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Abstract

Sepsis-associated encephalopathy (SAE) is a significant clinical issue that is associated with
increased mortality and cost of health care. Dexmedetomidine, an a2 adrenoceptor agonist that is
used to provide sedation, has been shown to induce neuroprotection under various conditions. This
study was designed to determine whether dexmedetomidine protects against SAE and whether a.2
adrenoceptor plays a role in this protection. Six- to eight-week old CD-1 male mice were
subjected to cecal ligation and puncture (CLP). They were treated with intraperitoneal injection of
dexmedetomidine in the presence or absence of a2 adrenoceptor antagonists, atipamezole or
yohimbine, or an a2A adrenoceptor antagonist, BRL-44408. Hippocampus and blood were
harvested for measuring cytokines. Mice were subjected to Barnes maze and fear conditioning 14
days after CLP to evaluate their learning and memory. CLP significantly increased the
proinflammatory cytokines including tumor necrosis factor a., interleukin (IL)-6 and IL-1p in the
blood and hippocampus. CLP also increased the permeability of blood-brain barrier (BBB) and
impaired learning and memory. These CLP detrimental effects were attenuated by
dexmedetomidine. Intracerebroventricular application of atipamezole, yohimbine or BRL-44408
blocked the protection of dexmedetomidine on the brain but not on the systemic inflammation.
Astrocytes but not microglia expressed a2A adrenoceptors. Microglial depletion did not abolish
the protective effects of dexmedetomidine. These results suggest that dexmedetomidine reduces
systemic inflammation, neuroinflammation, injury of BBB and cognitive dysfunction in septic
mice. The protective effects of dexmedetomidine on the brain may be mediated by a2A
adrenoceptors in the astrocytes.
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Introduction

Sepsis is a life-threatening disease with an incidence of 0.3 to 1% per year in the United
States (Fleischmann et al., 2016). Sepsis-associated encephalopathy (SAE) is a common and
severe complication during and after sepsis, which is associated with increased needs and
cost of health care and mortality (Iwashyna et al., 2010; Sonneville et al., 2017). Up to 40%
of sepsis survivors have been reported to have long-term cognitive dysfunction after sepsis
(Iwashyna et al., 2010; Sprung et al., 1990; Winters et al., 2010). Athough SAE has been a
focus of research, clinical methods to avoid and treat SAE are not available.

Neuroinflammation in the central nervous system (CNS) induced by sepsis is considered a
potential mechanism of delayed cognitive dysfunction (Xing et al., 2018). Systemic
inflammation during sepsis is transmitted into the brain via impaired blood-brain barrier
(BBB) (Natale et al., 2019; Obermeier et al., 2013; Subramaniyan and Terrando, 2019).
During the process of systemic inflammation, the integrity of BBB was not only challenged
by peripheral inflammation but also influenced by the glial cells in the CNS (Haruwaka et
al., 2019; Spampinato et al., 2019). The high mobility group box 1 protein (HMGB1)
released from activated microglia and astrocytes has been reported to damage the endothelial
structure and function via activating receptor for advanced glycation end-products (RAGE)
(Faraco et al., 2007; Festoff et al., 2016). Extracellular HMGBL1 is considered to be an
important late proinflammatory mediator in sepsis. Interventions to inhibit HMGB1 activity
and release are being investigated to improve the outcome of diseases with acute and chronic
inflammation including sepsis (Wang et al., 2014; Wang et al., 2004).

The highly selective a2 adrenoceptor agonist, dexmedetomidine, is commonly used for
patient’s sedation in the intensive care unit (ICU). Activating a2 adrenoceptors in locus
ceruleus may contribute to the sedative effect (Song et al., 2017; Zhang et al., 2015).
Systemic administration of dexmedetomidine can improve neurocognitive functions (Mei et
al., 2018; Skrobik et al., 2018) and reduce neuroinflammation after various other conditions
including surgery (Hu et al., 2018; Mei et al., 2018; Skrobik et al., 2018; Su et al., 2016; Yin
etal., 2019). However, the mechanism for this phenomenon remains unclear. /7 vitro studies
have showed that dexmedetomidine modulates the functions of both microglia and
astrocytes and that a2 adrenoceptor may mediate these effects (Gao et al., 2019; Liu et al.,
2017). Since dexmedetomidine applied peripherally can induce sedation, dexmedetomidine
may be able to cross the BBB and confer direct central effect (Song et al., 2017).

With the above information, we hypothesize that dexmedetomidine protects the
neurocognitive function against sepsis by inhibiting glial activation, neuroinflammation and
BBB damage via activating a2 adrenoceptors in the CNS. These hypotheses were tested in
the cecal ligation and puncture (CLP)-induced sepsis model in mice.
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The protocol of animal experiments in this study was approved by the Institutional Animal
Care and Use Committee of the University of Virginia (Charlottesville, VA, USA). All
animal experiments were conducted in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals (National Institutes of Health publication
no. 80-23, revised in 2011).

Groups and experimental protocols

Six- to eight-week old CD-1 male mice were purchased from Charles River Laboratory Inc.
(Wilmington, MA, USA). In experiment 1, they were randomly assigned to following three
groups: control, sham surgery and sepsis. Control mice did not receive surgery. Mice in the
sham group received laparotomy but were without CLP. Mice in the sepsis group had CLP
(Fig. 1A).

To test whether dexmedetomidine had a protective effect against sepsis, four groups were
included in experiment 2: sham surgery, sepsis, dexmedetomidine plus sham surgery and
dexmedetomidine plus sepsis. In dexmedetomidine plus sham surgery and dexmedetomidine
plus sepsis groups, dexmedetomidine (Cat. No.: 0409-1638-02; Hospira, Lake Forest, IL,
USA) was dissolved in 0.9% saline and intraperitoneally administered at 50 pg/kg every 2
hours for 6 hours with the first injection at 5 min after the onset of CLP (Fig. 1B) (Hu et al.,
2018).

To determine the role of a2 adrenoceptors in mediating the neuroprotective effect of
dexmedetomidine, the following four groups were included in experiment 3: sepsis,
dexmedetomidine plus sepsis, atipamezole (a selective a2 adrenoreceptor antagonist) (Hara
et al., 2016) plus dexmedetomidine plus sepsis and atipamezole plus sepsis. Atipamezole
(Cat. No.: A9611; Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 5% dimethyl
sulfoxide (DMSO; Fisher Scientific, Fair Lawn, NJ, USA) in saline, and
intracerebroventricularly injected at 25 nmoles per mouse in atipamezole plus
dexmedetomidine plus sepsis and atipamezole plus sepsis groups immediately after the onset
of CLP (Stone et al., 1997). The volume (5 pl) of 5% DMSO was intracerebroventricularly
administered to mice in sepsis and dexmedetomidine plus sepsis groups. Dexmedetomidine
administration was the same as that in experiment 2 (Fig. 1C).

Another a.2 adrenoceptor antagonist, yohimbine that has no affinity to imidazoline receptor
(Kino et al., 2005), was used in experiment 4 that had 4 groups: sepsis, dexmedetomidine
plus sepsis, yohimbine plus dexmedetomidine plus sepsis and yohimbine plus sepsis.
Yohimbine hydrochloride (Cat. No.: Y0000656; Sigma-Aldrich, St. Louis, MO, USA) was
dissolved in saline and intracerebroventricularly injected at 10 pg/kg (Sierralta et al., 1996).
Saline was intracerebroventricularly administered to mice in sepsis and dexmedetomidine
plus sepsis groups (Fig. 1C).

To determine whether a2A adrenoceptor mediated dexmedetomidine-induced protection, a
selective a2A adrenoceptor antagonist (Hara et al., 2016), BRL-44408 (Cat. No.: B4559;
Sigma-Aldrich, St. Louis, MO, USA), was used. Four groups of mice were included in
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experiment 5: sepsis, dexmedetomidine plus sepsis, BRL-44408 plus dexmedetomidine plus
sepsis and BRL-44408 plus sepsis. BRL-44408 was dissolved in saline and
intracerebroventricularly injected at 5 pg/mouse (Wang et al., 2017). Saline was
intracerebroventricularly administered to mice in sepsis and dexmedetomidine plus sepsis
groups (Fig. 1C).

Experiment 6 was conducted to investigate the involvement of microglia in the effects of
dexmedetomidine on septic mice. The following four groups were included: control,
PLX3397, PLX3397 plus sepsis and dexmedetomidine plus PLX3397 plus sepsis group. The
mice in control and PLX3397 groups did not receive CLP or sham surgery. Mice in
PLX3397 plus sepsis and dexmedetomidine plus PLX3397 plus sepsis groups had sepsis.
Dexmedetomidine was administered to mice in the same way as that stated above. Mice in
PLX3397, PLX3397 plus sepsis and dexmedetomidine plus PLX3397 plus sepsis groups
were pretreated with PLX3397 for 14 days, which was reported to be able to deplete
microglia in the brain (Liang et al., 2019) (Fig. 1D).

Sepsis model

Sepsis was induced by CLP, a classical model, as we and others previously described
(Rittirsch et al., 2009; Xing et al., 2018). Briefly, under anesthesia with 2% isoflurane, the
animal was placed on a heating pad (Physitemp Instruments Inc., Clifton, NJ, USA) to
maintain body temperature at 37°C. After skin disinfection, a 1-cm abdominal middle-line
incision was made to expose the cecum. The cecum was ligated in the middle between distal
pole and the base of the cecum to induce moderate sepsis. A single puncture with a 21 G
needle through the whole cecum was made between the ligation site and tip of the cecum. A
small amount of stool was squeezed out through the puncture site. The cecum was placed
back into the abdomen, the peritoneum, fasciae and abdominal musculature were closed
with a sterile 6-0 silk suture. The skin was closed by metallic clips. Animals received
infiltration of 0.25% bupivacaine to the surgical site. Another skin disinfection was applied
after surgery. For animals that received surgeries, 50 ml/kg normal saline was injected
subcutaneously. Animals in sham surgery groups underwent the same surgical procedures
but without CLP.

Intracerebroventricular injections

As previously described (Sankowski et al., 2019), mice receiving intracerebroventricular
injections were anesthetized with 2% isoflurane and placed in a stereotactic head frame in
the prone position. The injection site was located as follows: 1.00 mm mediolateral, —0.3
mm anteroposterior and —2.5 mm dorsoventral from bregma. The injection was performed
with a 26 G Hamilton syringe needle for 1 min. After the injection, the needle remained in
place for 30 s before being removed.

Microglial depletion

The depletion of microglia was achieved with the selective colony stimulating factor-1
receptor (CSF1R) kinase inhibitor Pexidartinib (PLX3397; cat No.: C-1271; Chemgood
LLC, VA, USA), which was administered via oral gavage. As previously described (Liang et
al., 2019), PLX3397 was prepared by mixing with 5% DMSO, 45% polyethylene glycol
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300, and 50% H,0 in sequence. Five-week old CD-1 male mice were administered with the
prepared PLX3397 once a day at 46.25 mg/kg for 14 days. An equal volume of vehicle
solution but without PLX3397 was administered to the mice in control group.

Behavioral test

The Barnes maze and fear conditioning test were used to determine the cognitive functions
of mice.

Two weeks after surgery, mice were subjected to Barnes maze to test their spatial learning
and memory. As we describe previously (Liang et al., 2018), mice were placed in the middle
of a circular platform with 20 equally spaced holes (SD Instruments, San Diego, CA). One
of these holes was connected to a dark chamber called target box. Aversive noise (85 dB)
and bright light (200 W) shed on the platform were used to encourage mice to find the target
box. They had a spatial acquisition phase that lasted for 4 days with 3 min per trial, 2 trials
per day and 15 min between each trial. Animals then went through the reference memory
phase on day 1 and day 8 after the training sessions. No test or handling was performed from
day 1 to day 8 after the training. The latency to find the target box during each trial was
recorded with the assistance of ANY-Maze video tracking system (SD Instruments, San
Diego, CA).

One day after Barnes maze test, mice were subjected to a fear conditioning test as we
previously described (Liang et al., 2018). Each mouse was placed into a test chamber wiped
with 70% alcohol and exposed to 3 tone-foot shock pairings (tone: 2000 Hz, 85 db, 30 s;
foot shock: 0.7 mA, 2 s) with an interval of 1 min in a relatively dark room. The mouse was
removed from this test chamber 30 s after the conditioning stimuli. The animal was placed
back into the same chamber without the tone and shock 24 h later for 6 min. The animal was
placed 2 h later into another test chamber that had different context and smell from the first
test chamber in a relatively light room. This second chamber was wiped with 1% acetic acid.
Freezing behavior was recorded for 3 min without the tone stimulus. The tone was then
turned on for 3 cycles, each cycle for 30 s followed by 1-min inter-cycle interval (4.5 min in
total). Animal behavior in these two chambers was video recorded. The length of freezing
behavior in the 6 min in the first chamber (context-related) and 4.5 min in the second
chamber (tone-related) was recorded by an observer who was blind to the group assignment.

Measurement of blood-brain permeability

The BBB permeability was tested by Evans blue (EB) dye as previously described (Kikuchi
etal., 2019). EB (2% in saline, 5 ml/kg; Sigma-Aldrich, St. Louis, MO, USA) was injected
24 h after surgery via tail vein. Mice were deeply anesthetized 60 min later and
transcardially perfused with saline to remove the intravascular dye. The hippocampus of
each mouse was harvested and weighed separately. The hippocampi were homogenized in 1
ml 50% trichloroacetic acid (cat No.: T4885, Sigma-Aldrich, St. Louis, MO, USA),
incubated overnight at 4°C, and centrifuged at 13000 g for 30 min. The amount of EB in the
supernatant was quantified by spectrophotometer at 620 nm. The results were expressed as
micrograms per gram of hippocampus tissue weight.
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Immunoblot analysis

Mice were anesthetized deeply by isoflurane 24 h after surgery and transcardially perfused
with saline. The hippocampus and kidneys were harvested for Western immunoblotting.
Kidneys were used as a positive control for a2 adrenoceptors. Tissues were homogenized in
RIPA buffer (Cat. No.: 89901; Thermo Scientific, Worcester, MA, USA) with protease
inhibitors (Cat. No.: P2714; Sigma, St. Louis, MO, USA) on ice as described (Xing et al.,
2018). Homogenates were centrifuged at 4°C at 13000 g for 25 min and the supernatant was
collected for immunoblotting.

Thirty micrograms of total proteins were loaded into each well SDS-PAGE gels (4 — 12%;
Bio-Rad Laboratories Inc., Hercules, CA, USA). Proteins were transferred onto a
nitrocellulose membrane (Bio-Rad Laboratories Inc., Hercules, CA, USA) and shaken with
blocking buffer (Cat. No.: 37573; Thermo Scientific, Logan, UT, USA) for 1 h at room
temperature. The membrane was incubated with following primary antibodies under gentle
agitation at 4°C overnight: rabbit monoclonal anti-HMGB1 antibody (1:1000, Cat. No.:
6893; Cell Signaling Technology, Danvers, MA, USA), rabbit polyclonal anti-RAGE
antibody (1:1000, Cat. No.: ab3611; Abcam, Cambridge, MA, USA), goat polyclonal anti-
a2A adrenoceptor antibody (1:500, Cat. No.: ab45871; Abcam), mouse monoclonal anti-
a2B adrenoceptor antibody (1:1000, Cat. No.: NBP2-66606; Novus Biologicals), rabbit
polyclonal anti-a.2B adrenoceptor antibody (1:1000, Cat. No.: PA5-109364; Invitrogen),
mouse monoclonal anti-a2C adrenoceptor antibody (1:1000, Cat. No.: ab167433; Abcam),
rabbit polyclonal anti-a2C adrenoceptor antibody (1:1000, Cat. No.: NB100-93554; Novus
Biologicals) or rabbit polyclonal anti-a-tublin antibody (1:1000, Cat. No.: 2148; Cell
Signaling Technology, Danvers, MA, USA). Secondary goat anti-rabbit antibody (1:5000,
Cat. No.: 7074S; Cell Signaling Technology, Danvers, MA, USA), mouse anti-goat antibody
(1:5000, Cat. No.: sc-2354; Santa Cruz Biotechnology) or recombinant anti-mouse antibody
(1:5000, Cat. No.: sc-516102; Santa Cruz Biotechnology) were used. Quantitative analysis
of the protein bands was performed using an Image-Quant 5.0 GE Healthcare Densitometer
(GE Healthcare, Sunnyvale, CA, USA) after visualization with enhanced
chemiluminescence. The results of interested bands were normalized by the corresponding
data of a-tublin or B actin from the same samples. The results were then normalized by
those of control group or sepsis group. To compare the abundance of a2 adrenoceptor
subtypes in tissues, the process to visualize the bands corresponding to these proteins was
under identical enhanced chemiluminescent conditions.

Immunofluorescent staining

The microglial staining was performed as we have described before (Xing et al., 2018).
Briefly, mice were under deep isoflurane anesthesia and transcardially perfused with 4%
paraformaldehyde at 24 h after surgery. Brains were harvested, fixed in 4%
paraformaldehyde at 4°C for 24 h and then embedded in paraffin. Coronal sections at 5 um
were mounted on slides. Antigen retrieval was performed in sodium citrate buffer (10 mM
sodium citrate, 0.05% Tween 20, pH 6.0) at 95 to 100°C for 20 min. The sections were
incubated with 5% normal donkey serum and 1% bovine serum albumin in Tris-buffered
saline for 2 h at room temperature and then incubated at 4°C overnight with the rabbit anti-
ionized calcium binding adapter molecule 1 (Iba-1) antibody (1:200 dilution, Cat. No.: PA5-
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27436; Invitrogen, Eugene, ON, USA). Sections were rinsed in Tris-buffered saline (TBS).
The donkey anti-rabbit IgG antibody conjugated with Alexa Fluor 594 (1:200 dilution, Cat.
No.: A21207; Invitrogen, Eugene, ON, USA) was chose as the secondary antibody. The
sections were incubated with secondary antibody for 1 h at room temperature in the dark.

To investigate whether astrocytes were the source of C3 in hippocampus, sections from
sham group and sepsis group were used for glial fibrillary acidic protein (GFAP) and C3 co-
staining. Sections were incubated with goat anti-GFAP antibody (1:500 dilution, Cat. No.:
ab53554; Abcam) and then with donkey anti-goat 1gG antibody conjugated with Alexa Fluor
488 (1:200 dilution, Cat. No.: ab32790, Invitrogen). C3 was identified by rabbit polyclonal
anti-C3 antibody (1:200 dilution, Cat. No.: ab11887; Abcam) followed by a donkey anti-
rabbit 1gG antibody conjugated with Alexa Fluor 594 (1:200 dilution, Cat. No.: ab21207;
Invitrogen).

The subtypes of a2 adrenoceptors, a2A, a2B and a2C adrenoceptors, were respectively co-
stained with the biomarkers of microglia and astrocytes in mice receiving CLP. Microglia
were identified by Iba-1 staining as mentioned above. The rabbit anti-GFAP antibody (1:500
dilution, Cat. No.: ab7260; Abcam, Cambridge, MA, USA) followed by the donkey anti-
rabbit IgG antibody conjugated with Alexa Fluor 594 (1:200 dilution, Cat. No.: A21207,
Invitrogen, Eugene, ON, USA) was used to identify astrocytes. The goat anti-a2A
adrenoceptor antibody (1:50 dilution, Cat. No.: ab45871; Abcam) that was detected by the
donkey anti-goat 1gG antibody conjugated with Alexa Fluor 488(1:200 dilution, Cat. No.:
A32790; Invitrogen) was used to identify a2A adrenoceptors. The mouse anti-a2B
adrenoceptor antibody (1:50 dilution, Cat. No.: NBP2-66606; Novus Biologicals) that was
detected by the donkey anti-mouse 1gG antibody conjugated with Alexa Fluor 488(1:200
dilution, Cat. No.: A21202; Invitrogen) or rabbit polyclonal anti-a2B adrenoceptor antibody
(1:50, Cat. No.: PA5-109364; Invitrogen) followed with donkey anti-rabbit 1gG antibody
conjugated with Alexa Fluor 488 (1:200 dilution, Cat. No.: A21207; Invitrogen) was used to
identify a2B adrenoceptors. The mouse anti-a2C adrenoceptor antibody (1:50 dilution, Cat.
No.: ab167433; Abcam, Cambridge, MA, USA) that was detected by the donkey anti-mouse
IgG antibody conjugated with Alexa Fluor 488 or rabbit polyclonal anti-a2C adrenoceptor
antibody (1:1000, Cat. No.: NB100-93554; Novus Biologicals) followed with donkey anti-
rabbit 1gG antibody conjugated with Alexa Fluor 488 (1:200 dilution, Cat. No.: A21207;
Invitrogen) was used to identify a2C adrenoceptor staining.

Images were acquired with a fluorescence microscope with a charge-coupled device camera.
A negative control omitting the incubation with the primary antibody was included in all
experiments. Three independent microscopic fields in each section were randomly acquired
in the DG and CA3 areas. Three sections per mouse were imaged. For quantification of
Iba-1 staining in experiments other than microglial deletion experiment, the number of
pixels per image with intensity above a predetermined threshold level was measured. The
threshold level was the measurement on the area without positive staining of the same brain
section. This measurement was performed by using the Image J 1.47n software. The degree
of positive immunoreactivity was reflected by the percentage of the positively stained area in
the total area of the image (whole microscopic field). The 18 measurements (9 from DG area
and 9 from CA3 area) from each mouse were averaged to derive the value for the mouse. To
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evaluate the depletion of microglia, the number of Iba-1 positive cells per 500 pM?2 was
determined. These two methods (fluorescent staining intensity measurement and cell number
counting) were used because determining the fluorescent intensity in an image was easy and
quick. However, determining Iba-1 positive cell density was needed to eliminate the
introduction of a possible error in evaluating the depletion of microglia by PLX3397 if
PLX3397 could decrease the expression of 1ba-1 or change the morphology of microglia. To
evaluate the degree of GFAP and C3 co-localization, the number of cells positively for both
GFAP and C3 per 100 uM? was determined. All quantitative analyses were performed in a
blinded fashion.

Cytokines determination in serum and hippocampus

Mice were euthanized by deep isoflurane anesthesia at 24 h after surgery. Blood was
collected from right ventricle after thoracotomy. After being placed for 2 h at room
temperature, blood was centrifuged at 1300 relative centrifugal field for 20 min at 4°C and
serum was collected. After blood collection, the bilateral hippocampi were harvested after
saline perfusion. The dissection of hippocampus was performed on ice. The concentrations
of tumor necrosis factor (TNF)-a,, interleukin (IL)-6 and IL-1p in the serum and
hippocampus were determined by commercial ELISA kits (R&D SYSTEM). The
hippocampal tissue preparation was the same as that for immunoblotting. After supernatant
was collected, the concentrations of cytokines were determined. To reflect the activation of
astrocytes (Liddelow et al., 2017; Zhao et al., 2020), the complement C3 was measured in
the hippocampus by a commercial kit (Cat. No.: ab157711; Abcam, Cambridge, MA, USA).
The results of cytokines in serum were expressed as pg/ml. The concentrations of cytokines
and complement C3 in the hippocampus were normalized by total protein content and was
presented as pg/mg protein.

Statistical analysis

GraphPad prism 8.0 was used to analyze the data. All data are present as Mean + S.D.
Individual data point is presented in the bar figures. The data of training sessions of Barnes
tests from various sets of experiments was analysed by two-way repeated measures ANOVA.
Shapiro-Wilk test was used to determine the distribution of data. In experiment 1, one-way
ANOVA followed with Tukey’s multiple comparisons test was used to analyse the data
because all data were normally distributed. In experiments 2 to 5, data was analyzed by two-
way ANOVA test followed by Tukey’s multiple comparisons test. The two factors were
sepsis and dexmedetomidine in experiment 2 and dexmedetomidine and an inhibitor
(atipamezole, BRL-44408 or Yohimbine) in other experiments. In experiment 6, the results
of microglial depletion by PLX3397 were analyzed by a two-tailed unpaired #test
(comparison of Iba-1 positive cell density between control and PLX3397 treated mice).
Other data from this experiment was analyzed by one-way ANOVA test followed by Tukey’s
multiple comparisons test. Mortality rates were compared by Z-test. A £< 0.05 was
considered to indicate a statistically significant difference.
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Sepsis impaired learning, memory and blood-brain barrier and induced neuroinflammation

in mice

As the increase in training sessions, the time needed for mice to identify the target box in
Barnes maze was decreased in all groups (Fig. 2A). Sepsis but not sham surgery was a
significant factor to influence the performance of mice in the training sessions [F(1,18) =
8.966, P = 0.008 for sepsis to compare with control condition; F(1,18) = 0.809, P = 0.380 for
sham surgery to compare with control condition]. Two factors were training sessions and
sepsis or training sessions and surgery, respectively, for these two analyses. There was an
interaction between training sessions and sepsis [F(3,18) = 4.115, P = 0.011] but there was
no interaction between training sessions and sham surgery [F(3,18) = 0.601, P = 0.617].
Sepsis, but not sham surgery, increased the time for mice to identify the target box at one
day [14 days after surgery, overall F(2, 27) = 12.62; 13.9 £ 6.4 s in sham surgery group Vs.
69.5 + 49.8 s in sepsis group, A= 0.0006] and 8 days [21 days after surgery, overall F(2, 27)
=14.72; 15.3 £ 5.1 s in sham surgery group vs. 84.5 + 56.7 s in sepsis group, £ =0.0002]
after the training sessions. Also, compared with sham surgery, sepsis decreased not only the
context-related fear conditioning [overall F(2, 27) = 15.22; 125 + 30 s in sham surgery group
vs. 64 = 23 s in sepsis group, £ =0.0213] but also the tone-related fear conditioning [overall
F(2,27) = 17.36; 99 + 24 s in sham surgery group vs. 51 + 18 s in sepsis group, 2= 0.0061].
There was no difference in context- and tone-related fear conditioning between control and
sham surgery mice (Figs. 2B and 2C). These results suggest that sepsis impairs the learning
and memory of mice.

Similar to the behavior data, no significant difference in the expression of HMGB1 and
RAGE was found between control group and sham surgery group. Sepsis increased the
expressions of HMGBL [overall F(2, 18) = 17.33; 1.23 £ 0.34 in sham surgery group Vvs.
4.24 +1.92 in sepsis group, 2= 0.0003] and RAGE [overall F(2, 18) = 11.95; 1.71 £ 0.83 in
sham surgery group vs. 3.63 + 1.53 in sepsis group, £= 0.0076] (Figs. 2D and 2E). A
similar pattern of changes occurs in BBB integrity assessed by Evans blue [overall F(2, 15)
= 20.75; 33.93 £ 6.48 pug/g in sham surgery group vs. 66.88 + 20.28 pg/g in sepsis group, P
=0.0010) (Fig. 2F). These results suggest that sepsis impairs the integrity of BBB in mice.

The expression of Iba-1, a microglial marker, was increased after sepsis [overall F(2, 15) =
116.5; 1.64 + 0.13% in sham surgery group vs. 6.14 + 0.99% in sepsis group, A< 0.0001]
(Figs. 3A). Consistent with the idea that complement C3 is an indicator for the activation of
astrocytes (Liddelow et al., 2017; Zhao et al., 2020), most of C3 positive staining was co-
localized with GFAP staining. The number of C3 positive cells and C3 concentrations were
increased after sepsis [C3 concentrations: overall F(2, 15) = 24.78; 756 + 285 pg/mg protein
in sham surgery group vs. 1679 + 382 pg/mg protein in sepsis group, < 0.0001) (Figs. 3B
and 3C]. Similarly, the concentration of TNF-a [overall F(2, 15) = 12.39; 35.2 + 16.1 pg/ml
in sham surgery group vs. 150.3 £ 81.1 pg/ml in sepsis group, 2= 0.0279], IL-6 [overall F(2,
15) = 39.83; 30.1 + 21.5 pg/ml in sham surgery group vs. 601.8 £ 225.0 pg/ml in sepsis
group, £<0.0001] and IL-1p [overall F(2, 15) = 8.706; 34.3 £ 25.0 pg/mg protein in sham
surgery group vs. 113.5 + 65.7 pg/ml in sepsis group, 2= 0.0386] in serum was increased in
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septic mice. The level of TNF-a [overall F(2, 15) = 22.86; 2.118 + 1.579 pg/mg protein in
sham surgery group vs. 8.511 + 3.302 pg/mg protein in sepsis group, 2= 0.0003], IL-6
[overall F(2, 15) = 14.22; 5.254 + 4.578 pg/mg protein in sham surgery group vs. 18.35 £
6.868 pg/mg protein in sepsis group, 2= 0.0014] and IL-1p [overall F(2, 15) = 17.94; 7.031
+ 4.081 pg/mg protein in sham surgery group vs. 21.92 + 7.183 pg/mg protein in sepsis
group, P=0.0051] in the hippocampus were increased (Fig. 3D). These results suggest that
sepsis induced systemic inflammation and neuroinflammation.

Dexmedetomidine attenuated sepsis-induced neuroinflammation and impairment of
learning, memory and integrity of BBB

As shown above, mice improved their performance in the training sessions of Barnes maze
tests (Fig. 4A). Dexmedetomidine improved the performance of septic mice [F(1,21) =
14.324, P = 0.001] but not sham surgery mice [F(1,18) = 0.0776, P = 0.3784]. Two factors in
the analyses were training sessions and dexmedetomidine. There was no interaction between
training sessions and dexmedetomidine in septic mice [F(3,21) = 1.078, P = 0.365] and in
sham surgery mice [F(3,21) = 0.228, P = 0.877]. Compared to mice in sepsis group, mice
receiving dexmedetomidine needed less time to identify the target box at one day [14 days
after surgery, overall F(1, 40) = 7.976 for the analysis of dexmedetomidine as the factor;
59.3 + 50.9 s in sepsis group vs. 22.6 + 24.6 s in dexmedetomidine plus sepsis group, P=
0.0250] and 8 days [21 days after surgery, overall F(1, 40) = 8.365 for the analysis of
dexmedetomidine as the factor; 80.0 + 61.5 s in sepsis group vs. 33.7 £ 36.1sin
dexmedetomidine plus sepsis group, 2= 0.0255] (Fig. 4B). Dexmedetomidine increased the
freezing time in the context-related fear conditioning [overall F(1, 40) = 24.68 for the
analysis of dexmedetomidine as the factor; 60.3 £ 13.3 s in sepsis group vs. 90.9 + 26.0 s in
dexmedetomidine plus sepsis group, 2= 0.0197] and the tone-related fear conditioning
[overall F(1, 40) = 9.750 for the analysis of dexmedetomidine as the factor; 75.5+ 33.1sin
sepsis group vs. 128.9 + 34.2 s in dexmedetomidine plus sepsis group, £=0.0118] (Fig.
4C). These results suggest that dexmedetomidine attenuated sepsis-induced learning and
memory impairment.

Administration of dexmedetomidine alleviated the sepsis-induced increase of HMGB1
[overall F(1, 28) = 5.015 for the analysis of dexmedetomidine as the factor; 1.81 + 0.96 in
sepsis group vs. 0.76 £ 0.42 in dexmedetomidine plus sepsis group, 2= 0.0076] and RAGE
[overall F(1, 28) = 5.564 for the analysis of dexmedetomidine as the factor; 1.64 £+ 0.52 in
sepsis group vs. 0.82 £ 0.52 in dexmedetomidine plus sepsis group, 2= 0.0089] in the
hippocampus (Figs. 4D and 4E). Dexmedetomidine also improved the integrity of BBB in
septic mice [overall F(1, 36) = 14.940 for the analysis of dexmedetomidine as the factor;
72.98 £ 16.96 pg/g in sepsis group vs. 57.43 + 6.13 pg/g in dexmedetomidine plus sepsis
group, P=0.0397] (Fig. 4F). These results suggest that dexmedetomidine maintains the
integrity of BBB in septic mice.

With dexmedetomidine administration, the increased expression of Iba-1 [overall F(1, 20) =
412.6 for the analysis of dexmedetomidine as the factor; 6.17 + 0.21% in sepsis group Vs.
2.99 + 0.54 in dexmedetomidine plus sepsis group, A< 0.0001] and complement C3 [overall
F(1, 20) = 39.88 for the analysis of dexmedetomidine as the factor; 2135 + 537 pg/mg
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protein in sepsis group vs. 1118 + 548 pg/mg protein in dexmedetomidine plus sepsis group,
P=10.0014] in the hippocampus of septic mice was reduced (Figs. 5A to 5C). Compared
with sepsis group, dexmedetomidine decreased the concentrations of 1L-6 [overall F(1, 20) =
180.1 for the analysis of dexmedetomidine as the factor; 694.1 + 178.7 pg/ml in sepsis group
vs. 480.5 = 82.7 pg/ml in dexmedetomidine plus sepsis group, 2= 0.0080] and IL-1B
[overall F(1, 20) = 13.59 for the analysis of dexmedetomidine as the factor; 110.6 + 64.9
pg/ml in sepsis group vs. 34.8 + 13.8 pg/ml in dexmedetomidine plus sepsis group, P=
0.0072] in the serum. For the cytokines in the hippocampus, dexmedetomidine also
decreased the increased concentrations of I1L-6 [overall F(1, 20) = 10.59 for the analysis of
dexmedetomidine as the factor; 14.2 + 7.8 pg/mg protein in sepsis group vs. 5.2 £ 2.0 pg/mg
protein in dexmedetomidine plus sepsis group, 2= 0.0077] and IL-1 [overall F(1, 20) =
17.52 for the analysis of dexmedetomidine as the factor; 21.8 + 8.4 pg/mg protein in sepsis
group vs. 10.8 + 3.3 pg/mg protein in dexmedetomidine plus sepsis group, 2= 0.0033]
induced by sepsis (Fig. 5D). These results indicate that dexmedetomidine attenuated sepsis-
induced systemic inflammation and neuroinflammation.

Intracerebroventricular a2 adrenoceptor antagonism attenuated the protection of
dexmedetomidine against sepsis-induced neuroinflammation and impairment of learning,
memory and integrity of BBB

Although mice in various groups needed less time to identify target box with increased
training sessions of Barnes maze test (Fig. 6A), intracerebroventricular injection of
atipamezole, a selective a2 adrenoceptor antagonist (Hara et al., 2016), significantly
affected the performance of septic mice with dexmedetomidine treatment [F(1,18) = 9.637,
P =0.006]. Two factors in the analyses were training sessions and atipamezole in
dexmedetomidine-treated mice. There was no interaction between training sessions and
atipamezole in these mice [F(3,18) = 0.703, P = 0.554]. For septic mice receiving
dexmedetomidine, intracerebroventricular atipamezole increased the time for mice to
identify the target box at one day [14 days after surgery, overall F(1, 38) = 8.041 for the
analysis of atipamezole as the factor; 17.7 + 8.1 s in dexmedetomidine plus sepsis group vs.
73.8 £ 57.5 s in atipamezole plus dexmedetomidine plus sepsis group, 2= 0.0425] and 8
days [21 days after surgery, overall F(1, 38) = 7.330 for the analysis of atipamezole as the
factor; 19.7 £ 20.2 s in dexmedetomidine plus sepsis group vs. 80.2 = 54.5 s in atipamezole
plus dexmedetomidine plus sepsis group, 2= 0.0405] after the training sessions (Fig. 6B).
Intracerebroventricular atipamezole also decreased the freezing behaviour of mice receiving
dexmedetomidine not only in context-related [overall F(1, 38) = 7.630 for the analysis of
atipamezole as the factor; 112.5 + 33.3 s in dexmedetomidine plus sepsis group vs. 71.0 £
27.7 s in atipamezole plus dexmedetomidine plus sepsis group, 2= 0.0105] but also in tone-
related [overall F(1, 38) = 8.164 for the analysis of atipamezole as the factor; 94.1 £ 26.3 s
in dexmedetomidine plus sepsis group vs. 66.2 + 18.0 s in atipamezole plus
dexmedetomidine plus sepsis group, 2= 0.0303] fear conditioning (Fig. 6C). These results
suggest that a2 adrenoceptor mediates the effects of dexmedetomidine on learning and
memory in septic mice.

Compared with intracerebroventricular vehicle, intracerebroventricular atipamezole in septic
mice receiving dexmedetomidine increased the expression of HMGBL [overall F(1, 36) =
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23.02 for the analysis of atipamezole as the factor; 0.41 + 0.20 in dexmedetomidine plus
sepsis group vs. 0.78 £ 0.33 in atipamezole plus dexmedetomidine plus sepsis group, P=
0.007] and RAGE [overall F(1, 36) = 6.201 for the analysis of atipamezole as the factor;
0.48 + 0.19 in dexmedetomidine plus sepsis group vs. 1.04 £+ 0.48 in atipamezole plus
dexmedetomidine plus sepsis group, 2= 0.0278] (Figs. 6D and 6E). Intracerebroventricular
atipamezole also impaired the integrity of BBB in sepsis treated with dexmedetomidine
[overall F(1, 24) = 12.62 for the analysis of atipamezole as the factor; 63.24 + 20.83 pug/g in
dexmedetomidine plus sepsis group vs. 109.84 + 21.15 pg/g in atipamezole plus
dexmedetomidine plus sepsis group, A= 0.0060] (Fig. 6F). These results indicate a role of
a2 adrenoceptor in the effects of dexmedetomidine on BBB integrity in septic mice.

In addition, intracerebroventricular atipamezole increased the expression of Iba-1 [overall
F(1, 20) = 73.66 for the analysis of atipamezole as the factor; 2.84 + 0.36% in
dexmedetomidine plus sepsis group vs. 4.78 £ 0.69% in atipamezole plus dexmedetomidine
plus sepsis group, £ =0.0003] and complement C3 [overall F(1, 20) = 6.237 for the analysis
of atipamezole as the factor; 1016 + 303 pg/mg protein in dexmedetomidine plus sepsis
group vs. 1756 + 312 pg/mg protein in atipamezole plus dexmedetomidine plus sepsis
group, P=0.0317] in the brain of mice with sepsis treated with dexmedetomidine (Figs. 7A
and 7B). Although intracerebroventricular atipamezole did not affect the concentrations of
TNF-a, IL-6 and IL-1f in the serum of septic mice treated with dexmedetomidine, it
increased the concentrations of IL-6 [overall F(1, 20) = 22.91 for the analysis of atipamezole
as the factor; 3.96 + 2.37 pg/mg protein in dexmedetomidine plus sepsis group vs. 9.03 +
2.80 pg/mg protein in atipamezole plus dexmedetomidine plus sepsis group, 2= 0.0476] and
IL-1pB [overall F(1, 20) = 15.24 for the analysis of atipamezole as the factor; 6.80 = 3.47
pg/mg protein in dexmedetomidine plus sepsis group vs. 13.90 + 3.73 pg/mg protein in
atipamezole plus dexmedetomidine plus sepsis group, 2= 0.045] in the hippocampus (Fig.
7D). These results suggest that a2 adrenoceptor mediates the effects of dexmedetomidine on
neuroinflammation in septic mice.

Similar to the results of atipamezole, intracerebroventricular yohimbine, a selective a.2
adrenoceptor antagonist (Kino et al., 2005), significantly influenced the performance of
septic mice treated with dexmedetomidine [F(1,21) = 11.904, P = 0.002]. Two factors in the
analyses were training sessions and yohimbine in dexmedetomidine-treated mice. There was
an interaction between training sessions and yohimbine in these mice [F(3,21) = 3.010, P =
0.037] (Fig. 8A). For septic mice receiving dexmedetomidine, intracerebroventricular
yohimbine increased the time for mice to identify the target box at one day [14 days after
surgery, overall F(1, 43) = 16.0 for the analysis of yohimbine as the factor; 18.4 + 8.6 s in
dexmedetomidine plus sepsis group vs. 54.5 £ 34.4 s in yohimbine plus dexmedetomidine
plus sepsis group, £=0.0201] and 8 days [21 days after surgery, overall F(1, 43) = 6.335 for
the analysis of yohimbine as the factor; 22.1 + 15.9 s in dexmedetomidine plus sepsis group
vs. 61.6 £ 31.5 s in yohimbine plus dexmedetomidine plus sepsis group, £ = 0.0228] after
the training sessions (Fig. 8B). Intracerebroventricular yohimbine also decreased the
freezing behaviour of mice receiving dexmedetomidine not only in context-related [overall
F(1, 43) = 6.470 for the analysis of yohimbine as the factor; 104.1 + 25.8 s in
dexmedetomidine plus sepsis group vs. 74.2 £ 20.1 s in yohimbine plus dexmedetomidine
plus sepsis group, 2= 0.0056] but also in tone-related [overall F(1, 43) = 7.476 for the
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analysis of yohimbine as the factor; 103.2 + 24.3 s in dexmedetomidine plus sepsis group vs.
64.6 + 22.0 s in yohimbine plus dexmedetomidine plus sepsis group, 2= 0.0002] fear
conditioning (Fig. 8C). These results, along with the results of experiments using
atipamezole, strongly suggest a role of a2 adrenoceptor in the effects of dexmedetomidine
on learning and memory in septic mice.

Intracerebroventricular a2A adrenoceptor antagonism attenuated the protection of
dexmedetomidine against sepsis-induced neuroinflammation and impairment of learning,
memory and integrity of BBB

As above, the time needed for mice to identify the target box was decreased with increased
training sessions (Fig. 9A). Intracerebroventricular BRL-44408, a selective a2A
adrenoceptor antagonist (Hara et al., 2016), significantly influenced the performance of
septic mice treated with dexmedetomidine [F(1,21) = 28.660, P < 0.001]. Two factors in the
analyses were training sessions and BRL-44408 in dexmedetomidine-treated mice. There
was no interaction between training sessions and BRL-44408 in these mice [F(3,21) = 2.711,
P = 0.052]. Compared to septic mice receiving dexmedetomidine, intracerebroventricular
BRL-44408 increased the time for mice to identify the target box at one day [14 days after
surgery, overall F(1, 41) = 20.53 for the analysis of BRL-44408 as the factor; 15.0 £ 7.2 sin
dexmedetomidine plus sepsis group vs. 41.8 £ 22.0 s in BRL-44408 plus dexmedetomidine
plus sepsis group, £=0.0373] and 8 days [21 days after surgery, overall F(1, 41) = 13.96 for
the analysis of BRL-44408 as the factor; 18.5 + 10.6 s in dexmedetomidine plus sepsis
group vs. 51.1 + 22.6 s in BRL-44408 plus dexmedetomidine plus sepsis group, 2= 0.0219]
after training sessions of Barnes maze test. Intracerebroventricular BRL-44408 also
decreased the freezing behaviour of septic mice receiving dexmedetomidine in context-
related fear conditioning [overall F(1, 41) = 20.49 for the analysis of BRL-44408 as the
factor; 101.9 + 33.2 s in dexmedetomidine plus sepsis group vs. 62.3 £ 21.6 s in BRL-44408
plus dexmedetomidine plus sepsis group, 2= 0.0033] (Figs. 9B and 9C). These results
suggest that a2A adrenoceptor mediates the effects of dexmedetomidine on learning and
memory in septic mice.

Compared with intracerebroventricular vehicle, intracerebroventricular BRL-44408
increased HMGB1 expression in the hippocampus of septic mice receiving
dexmedetomidine [overall, F(1, 20) = 16.50 for the analysis of BRL-44408 as the factor;
0.31 + 0.04 in dexmedetomidine plus sepsis group vs. 0.65 = 0.17 in BRL-44408 plus
dexmedetomidine plus sepsis group, 2= 0.0288) (Figs. 9D and 9E]. Intracerebroventricular
BRL-44408 also impaired the integrity of BBB of septic mice treated with dexmedetomidine
[overall F(1, 20) = 58.25 for the analysis of BRL-44408 as the factor; 56.30 + 21.25 pg/g in
dexmedetomidine plus sepsis group vs. 100.17 + 21.40 pg/g in BRL-44408 plus
dexmedetomidine plus sepsis group, 2= 0.0331] (Fig. 9F). These results indicate a role of
a2A adrenoceptor in the effects of dexmedetomidine on BBB integrity in septic mice.

The expression of Iba-1 [overall F(1, 20) = 124.3 for the analysis of BRL-44408 as the
factor; 2.87 £ 0.57% in dexmedetomidine plus sepsis group vs. 4.14 + 0.39% in BRL-44408
plus dexmedetomidine plus sepsis group, 2= 0.0087] and complement C3 [overall F(1, 20)
= 8.058 for the analysis of BRL-44408 as the factor; 991 + 426 pg/mg protein in
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dexmedetomidine plus sepsis group vs. 1665 + 383 pg/mg protein in BRL-44408 plus
dexmedetomidine plus sepsis group, 2= 0.0375] in the hippocampus of septic mice treated
with dexmedetomidine was increased by intracerebroventricular BRL-44408 (Figs. 10A to
10C). Although intracerebroventricular BRL-44408 did not affect the cytokine
concentrations in the serum of septic mice treated with dexmedetomidine, it increased the
hippocampal IL-6 [overall F(1, 20) = 23.12 for the analysis of BRL-44408 as the factor; 2.99
+ 21.88 pg/mg protein in dexmedetomidine plus sepsis group vs. 7.62 + 2.20 pg/mg protein
in BRL-44408 plus dexmedetomidine plus sepsis group, £ = 0.0420] and IL-1p [overall F(Z1,
20) = 28.85 for the analysis of BRL-44408 as the factor; 4.24 + 2.38 pg/mg protein in
dexmedetomidine plus sepsis group vs. 11.23 £ 2.33 pg/mg protein in BRL-44408 plus
dexmedetomidine plus sepsis group, 2= 0.0292] (Fig. 10D). These results suggest that a2A
adrenoceptor mediates the effects of dexmedetomidine on systemic inflammation and
neuroinflammation in septic mice.

Astrocytic a2A adrenoceptor played a role in dexmedetomidine-induced protection against
neuroinflammation in septic mice

There was only a2A adrenoceptor expressed in the hippocampus. The immunostaining of
a2A adrenoceptor was co-localized with the staining of GFAP but not with that of Iba-1.
There was no positive staining for a2B and a.2C adrenoceptors in the hippocampus (Figs.
11A and 11B). These results suggest that hippocampal astrocytes express a2A
adrenoceptors. Similarly, there was staining for a.2A adrenoceptors but no staining for a2B
and a.2C adrenoceptors in the intergeniculate leaf, a brain region that is underneath the
hippocampus and has a short distance to the lateral ventricle. The a.2A adrenoceptor staining
in this brain structure was also co-localized with GFAP staining (Fig. 11C). Consistent with
the immunofluorescent staining, Western blotting analysis showed that a2A adrenoceptor
was the predominant a2 adrenoceptor in the hippocampus (Fig. 11D). The finding of almost
none-detectable a2B and a.2C adrenoceptors in the hippocampus was not due to the failure
of the antibodies because the antibodies for a2B and a.2C adrenoceptors detected clear
protein bands in kidney samples (Fig. 11E). These results presented in figure 11 were
produced by using mouse monoclonal anti-a2B adrenoceptor antibody and mouse
monoclonal anti-a.2C adrenoceptor antibody. Due to the concerns of specificity and high
background binding of these mouse antibodies when they were used in mouse tissues, rabbit
polyclonal anti-a2B adrenoceptor antibody and rabbit polyclonal anti-a2C adrenoceptor
antibody were used in additional experiments. These antibodies also did not detect any
significant amount of a2B and a.2C adrenoceptors in the hippocampus by the
immunofluorescent staining and Western blotting analysis (Supplemental figure 1).

After mice were treated with PLX3397 for 14 days, the number of cells positively stained
with Iba-1 in the hippocampus was reduced markedly (50 + 7 per 500 pm? in control group
vs. 4 = 1 per 500 pm? in PLX3397 group, P< 0.0001) (Fig. 12A), similar to the finding
reported before (Liang et al., 2019). Dexmedetomidine reduced the HMGBL1 expression in
the hippocampus of septic mice with microglial depletion [overall F(3, 20) = 4.901; 2.23 +
1.03 in PLX3397 plus sepsis group vs. 1.45 + 0.54 in dexmedetomidine plus PLX3397 plus
sepsis group, £=0.0006] (Fig. 12B). Dexmedetomidine also reduced the levels of IL-6
[overall F(3, 20) = 67.11; 577.4 £ 142.5 pg/ml in PLX3397 plus sepsis group vs. 396.5 £
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84.7 pg/ml in dexmedetomidine plus PLX3397 plus sepsis group, 2= 0.0065] and IL-1p
[overall F(3, 20) = 75.37; 89.1 + 19.7 pg/ml in PLX3397 plus sepsis group vs. 64.4 £ 10.7
pg/ml in dexmedetomidine plus PLX3397 plus sepsis group, A= 0.0196] in the serum (Fig.
12C). The concentrations of IL-6 [overall F(3, 20) = 16.33; 8.63 + 142.5 pg/mg protein in
PLX3397 plus sepsis group vs. 5.03 £ 1.44 pg/mg protein in dexmedetomidine plus
PLX3397 plus sepsis group, £=0.0085] and IL-1p [overall F(3, 20) = 20.69; 6.54 = 2.03
pg/mg protein in PLX3397 plus sepsis group vs. 3.84 + 1.33 pg/mg protein in
dexmedetomidine plus PLX3397 plus sepsis group, 2= 0.0115] in the hippocampus of these
mice were also decreased by dexmedetomidine. The release of C3 in the hippocampus of
septic mice with microglial depletion was inhibited by dexmedetomidine [overall F(3, 20) =
24.10; 2254 + 343 pg/mg protein in PLX3397 plus sepsis group vs. 1591 + 403 pg/mg
protein in dexmedetomidine plus PLX3397 plus sepsis group, A= 0.0187) (Fig. 12C]. These
results suggest that dexmedetomidine remains effective in inhibiting neuroinflammation in
microglial depletion mice. Unfortunately, the behavior test was not conducted to the
microglial depletion mice due to the high mortality (93.3%, 28 mice in total 30 mice) by 3
days after the onset of sepsis. The corresponding mortality of PLX3397 plus
dexmedetomidine group was 66.7% (20 mice in total 30 mice). These mortality rates were
higher than those of mice without microglial depletion that survived till the end of behaviour
testing (21 days after CLP) [37.7% (death: 35 mice in total 93 mice) for sepsis group from
experiment 1 to experiment 5, P < 0.001 compared with PLX3397 plus sepsis; 33.3% (death:
22 mice in total 66 mice) for sepsis plus dexmedetomidine group from experiment 2 to
experiment 5, P = 0.005 compared with PLX3397 plus sepsis plus dexmedetomidine].

Discussion

In this study, we used CLP, a classical sepsis animal model. Consistent with our previous
findings, CLP induced SAE and inflammation (Xing et al., 2018). Associated with these
phenomena, the integrity of BBB was impaired and the factors, HMGB1 and RAGE that are
known to regulate the integrity of BBB (Faraco et al., 2007; Festoff et al., 2016), were
increased. These sepsis-induced changes were attenuated by dexmedetomidine, suggesting
that dexmedetomidine has a protective role in sepsis.

The damage to BBB by systemic inflammation was considered as an initial and important
process for the development of SAE (Haileselassie et al., 2020). The increased permeability
of BBB allowed peripheral proinflammatory cytokines transmitted into the CNS (Danielski
et al., 2018; Kuperberg and Wadgaonkar, 2017). In addition to the direct neuron injury
effect, these cytokines activate resting glia (Colonna and Butovsky, 2017). Of note, SAE
with glial activation can occur in the absence of obvious BBB damage in rats after CLP
(Griton et al., 2020). HMGBL released from activated astrocyte and microglia induces
oxidative stress in the vascular endothelial cells via activating RAGE. Thus, they aggravated
the injury of BBB induced by systemic inflammation (He et al., 2012; Okuma et al., 2012).
In our study, the levels of proinflammatory cytokines (TNF-a, IL-6 and IL-1p) in the serum
was increased after CLP. Astrocytes and microglia may be activated as indicated by
increased Iba-1 and C3. HMGB1 and RAGE in the hippocampus were increased. The
permeability of BBB in the hippocampus was also increased after CLP. These complex
processes may contribute to the significant neuroinflammation in mice with CLP.
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Our previous studies have shown that the neuroinflammation can lead to neurocognitive
dysfunction (Cao et al., 2012; Xing et al., 2018; Zheng et al., 2017). However, mice with
sham surgery in this study did not show learning and memory impairment. These mice also
did not have significant systemic inflammation and neuroinflammation. Several studies have
shown that exploratory laparotomy under isoflurane anesthesia induces neurocognitive
dysfunction via neuroinflammation in elderly mice (Qiu et al., 2016; Qiu et al., 2020). The
reasons for these different findings are not known, different ages, surgical details and strains
of mice may contribute to this difference. In our study, adult CD-1 mice were used. Elderly
C57BL/6 mice were used in those previous studies (Colonna and Butovsky, 2017; He et al.,
2012).

Dexmedetomidine has been used clinically to provide sedation. Its neuroprotective effects
have been recognized for many years (Ren et al., 2016). In recent years, dexmedetomidine is
shown to have a beneficial effect on neurocognitive function (Hu et al., 2018; Mei et al.,
2018; Skrobik et al., 2018; Su et al., 2016). In addition to the sedative effect,
dexmedetomidine may be anti-inflammatory, which is considered as a potential mechanism
for its cognition protective effect (Wang et al., 2019a). Results from another study showed
that peripheral application of dexmedetomidine inhibited neuroinflammation after
lipopolysaccharide application (Liu et al., 2017). A recent study demonstrated that
dexmedetomidine prevented cognitive decline and BBB impairment induced by exogenous
administration of HMGB1 (Hu et al., 2018). In addition, dexmedetomidine is shown to
reduce CLP-induced learning and memory impairment in rats (Yin et al., 2019). Our study
showed that the systemic inflammation and neuroinflammation induced by CLP were
reduced by dexmedetomidine. Dexmedetomidine maintained neurocognitive functions and
the integrity of BBB. These results clearly suggest the protective role of dexmedetomidine in
sepsis.

The mechanism for dexmedetomidine to provide neuroprotection is not fully understood.
Previous studies have used a2 adrenoceptor antagonists via systemic routes to implicate a
role of a2 adrenoceptor in the effects of dexmedetomidine on the brain (Hu et al., 2018; Sun
et al., 2019). It is possible that dexmedetomidine can inhibit systemic inflammation to
protect the brain. As found by others (Dardalas et al., 2019) and results from this study,
dexmedetomidine reduced the level of proinflammatory cytokines in the blood, which is a
critical factor to damage the integrity of BBB and induce neuroinflammation (Wang et al.,
2019b). Dexmedetomidine may have a direct effect on neuroinflammation. As a highly
selective a2 adrenoceptor agonist, the sedative effect of dexmedetomidine is achieved by
activating a2 adrenoceptor in the locus ceruleus (Faraco et al., 2007; Zhang et al., 2015). It
is important to note that norepinephrine from locus ceruleus modulates glial function (Qiu et
al., 2016), indicating that the adrenergic system in the CNS may influence
neuroinflammation induced by various insults. Dexmedetomidine can inhibit the activation
of cultured microglia or astrocytes (Gao et al., 2019; Hu et al., 2018; Peng et al., 2013). In
this study, intracerebroventricular application of atipamezole blocked dexmedetomidine-
induced inhibition on neuroinflammation, the expression of HMGB1 and RAGE in the
hippocampus and impairment of BBB in mice with sepsis. The protection of
dexmedetomidine on neurocognitive function was also blocked by intracerebroventricular
atipamezole. Since intracerebroventricular atipamezole did not affect dexmedetomidine-
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induced attenuation of increased cytokines in the blood, these results provide initial evidence
that the a2 adrenoceptor in the CNS plays a key role in the neuroprotective effect of
dexmedetomidine. In supporting this possibility, yohimbine, another a2 adrenoceptor
antagonist given intracerebroventricularly, blocked dexmedetomidine-induced improvement
in learning and memory of septic mice.

There are three subtypes of a2 adrenoreceptor: a2A, a2B and a2C (Schwinghammer et al.,
2020). a.2A adrenoceptor was the only subtype identified in the hippocampus and
intergeniculate leaf. These a2A adrenoceptors were expressed in astrocytes and were not
found in microglia. Western blotting analysis detected hardly any a2B and a2C
adrenoceptors in the hippocampus but detected these two subtypes of adrenoceptors in the
kidneys, suggesting the effectiveness of the antibodies in detecting these receptors. No
identifiable amount of a.2B and a.2C adrenoceptors was detected in the hippocampus by
mouse monoclonal antibody or rabbit polyclonal antibody. Previous studies using
radioligand labelling or general a.2 adrenoceptor agonist coupled with using a2C
adrenoceptor overexpression or knockout mice have shown the expression of a2C
adrenoceptors in the hippocampus of wild-type mice, although a2A adrenoceptor expression
is much higher than a2C adrenoceptor expression also in these previous studies (Holmberg
et al., 2003; Scheibner et al., 2001). The reasons for different findings on a2C adrenoceptor
expression between our study and previous studies are not known but different mouse strains
were used (CD-1 mice in our study versus FVB/N and NMRI mice in previous studies). Our
results on a2 adrenoceptor expression only in astrocytes are different from previous /n vitro
studies that showed that mRNA encoding a.2A adrenoceptor was expressed in microglia
activated by lipopolysaccharide (Gyoneva and Traynelis, 2013; Mori et al., 2002).
Dexmedetomidine was shown to exhibit direct modulation on the lipopolysaccharide-
stimulated microglia /n vitrobut a2 adrenoceptor expression was not determined (Peng et
al., 2013). However, the expression of adrenoceptors in microglia was experimental
condition-dependent (Gyoneva and Traynelis, 2013). The detection of a2 adrenoceptor
protein in our study was in mice with CLP-induced sepsis.

To determine whether a.2A adrenoceptor play a role in the neuroprotective effect of
dexmedetomidine, BRL-44408, a selective a2A adrenoceptor antagonist (Liu et al., 2017),
was used. Similar to the finding with using atipamezole, intracerebroventricular application
of BRL-44408 alleviated the inhibition of dexmedetomidine on complement C3 expression
in the hippocampus, indicating that the activation of a2A adrenoceptor by dexmedetomidine
inhibits the transformation of astrocytes into Al type. Al reactive astrocytes are known to
produce complement components and release toxic factors, which injure neurons (Clarke et
al., 2018). Also, astrocytes can modulate microglial function (Shi et al., 2020). In a mouse
Alzheimer’s model, activated astrocyte-derived complement C3 activates microglia (Lian et
al., 2016). In our study, the inhibition of dexmedetomidine on microglial activation as
reflected by Iba-1 expression was reversed by intracerebroventricular BRL-44408. Thus,
activating astrocytic a.2A adrenoceptor not only reduces the potential injury effects of
reactive astrocytes but also contributed to reducing microglial activation, As expected,
dexmedetomidine-induced inhibition of proinflammation cytokine expression in the brain,
maintenance of BBB integrity and improvement of learning and memory in septic mice were
blocked by intracerebroventricular BRL-44408. These results suggest a critical role of
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astrocytic a.2A adrenoceptor in dexmedetomidine-induced neuroprotective effect. In
strongly supporting this suggestion, depleting microglia in the brain did not block the effects
of dexmedetomidine on the expression of HMGB1, RAGE and proinflammatory cytokines
in the brain, suggesting that the targeting proteins for dexmedetomidine are in astrocytes. A
method of astrocytic depletion has been reported (Allnoch et al., 2019). We have not used
the method to further imply the role of astrocytes in the dexmedetomidine effects on the
brain because it appears that more than half of the GFAP positive cells survive with this
method (Allnoch et al., 2019).

Of note, dexmedetomidine has an imidazoline ring structure and has been reported to
activate the imidazoline receptor (Khan et al., 1999). In addition to the antagonist activity on
a2 adrenoreceptor, atipamezole was reported to have the ability to block imidazoline
receptor (Hu et al., 2018). Nevertheless, BRL-44408 does not appear to affect imidazoline
receptor (Cobos-Puc et al., 2016). Yohimbine does not have affinity to the imidazoline
receptor (Kino et al., 2005). Both Yohimbine and BRL-44408 attenuated the beneficial
effects of dexmedetomidine in septic mice. Thus, the role of imidazoline receptor in
mediating the protective effects of dexmedetomidine in septic mice is unlikely. However, in
contrast to the protective role of a2 adrenoceptor in sepsis as shown in many studies
including our study with using dexmedetomidine (Hu et al., 2018; Mei et al., 2018; Skrobik
et al., 2018; Su et al., 2016), one study has shown that intravenous BRL-44408 improved
survival of septic rats (Miksa et al., 2009). The reason for this different finding is not clear
but different species (mice vs. rats) and outcome parameters (survival vs. brain function and
structure) are noted between the previous study and our study.

Our findings have significant implications. SAE is a significant clinical issue.
Dexmedetomidine has been used clinically. If the protective effects of dexmedetomidine on
SAE are confirmed in humans, translation of our findings into clinical practice may be easy.
Also, our study provides initial evidence for the protective effects of astrocytic a2A
adrenoceptor. Very selective a2A adrenoceptor agonists may be developed to provide
protection and have limited side effects.

Our study has limitations. Our results indicate a role of a2A adrenoceptor in the protective
effects of dexmedetomidine. However, the downstream mechanisms for this role are not
investigated. Our results showed that dexmedetomidine can inhibit systemic inflammation.
We have not determined the mechanisms for this inhibition. A very recent study showed that
dexmedetomidine promotes the transformation of peripheral macrophages to M2
polarization after liver ischemia (Zhou et al., 2020), which may be a mechanism for
dexmedetomidine to inhibit systemic inflammation. Finally, our findings are from animal
research and shall not be extrapolated directly to humans.

Conclusion

Our results have shown that sepsis induces a massive systemic inflammation,
neuroinflammation, leakage of BBB and the impaired neurocognitive function. Systemic
administration of dexmedetomidine attenuated these septic effects. The neuroprotective
effects of dexmedetomidine may be mediated by a2A adrenoceptors in astrocytes.
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Highlights
. Sepsis induces neuroinflammation and sepsis-associated encephalopathy
(SAE)
. Dexmedetomidine attenuates sepsis-induce inflammation and SAE
. a2A adrenoceptor in the astrocytes may mediate dexmedetomidine

neuroprotection

Brain Behav Immun. Author manuscript; available in PMC 2022 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Mei et al.

Page 24
A B
Blood and
atedel, Whoheibd Bmo ) .
Sham surge =
Control __L,,____:, gery M——HI———-{-»
| i | I
s:r':;‘y : : CLP | | 1 ' ‘[
|
Sh - pers Sepsi e (e i
am surgery ] ‘|L’ l_ | > epsis ]l_l l_ _IL >
I
Sepsi == : : CLP : :
peis - U F--+4 DEX+Sepsis - | 1 b
0 24h 14d ! !
Sh; I |
DEX+ surnaemry | !
Sham surgery 1) | 1 = H I_ = =
05min 125min 245min  24h
C D
ICV antagonist Blood and Behavioral test
Ivohicios tissue collection ‘ Vehicle Blood and
| i .
Sepsis CLP l l l — “\./ I_ — _l. " Control == «zsnt:?lemon
! ! ! PLX3397 |
s CLP ll | | 1 | 1
DEX+Sepsis - H I‘—"+’ PLX (S |
1 | I !
1 | PLX3397 i
i s S L I o !
antagonists+ P | — " l |
. st A e B
DEX+Sepsis i 1|'I l‘ 'T L3 PLX+Sepsis | | ”‘
: : ! PLX3397 |
oa2/a2A AR cupl | | DEX+ ciey ! ! }
antagonists+ ‘_lr_%l_ —— H ,_ = .%., PLX+Sepsis - - =
Sepsis 05min  125min  245min  24h 14d 4d Ofinki;  M2smini 245ln. 24h
l Saline l Dexmedetomidine
Fig. 1.

Diagram of experiments. (A) Mice were randomly allocated to 3 groups: control, sham
surgery and sepsis groups. Blood and tissues were collected at 24 h after cecal ligation and
puncture (CLP) or sham surgery. Fourteen days after CLP or sham surgery, Barnes maze and
fear conditioning tests were used to determine the learning and memory function of mice.
(B) Mice were randomly allocated to 4 groups: sham surgery, sepsis, dexmedetomidine +
sham surgery, and dexmedetomidine + sepsis groups. Blood and tissues were collected at 24
h after CLP or sham surgery. Fourteen days after CLP or sham surgery, Barnes maze and
fear conditioning tests were used to determine the learning and memory function of mice.
(C) Mice were randomly allocated to 4 groups: sepsis, dexmedetomidine + sepsis,
intracerebroventricular a2/a2A adrenoceptor antagonists + dexmedetomidine + sepsis and
intracerebroventricular a2/a.2A adrenoceptor antagonists + sepsis groups. The a2
adrenoceptor antagonist was atipamezole or yohimbine and a2A adrenoceptor antagonist
was BRL-44408. Blood and tissues were collected at 24 h after CLP. Fourteen days after
CLP or sham surgery, Barnes maze and fear conditioning tests were used to determine the
learning and memory function of mice. (D) Mice were randomly allocated to 4 groups:
control, PLX3397, PLX3397 + sepsis and dexmedetomidine + PLX3397 + sepsis groups.
Blood and tissues were collected at 24 h after CLP. Since harvesting blood and tissues are
terminal procedures, the animals for harvesting blood and tissues were a different cohort
from those animals used in behavioral testing.
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Fig. 2.

Segpsis impaired learning, memory and BBB integrity in mice. (A) Training sessions of
Barnes maze. (B) Memory phase of Barnes maze. (C) Context- and tone-related fear
conditioning test. (D) Representative Western blotting images of samples from the
hippocampus. (E) Quantitative results of HMGB1 and RAGE in the hippocampus. (F)
Quantification of Evans blue permeated into the hippocampus. All results are expressed as
mean £ S.D. (n = 10 in each group for panels A to C; n = 7 in each group for Western
blotting data; n = 6 in each group for Evans blue quantification data). Each animal data point
in the bar graph is also presented. * P < 0.05 compared with the corresponding data on day
1.
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Fig. 3.

Segpsis induced systemic inflammation and neuroinflammation. (A) Left panel:
representative immunofluorescent images. Scale bar = 50 um. Right panel: quantitative
results of the percentage of 1ba-1 positive area in the total area of the image (whole
microscopic field) in the hippocampus. (B) Left panel: representative immunofluorescent
images. Scale bar = 100 pm. Arrows indicate representative co-localization of C3 staining
and GFAP staining. Right panel: quantitative results of C3 positive cell density. (C) C3
concentration in the hippocampus. (D) Concentrations of TNF-a,, IL-6 and IL-1p in the
serum and hippocampus. All results are expressed as mean + S.D. (n = 6 in each group).
Each animal data point in the bar graph is also presented.
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Fig. 4.

Dgxmedetomidine attenuated sepsis-impaired learning, memory and BBB integrity in mice.
(A) Training sessions of Barnes maze. (B) Memory phase of Barnes maze. (C) Context- and
tone-related fear conditioning test. (D) Representative Western blotting images of samples
from the hippocampus. (E) Quantitative results of HMGB1 and RAGE in the hippocampus.
(F) Quantification of Evans blue permeated into the hippocampus. All results are expressed
asmean + S.D. (n =10 — 12 in each group for panels A to C; n = 8 in each group for
Western blotting data; n = 10 in each group for Evans blue quantification data). Each animal
data point in the bar graph is also presented. * P < 0.05 compared with the corresponding
data on day 1. Dex: dexmedetomidine.
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Fig. 5.

Dexmedetomidine attenuated sepsis-induced systemic inflammation and neuroinflammation.
(A) Representative immunofluorescent images. Scale bar = 50 um. (B) Quantitative results
of the percentage of Iba-1 positive area in the total area of the image in the hippocampus.
(C) C3 concentration in the hippocampus. (D) Concentrations of TNF-a,, IL-6 and IL-1f in
the serum and hippocampus. All results are expressed as mean + S.D. (n = 6 in each group).
Each animal data point in the bar graph is also presented. Dex: dexmedetomidine.
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Fig. 6.

In?racerebroventricular a2 adrenoceptor antagonist (atipamezole) reduced dexmedetomidine
protection on sepsis-impaired learning, memory and BBB integrity in mice. (A) Training
sessions of Barnes maze. (B) Memory phase of Barnes maze. (C) Context- and tone-related
fear conditioning test. (D) Representative Western blotting images of samples from the
hippocampus. (E) Quantitative results of HMGB1 and RAGE in the hippocampus. (F)
Quantification of Evans blue permeated into the hippocampus. All results are expressed as
mean £ S.D. (n =10 — 12 in each group for panels A to C; n = 10 in each group for Western
blotting data; n = 7 in each group for Evans blue quantification data). Each data point in the
bar graph is also presented. * P < 0.05 compared with the corresponding data on day 1. ATI:
atipamezole, Dex: dexmedetomidine.
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Fig. 7.

Intracerebroventricular a2 adrenoceptor antagonist (atipamezole) reduced dexmedetomidine
protection on sepsis-induced systemic inflammation and neuroinflammation. (A)
Representative immunofluorescent images. Scale bar = 100 um in the upper panel and = 50
um in the lower panel. (B) Quantitative results of the percentage of Iba-1 positive area in the
total area of the image in the hippocampus. (C) C3 concentration in the hippocampus. (D)
Concentrations of TNF-a, IL-6 and IL-1p in the serum and hippocampus. All results are
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expressed as mean £ S.D. (n = 6 in each group). Each animal data point in the bar graph is
also presented. ATI: atipamezole, Dex: dexmedetomidine.
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Fig. 8.

Intracerebroventricular a2 adrenoceptor antagonist (yohimbine) reduced dexmedetomidine
protection on sepsis-impaired learning and memory in mice. (A) Training sessions of Barnes
maze. (B) Memory phase of Barnes maze. (C) Context- and tone-related fear conditioning
test. All results are expressed as mean £ S.D. (n = 11 — 12 in each group for panels A to C).
Each data point in the bar graph is also presented. * P < 0.05 compared with the
corresponding data on day 1. Dex: dexmedetomidine, Yoh: yohimbine.
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Intracerebroventricular a2A adrenoceptor antagonist (BRL-44408) reduced
dexmedetomidine protection on sepsis-impaired learning, memory and BBB integrity in
mice. (A) Training sessions of Barnes maze. (B) Memory phase of Barnes maze. (C)
Context- and tone-related fear conditioning test. (D) Representative Western blotting images
of samples from the hippocampus. (E) Quantitative results of HMGB1 and RAGE in the
hippocampus. (F) Quantification of Evans blue permeated into the hippocampus. All results
are expressed as mean + S.D. (n = 10 — 12 in each group for panels A to C; n = 6 in each
group for Western blotting data; n = 6 in each group for Evans blue quantification data).
Each animal data point in the bar graph is also presented. * P < 0.05 compared with the
corresponding data on day 1. BRL: BRL-44408, Dex: dexmedetomidine.
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Fig. 10.
Intracerebroventricular a2A adrenoceptor antagonist (BRL-44408) reduced

dexmedetomidine protection on sepsis-induced systemic inflammation and
neuroinflammation. (A) Representative immunofluorescent images. Scale bar = 100 um in
the upper panel and = 50 um in the lower panel. (B) Quantitative results of the percentage of
Iba-1 positive area in the total area of the image in the hippocampus. (C) C3 concentration in
the hippocampus. (D) Concentrations of TNF-a, IL-6 and IL-1 in the serum and
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hippocampus. All results are expressed as mean + S.D. (h = 6 in each group). Each animal
data point in the bar graph is also presented. BRL: BRL-44408, Dex: dexmedetomidine.
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Fig. 11.
Immunofluorescent staining and Western blotting analysis of a2 adrenoceptor subtypes in

the brain and kidneys. (A) Co-localization of a2 adrenoceptor subtypes with Iba-1 in the
hippocampus. (B) Co-localization a2 adrenoceptor subtypes with GFAP in the
hippocampus. Scale bar = 100 um in the upper panel and = 50 pm in the lower panel for
panels A and B. (C) Co-localization a2 adrenoceptor subtypes with GFAP in the
intergeniculate leaf. Scale bar = 50 um. (D) Left panel: representative Western blotting
images of samples from the hippocampus. Right panel: quantitative results of HMGB1 and
RAGE in the hippocampus. Results are expressed as mean + S.D. (n = 8 in each group).
Each animal data point in the bar graph is also presented. (E) Representative Western
blotting images of samples from the kidneys.
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Fig. 12.

Dexmedetomidine remained to be effective to reduce systemic inflammation and
neuroinflammation in septic mice depleted of microglia. (A) Presentation of microglial
depletion by PLX3397. Left panel is representative images of Iba-1 immunostaining. Scale
bar = 500 pm. Right panel is quantification of Iba-1 positive cells. (B) Representative
Western blotting images. (C) Concentrations of IL-6 and IL-1f in the serum and
concentrations of C3, IL-6 and IL-1p in the hippocampus. All results are expressed as mean
+ S.D. (n =4 for panel A; n =6 in each group for all other panels). Each animal data point in
the bar graph is also presented. PLX: PLX3397, Dex: dexmedetomidine.
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