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Abstract

Background

Peripheral innate immune response may induce sickness behavior through activating micro-

glia, excessive cytokines production, and neuroinflammation. Dexmedetomidine (Dex) has

anti-inflammatory effect. We investigated the effects of Dex on lipopolysaccharide (LPS)-

induced neuroinflammation and sickness behavior in mice.

Materials and methods

BALB/c mice were intraperitoneally (i.p.) injected with Dex (50 ug/kg) or vehicle. One hour

later, the mice were injected (i.p.) with Escherichia coli LPS (0.33 mg/kg) or saline (n = 6 in

each group). We analyzed the food and water intake, body weight loss, and sucrose prefer-

ence of the mice for 24h. We also determined microglia activation and cytokines expression

in the brains of the mice. In vitro, we determine cytokines expression in LPS-treated BV-2

microglial cells with or without Dex treatment.

Results

In the Dex-pretreated mice, LPS-induced sickness behavior (anorexia, weight loss, and

social withdrawal) were attenuated and microglial activation was lower than vehicle control.

The mRNA expression of TNF-α, MCP-1, indoleamine 2, 3 dioxygenase (IDO), caspase-3,

and iNOS were increased in the brain of LPS-challenged mice, which were reduced by Dex

but not vehicle.
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Conclusion

Dexmedetomidine diminished LPS-induced neuroinflammation in the mouse brain and mod-

ulated the cytokine-associated changes in sickness behavior.

Introduction

The symptoms of sickness, such as the loss of appetite, decline in cognitive function, sleepiness,

withdrawal from normal social activities, fever, aching joints and fatigue was defined as sick-

ness behavior. The sickness behavior occurs during infections by pathogenic microorganisms

[1–3]. Sepsis is a systemic inflammatory response to infection and septic patients have high

risk of developing multiple organ failure. Clinical studies have shown that up to 70% of septic

patients develop cognitive deficits and memory loss [4, 5]. The mechanisms of sickness behav-

ior by pathogen infection remain to be elucidated. The response for immune-induced immu-

nological, physiological, and behavioral changes is necessary to communication between the

immune system and the central nervous system (CNS). Activation of the peripheral innate

immune system stimulates cytokine secretion in the CNS [6]. Neuroinflammation is a multiple

immune response against the harmful effects of different stimulation within the CNS. Several

studies suggest the pro-inflammatory cytokines tumor necrosis factor (TNF)-α, indoleamine

2,3-dioxygenase (IDO1), and monocyte chemotactic protein (MCP)-1 involved in sickness

behavior [7–11]. The overexpression of inflammatory cytokines in the brain is associated with

cognitive dysfunction, sickness behavior, and depression [12–14].

Previous studies suggest that microglial cells play a role in mediating behavioral changes in

systemic infections [15–17]. Microglia cells are sentinels for lipopolysaccharide (LPS)-medi-

ated inflammation and involved in both innate and adaptive immune responses in the CNS

[15–17]. Iba1 (ionized calcium-binding adapter molecule 1) protein is highly and specifically

expressed in monocytic cell lines and cultured microglia and may be used as a marker for

detecting the activation of microglia by Immunohistochemistry [18]. Iba1 is involved in the

Rho family of small GTPase, Rac, and calcium signaling pathways and was strongly upregu-

lated in activated microglia which may be required for cell mobility and phagocytosis [19].

Microglia cells produce excessive amount of pro-inflammatory cytokines such as TNF-α,

interleukin (IL)-1β, and nitric oxide (NO) as well as reactive oxygen species that can inhibit

neurogenesis and induce neural cells apoptosis [15–17, 20, 21]. The production of oxidative

and neuroactive mediators that may influence behavior were contributed in active microglia.

These produced mediators not only regulate further immune response but also affect CNS

function. This effect on the CNS function has been posited to cause sickness behavior [22–24].

For instance, IDO1 mediate tryptophan degradation and involved in behavior complication

concomitant with inflammation [10]. Microglia-derived TNF-α can regulate neuronal cell

death via caspase and Bcl2 family mediated apoptosis [25]. NO is the products of inducible

nitric oxide synthase (iNOS) and increase in activated microglia cells in neuroinflammation

[20]. Because activated microglia and excessive inflammatory cytokines were supposed to

cause or exacerbate sickness behavior, it is a strategy to suppress microglia cells activity and

production of oxidative and inflammatory mediators.

Dexmedetomidine (Dex), an α2-adrenoceptor (α2-AR) agonist, is used as an analgesic and

sedative agent in the intensive care unit. Dex activated α2 receptors and inhibited neuronal fir-

ing, causing hypotension, bradycardia, sedation, and analgesia in the CNS and spinal cord [26,

27]. Also, Dex have been used as a preventative measure of and treatment modality for emer-

gence delirium after general anesthesia [28]. Dex produced its neuroprotective effects via

α2-AR [29]. Previous studies shown that Dex possess potent immune-modulatory and anti-
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inflammatory properties [30–32]. For instance, Dex may regulate lipopolysaccharide (LPS)-

induced inflammation in murine macrophage [30]. Dex also reduced endotoxin-induced

proinflammatory responses in brain microglia [31]. In addition, Dex protects septic acute kid-

ney injury through reducing TNF-α and MCP-1 expression and inhibiting HDAC [33]. How-

ever, the effects of Dex on facilitating recovery from LPS-induced neuroinflammation and

sickness behavior is unclear.

To address the role of Dex in LPS-induced neuroinflammation and sickness behavior, we

examined the effect of Dex on LPS-induced microglia activation in vivo and in vitro. We also

assessed the Dex affect in LPS-induced sickness behaviors and underlying mechanism.

Materials and methods

Animals

BALB/c mice strain adult and juvenile mice (male, 8 weeks old, 30–35 g) were purchased from

BioLasco (Charles River Laboratories). All mice were housed individually in polypropylene

cages and maintained in a temperature-controlled room (22 ± 2˚C) on a 12 h light/dark cycle

with ad libitum access to rodent chow and water except during the behavior-observation tests.

At the end of each study, the mice were examined postmortem for signs of diseases such as

splenomegaly or tumors. Data from mice determined to be unhealthy were excluded from anal-

ysis. All procedures were in accordance with the Taiwan National Institute of Health Guidelines

for the Care and Use of Laboratory Animals and the Chi Mei Foundation Medical Center Ani-

mal Use Policy. Chi-Mei Medical Center approved the animal care protocol (Institutional Ani-

mal Care and Use Committee approval no.103072132) for the experiments in this study.

Cell culture

BV-2 microglia cell lines purchased from the American Type Culture Collection (Manassas,

USA) were cultured in RPMI 1640 supplemented with 10% fetal bovine serum (FBS) and anti-

biotics. The cells were maintained at 37˚C in a humidified atmosphere and 5% CO2, and the

growth medium was refreshed every two days until confluence. Cultures were washed twice

and supplemented with medium containing experimental conditions.

Behavior tests

Locomotor activity and social exploratory behavior were measured as previously described [7].

In brief, the mice were handled 2 min each day for 5days before experimentation to adapt

them to routine handling. Tests were done during the dark phase (between 0800 and 1700) of

the photoperiod under infrared lighting to aid video recording.

Locomotor activity

The mice were maintained in their home cage, and locomotor activity was video-recorded

during 3-min tests. On the video recordings, cages were divided into six identical rectangles

and a trained observer who was blinded to experimental treatments determined the incidence

of line crossing within 3 min.

Sucrose preference

This test was done as previously described [3]. In brief, mice were provided two solutions,

water or freshly prepared 2% sucrose. Fluid consumption was measured by weighing bottles

before and after each test session. On the day of the sucrose preference test, mice were

deprived of fluid and food for 2 h before the test [8]. At the start of the dark phase of the
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photoperiod, drinking water and the 2% sucrose solution were placed in the home cage for 9

h, 15 h and 21 h, respectively. At the end of each testing period, the fluid content of the conical

tubes was measured and sucrose preference was determined using the equation:

Sucrose intake=Total f luid intake ðwater þ sucrose intakeÞ � 100% ½2�:

RNA extraction and reverse transcriptase-polymerase chain reaction

(RT-PCR)

Total RNA from cultured BV-2 cells and from cortex and hippocampus of mouse brain was

extracted using Trizol reagent (Invitrogen, Carlsbad, CA, USA) as previously described [9].

Total mRNA (2 μg) was synthesized to cDNA using reverse transcriptase kits (Clontech, BD

Biosciences, Palo Alto, CA, USA) according to the manufacturer’s protocol. RT-PCR was done

on a thermal cycler (Applied Biosystems, Foster City, CA, USA) using 2x Taq DNA Polymer-

ase Mastermix (Bioman Scientific Co., Jonghe City, New Taipei City, Taiwan). The sequences

of primers used in this experiment were:

mouse TNF-α

forward: 5’-GAG TGA CAA GCC TGT AGC CCA-3’;

reverse: 5’-CCC TTC TCC AGC TGG AAG A-3’;

mouse MCP-1:

forward: 5’-AGG TCC CTG TCA TGC TTC TG-3’;

reverse: 5’-GCT GCT GGT GAT CCT CTT GT-3’;

mouse IDO1:

forward: 5’-GAA GGA TCC TTG AAG ACC AC-3’;

reverse: 5’-GAA GCT GCG ATT TCC ACC AA-3’;

mouse Bcl-2;

forward: 5’-AGC AAC CCA ATG CCC GCT GT-3’;

reverse: 5’-TGT GGC CCA GGT ATG CAC CCA-3’;

mouse iNOS:

forward: 5’-TCA CCT TCG AGG GCA GCC GA-3’;

reverse: 5’-TCC GTG GCA AAG CGA GCC AG-3’;

mouse caspase 3:

forward: 5’-GCG GGG AGC TTG GAA CGC TA-3’;

reverse: 5’- ACC CCG GCA GGC CTG AAT GA-3’;

mouse β-actin transcript (internal control):

forward: 5’- GGG AAT GGG TCA GAA GGA CT-3’;

reverse: 5’-TTT GAT GTC ACG CAC GAT TT-3’.

β-actin was used to normalize all test genes. The data were analyzed using ImageJ software

(version 1.41) (National Institutes of Health, Bethesda, MD) (http://rsbweb.nih.gov/ij/), and

results are expressed as fold differences.
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Real-time reverse transcriptase quantitative polymerase chain reaction

(RT-qPCR)

Total RNA from cultured BV-2 cells and from cortex and hippocampus of mouse brain was

extracted using Trizol reagent (Life Technologies, Rockville, MD, USA). Total RNA was sub-

jected to reverse transcription using Strata Script H-reverse transcriptase to generate cDNA

(Stratagene, La Jolla, CA, USA). To amplify the TNF-α, MCP-1, IDO1, Bcl-2, iNOS and cas-

pase-3 transcripts, real-time PCR was done using a kit (Light Cycler-Fast Start DNA Master

SYBR Green I kit; Roche Diagnostics, Indianapolis, IN, USA) according to the manufacturer’s

instructions. The gene-specific primer pairs were used in real-time qPCR. Individual PCR

products were analyzed using melting-point analysis. Real-time qPCR product was analyzed

using the comparative Ct method according to the manufacturer’s instructions. Sample varia-

tion was corrected by subtracting the internal control gene, β-actin, Ct values from the Ct val-

ues (= -ΔΔCt) of the genes.

Immunohistochemical determination of Iba-1 and cleaved caspase-3

The cortex and hippocampus of each mouse brain fixed with 3.7% formaldehyde. All speci-

mens were embedded in paraffin and sliced into 4-μm thick sections. Sections were deparaffi-

nized and then rehydrated, antigens were retrieved, and endogenous peroxidase activity was

quenched using 3% hydrogen peroxide in PBS. After the sections had been blocked with an

IHC blocking reagent (Background Sniper; Biocare Medical, Concord, CA, USA) for 1 h, they

were incubated with anti-Iba1 rabbit anti-mouse antibody (1:800 dilution, Biocare Medical,

LLC, USA) or anti-cleaved caspase 3 rabbit anti-mouse antibody (1:500 dilution) (Cell Signal-

ing Technology, Inc., Beverly, MA) in blocking reagent at 4˚C overnight. Slides were then

washed in PBS, incubated with species-specific biotinylated secondary antibody (1:200) for 30

min, washed with PBS again, amplified consecutively with avidin-horseradish peroxidase

(HRP) (Vector Laboratories, Burlingame, CA, USA) and visualized by incubating them with

3,30-diaminobenzidine tetrahydrochloride (Sigma-Aldrich, St. Louis, MO, USA). All slides

were counterstained with hematoxylin (Mayer’s; ThermoShandon, Pittsburgh, PA, USA),

dehydrated, and mounted. For negative controls, the procedure omitted the primary antibody.

Western blotting

Harvested cells were lysed with a buffer containing 1% Triton X-100, 50 mM of Tris (pH 7.5), 10

mM of ethylenediamine tetraacetic acid (EDTA), 0.02% sodium azide, and a protease inhibitor

cocktail (Roche Boehringer Mannheim Diagnostics, Mannheim, Germany). After one freeze-

thaw cycle, cell lysates were centrifuged at 13,000 rpm for 20 min at 4˚C. The lysates were boiled

in sample buffer for 5 min. Protein samples (30 μg/lane) were loaded on SDS-PAGE (sodium

dodecyl sulfate polyacrylamide gel electrophoresis) and electrotransferred to a polyvinylidene

fluoride (PVDF) membrane (Millipore, Billerica, MA, USA). Nonspecific bindings were blocked

by incubating the membrane with 5% skim milk in Tris-buffered saline (TBS) containing 0.1%

Tween 20 (TBST) for 2 h. The membranes were then hybridized with primary antibodies: induc-

ible NO synthase (iNOS, 1:500, Thermo Scientific), caspase-3 (1:200, pro-form and cleaved

form, Santa Cruz, CA, USA), Bcl-xL (1:2000, Cell Signaling Technology, Inc., Beverly, MA), Iba-

1 (1:1000, Biocare Medical, LLC, USA) and β-actin (1:20000, Sigma-Aldrich, Inc., USA) at 4˚C

overnight. The membranes were then washed with 0.1% TBST and incubated with a 1:5000 dilu-

tion of species-specific HRP-conjugated secondary antibodies (Santa Cruz Biotechnology, Santa

Cruz, CA, USA) at room temperature for 1 h. After they had been washed, the membranes were

soaked in electrochemiluminescence (ECL) solution (PerkinElmer Life Sciences, Boston, MA,
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USA) for 1 min, and then exposed to X-ray film (BioMax; Eastman Kodak, Rochester, NY,

USA). The relative signal intensity was also quantified using ImageJ 1.41.

Experimental protocols

For in vitro studies, dexmedetomidine, yohimbine hydrochloride (Sigma-Aldrich, Inc., USA)

(a selective α2-receptor antagonist) and Escherichia coli LPS (serotype O55:B5, Sigma,

St. Louis, MO) were prepared in isotonic PBS. The dose of dexmedetomidine and yohimbine

used in our in vitro and in vivo experiments are based on previous reports [33, 34]. BV-2 cells

were washed and replenished with medium containing 0, 1, or 10 μM dexmedetomidine.

Yohimbine hydrochloride 50 μM was pre-treated combined with dexmedetomidine as indi-

cated before LPS treatment. After 30 min, LPS 10 ng/mL was added to the culture medium for

4 hr. Total protein was collected from cell homogenates and determined using a kit (DC Pro-

tein Assay; Bio-Rad Laboratories, Hercules, CA, USA). Total RNA was isolated using Trizol

reagent and the TNF-α, MCP-1, IDO1, Bcl-2, iNOS or caspase 3 were assayed using RT-PCR.

For in vivo studies, dexmedetomidine was dissolved in pyrogen-free isotonic, sterile saline. In

the first study, adult male BALB/c mice were injected (i.p.) with vehicle or dexmedetomidine (50

ug/kg). yohimbine hydrochloride (250 ug/kg), the α2-adrenoceptor antagonist, was i.p. given

combined with dexmedetonidine as indicated. After 30 min of dexmedetomidine with or without

yohimbine administration, they were injected (i.p.) with saline or LPS (0.33 mg/kg), The dose of

LPS was chosen because it caused a proinflammatory cytokine response in the brain and resulted

in mild temporary sickness behavior in adult mice [35]. Twenty-four hours after LPS administra-

tion, the mice were briefly anesthetized with isoflurane and then killed using cervical dislocation.

After sacrificed, their brains were removed and dissected. The cortex was stored at −80˚C and the

hippocampus was fixed with 3.7% formaldehyde. Total RNA was isolated from these regions

using Trizol. TNF-α, MCP-1, IDO1, Bcl-2, iNOS or caspase 3 were assayed using RT-PCR.

In the second study, adult male BALB/c mice were treated with dexmedetomidine com-

bined with or without yohimbine hydrochloride, and then LPS as described above. Their moti-

vation to engage in social behavior was determined immediately before the injection of saline

or LPS, and again 2, 4, 8, and 24 h later. Body weight, food and water intake were measured at

each time point over the 24 h period. Anhedonia was evaluated using sucrose preference 24–

45 h after the saline or LPS injection.

Statistical analysis

Data were analyzed using SAS/STAT (SAS Institute, Cary, NC, USA) Generalized Linear

Model (GENMOD) procedures. All data were subjected to a univariate analysis to ensure nor-

mality. Data were subjected to one, two- (Dex × LPS) or three-way (Dex × LPS × Time)

ANOVA (analysis of variance) to determine significant main effects and interactions between

main factors. When appropriate, a post hoc Student’s t test of least square means with a Tukey

adjustment was used to determine whether treatment means were significantly different from

one another. All statistics were performed with α = 0.05. All data are expressed as treatment

means ± SEM (standard error of the mean).

Results

Dexmedetomidine reduced the LPS-induced sickness behavior

We investigated the effect of Dex on sickness response and social exploratory behavior in LPS-

injected mice. We determined mice social exploratory behavior using percentage of line

crossed as described in methods. After 2 hours of LPS injection, all groups of mice showed a
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significant reducing in line crossed (Fig 1A). At 8 and 24 h after LPS injection, LPS+Dex

group showed higher line crossed percentage than LPS group (Fig 1B). The effect of Dex on

LPS-induced social exploratory behavior reducing was attenuated by yohimbine. The food and

water intake were reduced by LPS challenge. Dex increased water but not food intake in first

24h after LPS injection (Fig 1C). The effect of Dex on LPS-induced anhedonia was determined

using sucrose preference test. The sucrose preference was observed at 31, 37 and 43 hours after

LPS injection and showed that LPS significantly reduced mice sucrose preference (Fig 1D). In

Dex+LPS group, sucrose preference is higher than LPS group. However, yohimbine attenuated

the effects of Dex (Fig 1D).

Dexmedetomidine reduced microglia activation in mice brain

We first investigated the effect of Dex on LPS-induced mice brain microglia activation. Mice

were injected with LPS combined with or without Dex pretreatment as described in methods.

We determined Iba1 expression as microglia activation using IHC staining in cortex and hip-

pocampus. In LPS-challenged mice, microglia Iba1 expression was increased in both cortex

(Fig 2A) and hippocampus (Fig 2B). In mice with Dex pretreatment, LPS-induced Iba1 expres-

sion were reduced in both cortex and hippocampus regions. However, the effects of Dex on

Iba1 expression were attenuated by yohimbine (Fig 2A and 2B). We next determined LPS-

induced Iba1 protein levels changes in microglia cells in vitro. BV-2 microglia-derived cells

were treated with saline or Dex and then stimulated with LPS for 8 hours. Iba1 protein levels

were increased in LPS-stimulated BV-2 cells, which increasing was significantly reduced in

LPS+Dex groups (Fig 3).

Dexmedetomidine ameliorates cytokines and apoptotic-genes expression in

LPS-induced neuroinflammation

Inflammatory cytokines plays an important role in neuroinflammation and in response for

behavioral symptoms of sickness (e.g., anorexia, social withdrawal and anhedonia) [6]. We

then investigated the effects of Dex on LPS-induced cytokines TNF-α, MCP-1, IDO1, and

iNOS mRNA. Apoptotic related signals Bcl-2 and caspase 3 mRNA expression were also deter-

mined. Mice were challenged with saline or LPS with or without Dex pretreatment. After 24 h

of LPS challenge, the mice were sacrificed and the TNF-α, MCP-1 and IDO1 mRNA expres-

sion in cortex and hippocampuswere were determined using RT-PCR and quantitative PCR.

TNF-α, MCP-1, IDO, iNOS, and caspase 3 mRNA expression were increased but anti-apopto-

tic signal Bcl-2 decreased in the cortex (Fig 4A) and hippocampus (Fig 4B) of LPS-challenged

mice. In mice pretreated with Dex, the LPS-induced cytokines mRNA expression were

reduced in both brain regions. Yohimbine attenuated the effects of Dex on cytokines, iNOS,

Bcl-2, and caspase 3 expression, which indicated the effect of Dex is specific.

In vitro, we investigated the effect of Dex in LPS-stimulated BV-2 microglia cells. BV-2 cells

were stimulated with LPS with or without Dex or Dex+yohimbine pretreatment. After 6 h of LPS

stimulated, the mRNA of TNF-α, MCP-1, IDO1, iNOS and Bcl2 and caspase 3 expression were

determined using RT-PCR and quantitative PCR. TNF-α, MCP-1, IDO1, iNOS, and caspase 3

mRNA expression were increased but Bcl-2 decreased in LPS-stimulated BV-2 cells (Fig 5). Dex

decreased LPS-induced TNF-α, MCP-1, IDO1, iNOS, and caspase 3 mRNA levels but increased

Bcl-2 expression. Yohimbine ameliorated these effects of Dex in LPS-stimulated BV-2 cells.

Dexmedetomidine reduced apoptosis in LPS-induced neuroinflammation

We next determined cell apoptosis in LPS-challenged mice brain. Histological examination

showed the cleaved caspase-3 stained cells was increased in the hippocampus and cortex of
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Fig 1. Dexmedetomidine facilitates recovery from LPS-induced sickness behavior and inhibite LPS-associated anhedonia. Mice were

challenged with saline (control) or LPS or LPS combined with Dex or Dex+Yoh. (A) Social exploratory behavior was measured using line

crossed percentage method before and 2, 4, 8, and 24 h after LPS injection. Data are mean ± SEM. All group n = 6. �� P< 0.005, compared with

control group; # P< 0.05 compared with LPS group. (B) Line crossed percentage were measured in different groups of mice at 8 and 24 h after

LPS injection. (C) Food intake and water intake were measured in 24 h after LPS injection. (D) The sucrose preference was determined at 31,

37, and 43 h after LPS injection. Data are mean ± SEM, n = 6. � P< 0.05; �� P< 0.005.

https://doi.org/10.1371/journal.pone.0191070.g001

Fig 2. Dexmedetomidine decreased the microglia Iba-1 in the brain of LPS-challenged mice. Mice were challenged with saline (control) or LPS or LPS combined

with Dex or Dex+Yoh for 24 h. Immnuohistochemistry staining showed microglia Iba-1 expression in the (A) cortex and (B) hippocampus of the mice. Dex:

dexmedetomidine; Yoh: yohimbine.

https://doi.org/10.1371/journal.pone.0191070.g002
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LPS-challenged mice. In Dex-pretreated mice, LPS-induced cleaved caspase-3 was reduced in

both brain regions. Yohimbine ameliorates the effect of Dex on cleaved caspase-3 expression

(Fig 6A and 6B). In vitro, we determined the effects of Dex on LPS-stimulated BV-2 cells in

protein levels of apoptotic signals. BV-2 cells were stimulated with LPS combined with or with-

out Dex for 8 h. LPS increased iNOS expression which was reduced in LPS+Dex groups. The

cleaved caspase-3 was increased in LPS group but decreased in LPS+Dex groups. The anti-apo-

ptotic protein Bcl-xL was increased in LPS+Dex groups (Fig 6C).

Discussion

Neuroinflammation is associated with a myriad of complications including prolonged sickness

and depressive-like behavior [13, 36]. Here we showed that Dex was effective in facilitating the

recovery from LPS-induced neuroinflammation and sickness behavior. Dex treatment inhib-

ited the LPS-induced microglia activation. The LPS-induced inflammatory cytokines, TNF-α,

MCP-1 and IDO1 expression was reduced by Dex treatment. Dex also affected apoptosis asso-

ciated proteins, Bcl-2, Bcl-xL and caspase-3 in LPS inflammation.

Dex is a specific α2-adrenoceptor (α2-AR) agonist and has been showed with anti-inflam-

matory effects [37, 38]. Paminoclonidine and clonidine, another two α2-AR agonists, sup-

pressed IL-6 and TNF production in in vitro study [37, 38]. Recent studies showed that Dex

decreased inflammation and increased survival rate in sepsis and endotoxin-induced shock

animal model [39]. Our previous study also showed Dex protects septic acute kidney injury

through reduced cytokines TNF-α and MCP-1 production [33]. Dex also reduces cytokines

production IL-1β, TNF-α, and IL-6 in microglia cell [31]. In animal study, the expression of

TNF-α, MCP-1 in brain was induced through systemic administration of LPS, which also

affected sickness behavior [36]. In this study we showed Dex reduced cytokines production

and improved sickness behavior in LPS- treated mice.

Fig 3. Dexmedetomidine decreased the microglia activation in BV-2 cells. BV-2 cells were treated with PBS (control) or LPS or LPS+Dex for 8 h. Iba-1

expression in the cells was determined using western blot. The right panel shows the quantification of Iba-1 levels. Dex(1): dexmedetomidine 1 uM; Dex(10):

dexmedetomidine 10 uM. Data are mean ± SEM, n = 3. � P< 0.05; �� P< 0.005.

https://doi.org/10.1371/journal.pone.0191070.g003
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The α2 receptors constitute a family of G-protein–coupled receptors (GPCR) with three

pharmacological subtypes, α-2A, α-2B, and α-2C. The α-2A and -2C subtypes are found

mainly in the central nervous system. Stimulation of these receptor subtypes are responsible

for sedation, analgesia and sympatholytic effects [40]. The α-2B receptors are found more fre-

quently on vascular smooth muscle and have been shown to mediate vasopressor effects. All 3

subtypes inhibit adenylyl cyclase, reducing the levels of cyclic adenosine monophosphate

(cAMP) and causing hyperpolarization of noradrenergic neurons. As cAMP is inhibited,

potassium efflux through calcium-activated channels in turn prevents calcium ions from

entering the nerve terminal, thus, leading to a suppression of neural firing. This suppression

inhibits norepinephrine release and reduces activity of the ascending noradrenergic pathways,

resulting in sedation and hypnosis [41]. In addition, activated α2 receptors also inhibited neu-

roinflammation and reduced cell apoptosis in cortex and hippocampus as shown in our

results. However, whether the anti-inflammation and anti-apoptosis effects were mediated

through GPCR/cAMP/ion channels activity needs to be further investigated.

Fig 4. Dexmedetomidine attenuates LPS-induced mRNA expressions of inflammatory cytokines, Caspase 3, iNOs and increased Bcl-2

expression in mice brain. Mice were challenged with saline (control) or LPS or LPS combined with Dex or Dex+Yoh for 24 h. TNF-α, MCP-1,

IDO1, iNOS, Bcl-2, and caspase-3 mRNA expression in (A) cortex and (B) hippocampus were determined using RT-PCR (left panel) and

quantitative real-time PCR (right panel). Data are mean ± SEM, n = 6. � P< 0.05; �� P< 0.005.

https://doi.org/10.1371/journal.pone.0191070.g004

Fig 5. Dexmedetomidine suppresses LPS-induced mRNA expressions of inflammation cytokines, Caspase 3, iNOS and increased Bcl-2 expression in BV-2 cells.

BV2 cells were challenged with PBS (control) or LPS or LPS combined with Dex or Dex+Yoh for 8 h. TNF-α, MCP-1, IDO1, Bcl-2, iNOS and caspase-3 mRNA

expression were determined using RT-PCR (left panel) and quantitative real-time PCR (right panel). Data are mean ± SEM. All groups n = 3. � P< 0.05; �� P< 0.005.

https://doi.org/10.1371/journal.pone.0191070.g005
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Central nervous system can be affected by peripheral immune responses [42]. Inflamma-

tory cytokines induced by peripheral LPS treatment may be forwarded to the brain and acti-

vate microglia and associated with sickness behavior [42]. The activation of microglia in the

brain of septic patients also play an important role in behavioral changes associated with sys-

temic infection [43]. Iba1 is specifically expressed and plays a role in the activated microglia.

Iba1 is a microglia-activation marker in LPS-mediated inflammatory response [44, 45]. Previ-

ous studies suggested the anti-inflammatory effects of Dex on systemic inflammation [30, 39].

Here, our data showed the Dex suppress Iba-1 expression in LPS-induced mice and BV2 cells.

We suggested that Dex improves cytokine-induced sickness behavior through regulate sys-

temic inflammation and neuroinflammation.

IDO is significantly increased in response to inflammation and involved in neuroinflamma-

tory disease[46]. Modulate the IDO activation can reduced LPS-induced depressive like behav-

ior or anhedonia [46]. Here we show that IDO mRNA expression is ameliorated by Dex in

LPS-treated mice and BV2 cell, which supports the role of IDO in LPS-induced anhedonia and

partly explains the effect of Dex on LPS neuroinflammation.

The inflammatory mediators such as TNF-α, MCP-1 and iNOS derived from microglia

cells are involving in the neurodegeneration and neuronal cell death [20, 25]. Oxidative stress

is implicated in neuroinflammation. The NO from iNOS induces ROS in neurons and cause s

cognitive impairment. The iNOS is upregulated in LPS-stimulated mcroglia cell [20, 47, 48].

In this present data iNOS was reduced in Dex-treated mice and BV2 cells. We thus considered

that Dex may regulate ROS activation through inhibiting iNOS expression.

Apoptotic-associated genes Bcl-2, Bcl-xL and caspase-3 are involved in LPS-induced neu-

roinflammation [25]. Caspase-3 is also activated in neurological disorders. Previous studies

showed that cleaved caspase-3 is associated with apoptosis of neurons and neuroinflammation

[49, 50]. The derived TNF-α from activated microglia induced neural precursor cells apoptosis

via the Bcl-2 family protein Bax.

Dex suppressed the hippocampus apoptosis in intracerebral hemorrhage rat brain injury

through regulated caspase-3 and Bcl-2 expression and ameliorated memory impairment [51].

In this study, we explored that dexmedetomidine is antiapoptotic. Dex reduced caspase-3

mRNA expression and increased Bcl-2 mRNA expression in vivo and in vitro. Previous studies

suggested that administration of an α2-AR agonist during the critical phase of synaptogenesis

activates the endogenous postsynaptic norepinephrine-mediated trophic system, which cou-

ples to a Bcl-2 antiapoptotic effect [52]. We also showed that Dex induced Bcl-xL expression in

LPS-treated BV2 cells. We supposed that Dex improves LPS-induced sickness behavior via

regulated neurons cell apoptosis. Taking all our results together, we found that Dex regulated

apoptotic-associated gene and cytokine expression in LPS-treated mice and microglial cells.

Dex improved LPS-induced neuroinflammation and sickness behavior in mice. The mecha-

nism of Dex in regulating apoptotic-associated gene expression requires further investigation.

Conclusion

This study showed that Dex decreases LPS-induced sickness behavior symptoms, anorexia and

anhedonia, through ameliorates microglia activation and production of neuroinflammatory

mediators. Dex can be used to mitigate cytokine expression in the brain and beneficially affect

Fig 6. Dexmedetomidine reduced apoptotic associated signals in the LPS-challenged mice brain and BV-2 cells. Mice were challenged with saline (control)

or LPS or LPS combined with Dex or Dex+Yoh for 24 h. Immnuohistochemistry staining showed cleaved caspase-3 expression (arrows) in the (A) cortex and (B)

hippocampus of the mice. (C) BV-2 cells were treated with PBS (control) or LPS or LPS+Dex for 8 h. Expression of iNOS, Bcl-xL, and cleaved caspase-3 in the

cells were analyzed using western blot. Dex(1): dexmedetomidine 1 uM; Dex(10): dexmedetomidine 10 uM. Data are mean ± SEM. All groups n = 3. � P< 0.05;
�� P< 0.005.

https://doi.org/10.1371/journal.pone.0191070.g006
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mood, motivation, and behavior. Dex may be a beneficial part of a pharmacological strategy to

decrease infection-induced neuroinflammation and sickness behaviors.
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