLRA4) is a key initiating component of the inflammatory system (Okun
etal., 2011). TLR4 can activate inflammatory reactions via the protein myeloid
differentiation primary response 88 (MyD88)-mediated intracellular signaling pathway and
via a MyD88-independent pathway that signals through TIR-domain-containing adapter-
inducing IFN-B (TRIF) protein, and each of these two signaling pathways contributes to
inflammation (Okun et al., 2011). Activating TLR4 with the prototypical TLR4 agonist
lipopolysaccharide (LPS) is a well-recognized means to induce behaviors in rodents that
model symptoms of depression (Dantzer, 2018; Dantzer et al., 2008), and deletion of TLR4
promotes resilience towards stress-induced depressive-like behaviors in mouse models
(Cheng et al., 2016). These findings raise the possibility that utilization of drugs that block
TLR4 may provide antidepressant effects.

There are two stereoisomers of the drug naloxone, (-)-naloxone and (+)-naloxone, that are
both antagonists of TLR4 (Hutchinson et al., 2008). TLR4 antagonism likely contributed to
several effects of naloxone administration that involve inflammation that were reported prior
to its identification as a TLR4 antagonist. For example, (-)-naloxone had an anti-
inflammatory effect against sepsis in animal models (Law and Ferguson, 1988; Miller et al.,
1986) and was neuroprotective by reducing inflammation and neuronal loss in focal cerebral
ischemia in rats (Chen et al., 2001; Liao et al., 2003). (+)-Naloxone treatment promoted
post-stroke recovery by reducing microglia activation and neuronal loss in rats (Anttila et al.,
2018). Both naloxone stereoisomers reduced neurodegeneration and microglial activation
induced by LPS (Liu et al., 2000). Although both naloxone sterecisomers block TLR4, (+)-
naloxone is inactive at opiate receptors, which are potently blocked by (-)-naloxone (lijima
etal., 1978). Many years ago naloxone was demonstrated to reduce susceptibility to learned
helplessness, a mouse model of depression (Hemingway and Reigle, 1987; Maier et al.,
1980; Whitehouse et al., 1983). Preceding the discovery that naloxone is a TLR4 antagonist,
this finding was interpreted as indicative of an opioid receptor-associated modulation of the
development of learned helplessness. Subsequently, (+)-naloxone was found to block TLR4
by binding the co-receptor of TLR4, myeloid differentiation protein 2 (MD2), at the site
bound by LPS, antagonizing TLR4-mediated signaling (Hutchinson et al., 2012; Northcutt et
al., 2015). Overall, (+)-naloxone has similar anti-inflammatory and neuroprotective effects
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as (-)-naloxone, but (+)-naloxone does not block opioid receptors, unlike (-)-naloxone,
avoiding the side effects of blocking opioid receptors.

These properties of (+)-naloxone provide the opportunity to test if a CNS-penetrant TLR4
antagonist that may be administered safely to human subjects was capable of modifying the
susceptibility of mice to stress-induced depression-like behaviors. We found that
administration of the TLR4 antagonist (+)-naloxone reduced the susceptibility of mice to
learned helplessness, had an antidepressant-like effect in the tail suspension test, and
diminished detrimental effects of chronic restraint stress on sociability and memory. These
findings raise the possibility that TLR4 antagonism provided by (+)-naloxone may represent
an alternative treatment for MDD patients.

Materials and methods

Mice and drug administration

C57BL/6 wild-type mice were obtained from Charles Rivers Laboratories. C57BL/6 TLR4
global knockout (TLR4~/") mice were initially provided by Dr. Suzanne M. Michalek
(University of Alabama at Birmingham). TLR4™/~ mice were bred using the following
paradigm: TLR4*~ x TLR4*/~ to obtain 25% TLR4™/~, 25% wild-type, and 50% TLR4*/~
mice, and male littermates were used at 8—12 weeks of age for experiments. Mice were
housed in groups of 3-5 in the University of Miami vivarium in light and temperature
controlled rooms and were treated in accordance with NIH and the University of Miami
Institutional Animal Care and Use Committee regulations. The experiments were carried out
with littermates that were randomized to their treatment groups. Where indicated, mice were
treated intravenously (i.v.) via a tail vein with the TLR4 antagonists TAK-242 (3 mg/kg;
Sigma-Aldrich; a dose previously reported to be effective in mice for attenuating ischemia
and endotoxic shock (Hua et al., 2015; Sha et al., 2007)) or (+)-naloxone (5 mg/kg; provided
by Dr. Kenner Rice; a dose previously used by the Watkins group (Northcutt et al., 2015)).

Learned helplessness

Only male mice were used because female rodents often fail to develop learned helplessness
(Dalla et al., 2008). 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
6-10 s per shock (averaging 8 s), and a randomized intershock interval of 5-45 s (Beurel et
al., 2013). Twenty-four h after inescapable foot shocks, mice were tested with 30 escape
trials with a 0.3 mA foot shock for a maximum duration of 24 s with the door of the
chamber opening at the beginning of the foot shock administration to allow mice to escape.
The trials in which the mouse did not escape within the 24 s time limit were counted as
escape failures. Mice with greater than 15 escape failures were defined as learned helpless.
Where indicated, mice were treated i.v. via a tail vein with the TLR4 antagonists TAK-242
(3 ma/kg) or (+)-naloxone (5 mg/kg) 1 h prior to initiation of the learned helplessness
protocol.

Brain Behav Immun. Author manuscript; available in PMC 2021 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Medina-Rodriguez et al. Page 4

2.3. Chronic restraint stress

For chronic restraint stress, male mice were restrained individually in a 50 mL ventilated
conical tube for 2 h per day (~0900-1100) for 2 weeks, as we previously described (Beurel
et al., 2013), and behavioral tests were carried out beginning after the last day of chronic
restraint stress. Mice were treated with (+)-naloxone (5 mg/kg; i.v.) or saline 1 h after the
last session of chronic restraint stress and 1 h after injection mice were tested for activity in
a novel open field, and later habituated to the social interaction apparatus. The following day
mice were treated again with (+)-naloxone (5 mg/kg; i.v.) 1 h prior to measuring social
interactions and novel object recognition.

2.4. Open field activity

2.5. Social

For open field activity measurements (Schwartz and Shechter, 2010), mice were placed in a
Plexiglas open field instrument (Med Associates, St Albans, VT) outfitted with photo beam
detectors under soft overhead lighting, and activity was monitored during 30 min using
activity monitoring software (Med Associates). The number of beam breaks was measured
automatically by the apparatus and were calculated for each 5 min period. Mice were
exposed, or not, to chronic restraint stress and were treated with (+)-naloxone (5 mg/kg; i.v.)
or vehicle 1 h after the last session of chronic restraint stress, and 1 h after injection mice
were tested for activity in a novel open field.

interactions

Diminished social interaction is associated with depression and was measured as we
previously described (Beurel et al., 2013). Social interactions were measured using a
sociability apparatus, which is a rectangular, transparent, Plexiglas box (24 cm X 19 cm, 19
cm high) divided into three equal sized chambers with doors. Chambers 1 and 3 had a wire
cage; Chamber 2 in the middle was empty. Mice were habituated individually by being
placed in Chamber 2 and were allowed to freely explore the entire apparatus for 25 min the
day prior to testing, and, separately, stimulus mice were habituated for 20 min to the wire
cage in Chamber 1. Testing consisted of 5 min rehabituation followed by 10 min access to
all chambers with an unfamiliar stimulus mouse (age- and sex-matched) in the wire
enclosure in Chamber 1. Each session was videotaped and videos were analyzed for the
number of nose contacts with the stimulus mouse.

2.6. Novel object recognition

Novel object recognition was measured as described previously (Pardo et al., 2016) by
allowing each mouse individually to explore two identical objects for 5 min, and after a 5
min period in an opaque chamber, mice were allowed to explore an unused familiar object
and a novel object for 5 min. Time spent exploring each object (sniffing or touching the
object with its nose, vibrissa, mouth or forepaws) was quantified from video recordings.

2.7. Tail suspension test

The tail suspension test was measured in a separate cohort of mice that were not exposed to
foot shocks or restraint stress. Mice were suspended by the tail on an automated tail
suspension test cubicle (33 x 31.75 x 33 cm; Med Associates, St Albans, VT, USA) for a
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period of 6 min and the time they were moving was measured automatically by the
apparatus (Liu et al., 2003). The immobile time during the last 4 min was used to determine
the immobility time for each mouse. Mice were treated i.v. via a tail vein with the TLR4
antagonist (+)-naloxone (5 ma/kg) or vehicle 1 h prior to the tail suspension test.

2.8. Cytokine measurements

The hippocampus was dissected from non-shocked mice (control) or 12 h after exposure of
mice to inescapable foot shocks in the learned helplessness protocol and homogenized in
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 pug/ml aprotinin, 5 pg/ml pepstatin, 1 mM
phenylmethanesulfonyl fluoride, 1 mM sodium vanadate, 50 mM sodium fluoride, and 100
nM okadaic acid as previously described (Cheng et al., 2016). Plasma samples were also
collected at the time of sacrifice. The cytokines TNFa, IL-6, IL-1B, IL-17A and IFN-B were
measured by enzyme-linked immunosorbent assay (ELISA; eBioscience or Biolegend) using
150 pg protein or by the ProcartaPlex Multiplex Immunoassay (Invitrogen) using 25 pug
protein, according to the manufacturer’s instructions. Cytokine concentrations were
determined with a microplate reader (SpectraMax M3) or the multiplex assay reader
(Magpix; Luminex).

2.9. Nitric oxide (NO) measurement

NO,™, a stable breakdown product of NO, was measured with a Griess Reagent System
(Promega) following the manufacturer’s instructions.

2.10. Western blotting

Proteins (10-20 ug) from the hippocampus prepared as described above were resolved with
SDS-PAGE, transferred to nitrocellulose membranes, and immunoblotted with antibodies to
IxBa (#9242, Cell Signaling Technology), active NF-xB (MAB3026, Millipore),
phosphoSer9-GSK3p (#9336, Cell Signaling Technology), total GSK3p (05-412,
Millipore), total IFN regulatory factor 3 (IRF3) (#4302S, Cell Signaling Technology),
phospho-Ser385-IRF3 (#PA5-36775, Invitrogen), and iNOS (#610432, BD biosciences) and
reblotted with p-actin (#A5441, Sigma Aldrich) to ensure loading consistency.

2.11. Data and statistical analyses

Statistical significance was analyzed with a one-way analysis of variance (ANOVA) with
Dunnett post-hoc test for multiple comparisons or with Student’s #test using Prism software.
p < 0.05 was considered significant. Histograms represent mean = SEM.

3. Results

TLR4~"~ mice displayed resilience to the learned helplessness model of depression, as only
27% of TLR4™/~ mice developed learned helplessness whereas 79% of wild-type mice
developed learned helplessness (Fig. 1A; unpaired ftest, t = 2.671, p < 0.05), as we
previously reported (Cheng et al., 2016). Therefore, we tested if administration of TLR4
antagonists decreases susceptibility to learned helplessness.
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We tested the effects of blocking TLR4 with administration of the TLR4 antagonist (+)-
naloxone. Administration of (+)-naloxone (5 mg/kg; i.v.) strongly reduced the percentage of
learned helpless mice from 86% of vehicle-treated mice to 14% of (+)-naloxone-treated
mice (Fig. 1B; Unpaired ftest, t = 3.071, p < 0.01). Administration of (+)-naloxone (5
mg/kg) also provided an antidepressant-like effect in the tail suspension test (Liu et al.,
2003), significantly reducing the immobility time (Fig. 1C; unpaired ftest, t = 2.256, p <
0.05). In contrast to wild-type mice, (+)-naloxone did not reduce the immaobility time in the
tail suspension test when administered to TLR4~~ mice (Fig. 1D), verifying it acted via
TLRA4.

We also tested if administrating the TLR4 antagonist TAK-242 (li et al., 2006) was effective
in diminishing susceptibility to learned helplessness. However, mice treated with TAK-242
(3 mg/kg; i.v.) displayed the same susceptibility to learned helplessness as mice treated with
vehicle (Suppl. Fig. 1A). Therefore we tested if administered TAK-242 effectively inhibited
TLR4 in vivo by measuring the plasma levels of TNFa. The stress of inescapable foot
shocks used in the learned helplessness paradigm increased plasma TNFa levels and this
increase was blocked in mice treated with 3 mg/kg TAK-242 (Suppl. Fig. 1B; one-way
ANOVA, F(2,6) = 5.912, Dunnett post-hoc test, p < 0.05), confirming that TNFa in the
plasma is induced by stress in a TLR4-mediated mechanism and that TAK-242 effectively
inhibits TLR4 in vivo. However, foot shock stress also increased hippocampal TNFa levels,
but this was not diminished by TAK-242 treatment (Suppl. Fig. 1C; one-way ANOVA,
F(2,6) = 7.791, Dunnett post-hoc test, p < 0.05). This result indicates both that hippocampal
increases in TNFa are at least partly independent of peripheral plasma TNFa increases, and
that TAK-242 did not effectively block hippocampal TLR4 with the experimental parameters
utilized, although it is possible that higher doses or chronic administration may have been
more effective. Given the efficacy of (+)-naloxone, further experiments were focused on the
effects of (+)-naloxone.

We previously reported that the susceptibility to learned helplessness induced by TLR4
involves an inflammatory cascade that includes activation of glycogen synthase kinase 3f
(GSK3B) (Cheng et al., 2016). GSK3p activation is indicated by reduction of the inhibitory
phosphorylation on serine-9 (Beurel et al., 2015). We found that treatment with (+)-naloxone
completely blocked the activation of GSK3p following exposure to foot shocks (Fig. 2A;
one-way ANOVA, F (3,18) = 3.004, Dunnett post-hoc test, p < 0.05, Student’s #test, t =
2.728, p < 0.05), but did not alter GSK3p activation in control mice. The involvement of
GSK3p on the effect exerted by naloxone was corroborated by using GSK3 knockin mice
in which serine-9 is mutated to alanine to block the possibility of inhibition by serine-9
phosphorylation (McManus et al., 2005). Unlike in wild-type mice, (+)-naloxone
administration did not reduce susceptibility to learned helplessness in GSK3p knockin mice
(Fig. 2B), corroborating the conclusion that GSK3p inhibition is necessary for the resilience
to learned helplessness exerted by (+)-naloxone treatment.

TLR4 activation can trigger a MyD88-dependent pathway that involves the activation of NF-
kB followed by the induction of inflammatory cytokines (Hayden and Ghosh, 2012; Kawai
and Akira, 2007; Kuzmich et al., 2017), and a MyD88-independent pathway that involves
activation of interferon regulatory factor 3 (IRF3) and NF-kB leading to IFN-B production
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(Bagchi et al., 2007; Yamamoto et al., 2003). IRF3 activation requires phosphorylation on
serine-385 (Lin et al., 1999). Inescapable foot shocks of the learned helplessness protocol
increased hippocampal IRF3-serine385 phosphorylation and this was blocked by
administration of (+)-naloxone (Fig. 2C; one-way ANOVA, F(3,21) = 3.507, Dunnett post-
hoc test, p < 0.05, Student’s #test, t = 4.917, p < 0.05), confirming blockade of the MyD88-
independent pathway by (+)-naloxone. In addition, (+)-naloxone administration blocked the
increase in the hippocampal levels of active NF-kB (Fig. 2D; one-way ANOVA, F(3,18) =
4.620, Dunnett post-hoc test, p < 0.05, Student’s #test, t = 3.578, p < 0.01) and the decrease
of the NF-kB inhibitor IkBa (Fig. 2E; one-way ANOVA, F (3,20) = 6.776, Dunnett post-hoc
test, p < 0.01, Student’s #test, t = 2.673, p < 0.05) that were induced by foot shocks, as
previously reported (Cheng et al., 2016). In TLR4™/~ mice there were no effects of foot
shocks or (+)-naloxone treatment on the hippocampal levels of active NF-xB (Suppl. Fig.
2A) or IxBa (Suppl. Fig. 2B), confirming that these changes (Fig. 2) are mediated by TLRA4.
Foot shocks also increased the hippocampal levels of NO (Fig. 2F; one-way ANOVA, F
(3,21) = 7.994, Dunnett post-hoc test, p < 0.01, Student’s #test, t = 2.817, p < 0.05) and
inducible nitric oxide synthase (Fig. 2G; one-way ANOVA, F(3,20) = 3.904, Dunnett post-
hoc test, p < 0.05), and these increases were attenuated by (+)-naloxone administration. (+)-
Naloxone administration did not change any of these molecules in control mice (Fig. 2C-G).

Consistent with MyD88-independent pathway activation, hippocampal IFN levels
increased following foot shocks and this increase was blocked by (+)-naloxone
administration (Fig. 3A; one-way ANOVA, F(2,17) = 4.969, Dunnett post-hoc test, p <
0.05). (+)-Naloxone administration also blocked foot shock-induced increases in the levels
of TNFa in plasma (Fig. 3B; one-way ANOVA, F (2,14) = 3.479, Dunnett post-hoc test, p <
0.05) and hippocampus (Fig. 3C; one-way ANOVA, F(2,14) = 5.930, Dunnett post-hoc test,
p < 0.05). However, (+)-naloxone did not block the foot shock-induced increases of several
other hippocampal inflammatory cytokines IL-17A, IL-1p and IL-6 (Fig. 3D-F; one-way
ANOVA, F(2,17) = 8.942 (D), F(2,16) = 6.960 (E), F(2,17) = 4.057 (F), Dunnett post-hoc
test, p < 0.05) that were previously shown to be mediated by activation of TLR4 (Cheng et
al., 2016), suggesting a preferential inhibition by (+)-naloxone of the TLR4-mediated
MyD88-independent signaling pathway.

We further tested if pharmacological inhibition of TLR4 with (+)-naloxone improved
behavioral impairments caused by another type of stress, chronic restraint stress, which has
been widely used to induce behavioral impairments associated with depression (Chiba et al.,
2012). After two weeks of restraint, activity in a novel open field, sociability, and learning in
the novel object recognition test were studied in mice treated with (+)-naloxone or vehicle
and compared to control groups of mice not exposed to chronic restraint stress, as described
in Fig. 4A. Neither chronic restraint stress nor (+)-naloxone treatment altered locomotor
activity in the novel open field (Fig. 4B). In the three chambered social interaction test, non-
stressed mice treated with (+)-naloxone showed the same social interactions as non-stressed
mice treated with vehicle (Fig. 4C). As expected, mice exposed to chronic restraint stress
had a decreased number of nose contacts with the unfamiliar mouse (Fig. 4C; one-way
ANOVA, F(3,22) = 15.95, Dunnett post-hoc test, p < 0.001). This impairment in social
interaction was reversed by TLR4 inhibition with (+)-naloxone treatment (Fig. 4C),
suggesting an antidepressant effect of (+)-naloxone since impaired social interactions is
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commonly associated with depression (Krishnan and Nestler, 2008). Learning and memory
also can be impaired by chronic stress, is often associated with depression, and may be
impaired by TLR4-mediated signaling (Burriss et al., 2008; Okun et al., 2012; Sun and
Alkon, 2004). The novel object recognition test revealed that non-stressed control mice, with
or without treatment with (+)-naloxone, spent ~60% of the time exploring the novel object
and ~40% of the time exploring the familiar object (Fig. 4D; one-way ANOVA, F(7,44) =
13.94, Tukey post-hoc test, p < 0.001). Exposure to chronic restraint stress completely
impaired novel object recognition, as these mice spent equal times exploring the two objects
(Fig. 4D). Treatment with (+)-naloxone completely reversed the stress-induced impairment
in novel object recognition (Fig. 4D; one-way ANOVA, F (7,44) = 13.94, Tukey post-hoc
test, p < 0.01). Thus, TLR4 inhibition by (+)-naloxone restored chronic stress-induced
impairments in sociability and novel object recognition.

4. Discussion

Identification of mechanisms and interventions for MDD is crucial for reducing the impact
of depression on patients and their caregivers. Based on growing evidence that inflammation
contributes to depression susceptibility and impairs therapeutic responses, we tested if
antagonists of the major inflammatory signaling pathway mediated by TLR4 ameliorate
stress-induced detrimental effects in mice.

Administration of the TLR4 antagonist TAK-242 (3 mg/kg) did not alter susceptibility to
learned helplessness. This outcome appears likely due to insufficient in vivo blockade of
TLR4, as indicated by its lack of effect on hippocampal TNFa levels even though plasma
TNFa levels were reduced. Similarly, administration of TAK-242 (10 mg/kg) did not alter
chronic social defeat stress-induced social avoidance and impaired performance in the light—
dark box test, although it did improve behavior in the forced swim test (Zhang et al., 2020).
Daily administration of TAK-242 (3 mg/kg) 30 min before stresses during chronic
unpredictable mild stress significantly modified sucrose preference, open field activity and
Morris water maze deficits (Wang et al., 2018). Thus, a higher dose than we used or chronic
administration of TAK-242 may be more effective than the treatment that we employed that
did not alter behaviors or the hippocampal TNFa level. Thus, for this study the utilization of
TAK-242 was not informative for the main goal of testing if blocking TLR4 provides
antidepressant effects. Nevertheless, these experiments provided two important pieces of
information. First, they demonstrated that brain TNFa levels following stress can be
elevated independently of plasma TNFa levels. Second, they demonstrated that diminishing
peripheral TNFa is not sufficient to reduce susceptibility to learned helplessness.

Administration of the TLR4 antagonist (+)-naloxone effectively improved mouse behavioral
responses to stress in four different measurements, learned helplessness, the tail suspension
test, and chronic restraint stress-induced impairments in social interactions and memory. The
antidepressant effect in the tail suspension test was confirmed to be mediated by blocking
TLR4 because (+)-naloxone was ineffective in mice lacking TLR4, whereas TLR4 knockout
mice are resistant to learned helplessness so (+)-naloxone could not be tested in learned
helpless TLR4™/~ mice (Cheng et al., 2016).
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The antidepressant-like effect of (+)-naloxone in the learned helplessness model provided an
opportunity to examine signaling pathways that influence susceptibility to learned
helplessness. (+)-Naloxone-induced resilience towards learned helplessness was associated
with a block of stress-induced activation of GSK3p. This result further substantiates our
previous reports that stress activates GSK3p in a TLR4-dependent manner and that GSK3
inhibitors decrease inflammation and vulnerability to learned helplessness (Beurel and Jope,
2009; Cheng et al., 2016; Jope et al., 2017; Martin et al., 2005). Diminished GSK3
activation by (+)-naloxone treatment following stress may have contributed to the reductions
of activation of NF-kB and IRF3. Substantial evidence that GSK3 promotes NF-kB
activation was previously reviewed (Beurel et al., 2015), and evidence that GSK3 promotes
IRF3 activation and IFN-B production has also been reported (Khan et al., 2015; Lei et al.,
2010; Park et al., 2017; Qin et al., 2016), although GSK3 is only one factor in the regulation
of these two signaling molecules and other signals attenuated by (+)-naloxone’s inhibition of
TLR4 likely also contributed. Confirming previous evidence that the learned helplessness
protocol increases the production of many cytokines (Cheng et al., 2016; Jope et al., 2017),
we found that learned helplessness induction was associated with increased hippocampal
levels of multiple cytokines, including TNFa, IL-17A, IL-6 and IL-1p. The present study
demonstrated that also the MyD88-independent pathway is activated by stress with an
increase in hippocampal IRF3 activation and the induction of IFNB, a major cytokine
induced by the TLR4-induced MyD88-independent signaling pathway (Okun et al., 2011).
This fits well with reports of IFNp treatment increasing the risk for depression (Arnett and
Randolph, 2006; Goeb et al., 2003; Pandya and Patten, 2002), although these studies remain
controversial (Schippling et al., 2016). Since of the cytokines measured only IFNB and
TNFa levels were reduced by (+)-naloxone treatment, it appears that (+)-naloxone
preferentially blocks the TLR4-linked MyD88-independent signaling pathway more than the
MyD88-dependent pathway. This finding extends to in vivo a previous report in cultured
BV-2 microglial cells that (+)-naloxone attenuated LPS-induced activation of IRF3 and
production of IFNB, TNFa, and NO (Wang et al., 2016). Furthermore, we extended to in
vivo the finding that (+)-naloxone reduced hippocampal iNOS and NO that were increased
by exposure to the learned helplessness protocol.

Taken together, our present findings and previous reports indicate that stress activates TLR4
signaling that activates both the MyD88-dependent and MyD88—-independent pathways, and
that both of these contribute to the outcome of depression-like behaviors, since disruption of
either pathway appears to be sufficient to reduce depression-like behaviors. These results fit
with previous findings that (+)-naloxone is useful for suppressing inflammation underlying
preterm birth in rodent models (Chin et al., 2016), protection against sepsis in animal models
(Law and Ferguson, 1988; Miller et al., 1986), recovery from ischemic injury (Anttila et al.,
2018), prevention of morphine-prolonged neuropathic pain (Grace et al., 2016), and
reversion of acute and prolonged neuropathic pain (Lewis et al., 2012). Thus, (+)-naloxone
may be a useful intervention to dampen inflammation and may be useful for increasing
resilience to stress and diminishing susceptibility to depression.
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Fig. 1.

(+)-Naloxone administration reduces depressive-like behaviors in mice by blocking TLR4.
(A) Wild-type (WT) and TLR4™/~ mice were subjected to the learned helplessness (LH)
paradigm and the number of failures to escape was recorded. Mice were considered learned
helplessness if they failed to escape more than 15 out of 30 trials of escapable foot shocks.
Each point represents the number of failures to escape for an individual mouse. Bars
represent means + SEM. Unpaired ftest, t = 2.671, *p < 0.05, n = 14-15 mice/group. (B-C)
Wild-type mice were administered (+)-naloxone (5 mg/kg; i.v.) or vehicle and separate
cohorts of mice were subjected to (B) the learned helplessness paradigm or (C) the tail
suspension test 1 h after treatment. The number of failures to escape or the immobility time,
respectively, were measured. Mice were considered learned helplessness if they failed to
escape more than 15 out of 30 trials. Each point represents an individual mouse. Bars
represent means + SEM. Unpaired #test, (B) t = 3.071, (C) t = 2.256, *p < 0.05, **p < 0.01,
n = 7-14 mice/group. (D) TLR4™~ mice were subjected to the tail suspension test 1 h after
administration of (+)-naloxone (5 mg/kg; i.v.) or vehicle and the immobility time was
measured. n = 6 mice/group. Each point represents an individual mouse. Bars represent
means + SEM.
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Fig. 2.
Administration of (+)-naloxone inhibits the TLR4 signaling pathway induced by stress. (A)

Wild-type non-shocked (Control) mice or mice subjected to inescapable foot shocks (IES)
were administered the TLR4 antagonist (+)-naloxone (5 mg/kg; i.v.) or vehicle 1 h prior to
IES and sacrificed 12 h after IES. Hippocampal levels of phospho-Ser9-GSK3p and total
GSK3p were measured. Each point represents an individual mouse. Bars represent means +
SEM. One-way ANOVA, F(3,18) = 3.004, Dunnett post-hoc test, *p < 0.05, compared to
control mice, Student’s #test, t = 2.728, #p < 0.05, IES vs. IES+ (+)-naloxone, n = 4—7 mice/

Brain Behav Immun. Author manuscript; available in PMC 2021 November 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Medina-Rodriguez et al. Page 16

group. (B) GSK3p knockin (GSK3p-KI) mice were treated with (+)-naloxone (5 mg/kg; i.v.)
or vehicle and subjected to the learned helplessness paradigm 1 h after treatment. The
number of failures to escape was recorded. Mice were considered learned helplessness if
they failed to escape more than 15 out of 30 trials of escapable foot shocks. Each point
represents the number of failures to escape for an individual mouse. Bars represent means +
SEM. n =7 mice/group. (C-G) Wild-type non-shocked (Control) mice or mice subjected to
inescapable foot shocks (IES) were administered (+)-naloxone (5 mg/kg; i.v.) or vehicle 1 h
prior to IES and sacrificed 12 h after IES. Hippocampal levels of (C) phospho-Ser385-IRF3
and total IRF3, (D) active NF-xB and p-actin, (E) IxBa and B-actin, (F) NO,™, a stable
breakdown product of NO, and (G) iNOS and p-actin were quantified. Each point represents
an individual mouse. Bars represent means = SEM. One-way ANOVA, (C) F(3,21) = 3.507,
(D) F(3,18) = 4.620, (E) F(3,20) = 6.776, (F) F(3,21) = 7.994, (G) F(3,20) = 3.904, Dunnett
post-hoc test, *p < 0.05, **p < 0.01, compared to control mice, Student’s #test, (C) t =
4917, (D) t=3.578, (E) t = 2.673, (F) t = 2.817, #p < 0.05, #p < 0.01, IES vs. IES + (+)-
naloxone, n = 3-8 mice/group.
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Administration of (+)-naloxone reduces the levels of IFNB and TNFa induced by stress. (A-
F) Wild-type non-shocked (Control) mice or mice subjected to inescapable foot shocks (IES)
were administered the TLR4 antagonist (+)-naloxone (5 mg/kg; i.v.) or vehicle 1 h prior to

IES and sacrificed 12 h after IES. (A) Hippocampal levels of IFNB. Each point represents an

individual mouse. Bars represent means = SEM. One-way ANOVA, F(2,17) = 4.969,

Dunnett post-hoc test, *p < 0.05, compared to control mice, n = 4-8 mice/group. (B) Plasma
and (C) hippocampal levels of TNFa.. Each point represents an individual mouse. Bars
represent means = SEM. One-way ANOVA, (B) F(2,14) = 3.479, (C) F(2,14) = 5.930,
Dunnett post-hoc test, *p < 0.05, compared to control mice, n = 3-8 mice/group.

Hippocampal levels of (D) IL-17A, (E) IL-1p and (F) IL-6. Each point represents an

individual mouse. Bars represent means + SEM. One-way ANOVA, (D) F (2,17) = 8.942,
(E) F(2,16) = 6.960, (F) F(2,17) = 4.057, Dunnett post-hoc test, *p < 0.05, **p < 0.01,
compared to control mice, n = 4-8 mice/group.
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Fig. 4.

Treatment with (+)-naloxone reverses chronic stress-induced impairments in sociability and
novel object recognition. (A) Scheme of the experimental procedure involving 2 weeks of
chronic restraint stress (CRS), administration of (+)-naloxone (5 mg/kg; i.v.) or vehicle, and
behavioral testing of open field activity (OF), sociability, and novel object recognition
(NOR). Control groups of mice were subjected to the same behavioral tests with (+)-
naloxone or vehicle treatments without being exposed to CRS. (B) Locomotor activity was
quantified automatically by the apparatus by counting the number of beam breaks in the
open field test. Data represent means £ SEM, n = 6—7 mice/group. (C) The number of nose
contacts were measured in the three chambered sociability test. Each point represents an
individual mouse. Bars represent means + SEM, one-way ANOVA, F(3,22) = 15.95, Dunnett
post-hoc test, ***p < 0.001 compared to control mice, n = 6-7 mice/group. (D) The
percentage of time exploring a familiar object versus a novel object was quantified in the
novel object recognition test. Each point represents an individual mouse. Bars represent
means + SEM, one-way ANOVA, F(7,44) = 13.94, Tukey post-hoc test, **p < 0.01, ***p <
0.001, n = 67 mice/group.
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