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Abstract

Purpose In the present study, we examined whether and by
what mechanisms dexmedetomidine (DMED) prevents the
development of systemic inflammation (SI)-induced cogni-
tive dysfunction in aged rats.

Methods Animals received a single intraperitoneal (i.p.)
injection of either 5.0 mg/kg lipopolysaccharide (LPS) or
vehicle. LPS-treated rats were further divided into three
groups: early DMED, late DMED, or midazolam (MDZ)
treatment (n = 12 each). Seven days after LPS injection,
cognitive function was evaluated using a novel object rec-
ognition task, followed by measurement of hippocampal
levels of proinflammatory cytokines and Toll-like receptor
4 (TLR-4) expression. For ex vivo experiments, microglia
were isolated from the hippocampus for assessment of
cytokine response to LPS.

Results LPS-treated rats showed memory deficits, hip-
pocampal neuroinflammation, and TLR-4 upregulation as
compared to saline-treated animals. However, early DMED
treatment was able to attenuate these SI-induced neurocog-
nitive changes, whereas no benefits were observed in the
MDZ and late DMED treatment groups. In ex vivo experi-
ments, early DMED treatment prevented the development
of SI-induced excessive microglial hyperactivation, which
was blocked by the nonspecific a,-adrenergic receptor
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(AR) antagonist atipamezole or the specific a,,-AR antag-
onist BRL-44408, but not by the specific o,p,-AR antago-
nist ARC-239. On the other hand, neither DMED nor MDZ
had a direct effect on LPS-induced release of pro-inflam-
matory cytokines from hippocampal microglia at clinically
relevant concentrations.

Conclusion Our findings highlight that treatment with
DMED during, but not after, peripheral SI can prevent sub-
sequent hippocampal neuroinflammation, overexpression
of TLR-4 in microglia, and cognitive dysfunction, as medi-
ated by the a,,-AR signaling pathway.

Keywords Dexmedetomidine - Neuroinflammation -
Microglia - Cognitive function

Introduction

Clinical and preclinical evidence demonstrates that sys-
temic inflammation (SI) can induce long-lasting cognitive
complications via immune-to-brain communication, espe-
cially in the aged and vulnerable brain [1-5]. This impact
even includes acute SI episodes such as aseptic surgical
trauma or systemic infections, otherwise known as postop-
erative [6] or septic-associated cognitive dysfunction [7],
respectively. Longitudinal studies suggest that these con-
ditions are associated with subsequent disability and mor-
tality [7-10]; therefore, effective preventive and treatment
strategies, as well as molecular targets, need to be devel-
oped. Although the precise mechanisms remain to be elu-
cidated, there is increasing evidence that neuroinflamma-
tion characterized by increased proinflammatory cytokines
derived from activated microglia plays a crucial role in the
development of acute SI-induced cognitive dysfunction [1,
2, 11-13].
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In rodents, lipopolysaccharide (LPS, an endotoxin), the
major component of Gram-negative bacteria, is widely
used as an experimental model of SI [14]. We previously
reported that a single systemic injection of LPS in aged rats
results in long-lasting hippocampal neuroinflammation and
related cognitive deficits [15]. As a major determinant of
cognitive vulnerability, microglia are known to be primed
during normal aging to produce greater proinflammatory
responses to subsequent SI events [16, 17]. Primed micro-
glia exhibit an upregulation of cell surface receptors such
as Toll-like receptor 4 (TLR-4), which influences changes
in their function and phenotype [18]. Recently, we deter-
mined that primed microglia can trigger an exaggerated
release of proinflammatory cytokines, which contribute to
prolonged neuroinflammation after SI induced by abdomi-
nal surgery [3]. In particular, proinflammatory cytokines,
tumor necrosis factor-a. (TNF-a), and interleukin-1p (IL-
1B) released from hippocampal microglia play a pathogenic
role in neurodegenerative disease-related cognitive dys-
function [19, 20].

Dexmedetomidine (DMED), an a,-adrenoceptor agonist,
has been widely used in clinical practice as a perioperative
sedative agent [21, 22]. Evidence has shown that DMED
can reduce the risk of perioperative cognitive outcomes in
critical care or postoperatively [23—30]. In support of these
observations, preclinical studies have shown that DMED
displays neuroprotective properties in a variety of in vitro
and in vivo settings [31-34]. In addition, DMED has exhib-
ited peripheral anti-inflammatory effects in patients with
severe sepsis [35]. However, DMED is yet to be linked to
the SI-induced neurocognitive impairment directly through
experimental evidence of its underlying mechanism.

In the present study, we investigated the association and
underlying mechanisms involved in DMED-induced neu-
rocognitive protection using the LPS model of SI in aged
rats. Specifically, the effects of DMED were compared to
those of another commonly utilized benzodiazepine seda-
tive, midazolam (MDZ). In addition, in order to examine
which adrenoceptor subtype(s) mediate this effect, antago-
nist experiments were also performed.

Materials and methods

All experimental protocols were approved by the Kochi
University Animal Experiment Committee. Male Sprague—
Dawley rats aged 19-23 months were used in this study.
Animals were housed in a temperature- and humidity-con-
trolled room under a 12-h light/dark cycle with food and
water provided ad libitum. In order to assess baseline loco-
motor, exploratory, and anxiety-like behaviors, all rats were
evaluated in an open-field test 7 days before randomization
according to our previous study [36].
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Experimental protocol and drug administration

SI was induced by a single intraperitoneal (i.p.) injection
of lipopolysaccharide (Escherichia coli LPS; 0111:B4,
Sigma—Aldrich, St. Louis, MO, USA) at a dose of 5.0 mg/
kg, as previously described [15]. This dose mimics a mild
infection, producing small changes (<1 °C) in core body
temperature. Two independent protocols, a drug-specific
and an antagonist experiment, were conducted. For the
drug-specific experiment, rats were randomly divided into
five treatment groups to concomitantly receive either vehi-
cle alone (group C), LPS alone (group L), LPS injection
simultaneously followed by DMED (10 pg/kg i.p., every
3 h x 4 times; the early DMED group), midazolam (MDZ,
100 pg/kg i.p., every 3 h x 4 times; the MDZ group), or
DMED 24 h later (10 pg/kg i.p., every 3 h x 4 times; the
late DMED group) (n = 12 in each group). The DMED
treatment regimen was determined based on findings from
our previous study, and corresponds to the period of ele-
vated circulating proinflammatory cytokines after LPS
injection. MDZ was used as a sedative control. Our prelim-
inary study showed that these doses of DMED and MDZ
induce observable signs of comparable sedation (see S1 in
the Electronic supplementary material, ESM).

For the adrenaline receptor (AR)-related antagonist
experiment, rats were first injected with LPS, followed
by a high dose of DMED (10 pg/kg i.p., every 3 h x 4
times). Next, they were randomly assigned into four treat-
ment groups: saline (the DMED-alone group); the non-
specific a,-AR antagonist atipamezole (500 pg/kg; the
DMED + atipamezole group), the specific a,,-AR antag-
onist BRL-44408 (1.5 mg/kg, the DMED + BRL-44408
group), or the specific a,5,-AR antagonist ARC-239
(50 pg/kg, the DMED + ARC-239 group) (n = 8 in each
group). The dose of antagonists was selected based on the
previous study [37]. All antagonists were purchased from
Sigma—Aldrich and were administered by an i.p. injection
30 min before either the DMED or vehicle treatment.

The level of sedation was evaluated and graded from 0
to 4 according to a previously reported method [38], with
modifications: grade 0, spontaneously active; grade 1, rest-
ing quietly and intact righting reflex; grade 2, minimum
spontaneous activity but intact righting reflex; grade 3, no
spontaneous activity or righting reflex; and grade 4, loss of
reflex. In order to minimize physical stress, which could
interfere with the measured outcomes, minimum noninva-
sive measurements were conducted: mean arterial pressure
(MAP) was measured by tail-cuff plethysmography (BP-
98A; Softron, Tokyo, Japan), and arterial oxygen saturation
and pulse rate were measured noninvasively using Mou-
seOX Plus (Starr LifeSciences Corp., Oakmont, PA, USA).
Invasive measurements of peripheral levels of pro-inflam-
matory cytokines were performed in satellite animals.
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Novel object recognition task

Seven days after LPS injection, cognitive function was
evaluated using a novel object recognition task, as previ-
ously described [3]. Briefly, each rat was individually
habituated to the test chamber in the absence of objects
for 5 min on three consecutive days. The experimental
apparatus consisted of a Plexiglas open-field box with an
open top, and was cleaned with 70 % ethanol between
subjects. On the day of testing, each rat was allowed to
freely explore the open field arena containing two identical
objects for 5 min (familiarization phase). After the hour-
long retention interval, the rat was returned to the experi-
mental chamber with a new pair of objects, including
one identical and one novel object. The rat was allowed
to again explore the objects for 5 min (testing phase). The
animal’s behavior was monitored by an overhead video
camera connected to a computer equipped with the Etho-
Vision tracking software (Noldus, Wageningen, Nether-
lands). An experimenter blind to group assignment also
scored object interaction manually. Object exploration was
defined as the time the rat’s nose was in contact with or
was within a centimeter of the object. Recognition mem-
ory was expressed as a novel object preference ratio. This
measure is the ratio of time spent exploring either of the
two objects during the familiarization phase or the novel
object during the test phase relative to the total time spent
exploring both objects.

After cognitive testing, all rats were sacrificed by cervi-
cal decapitation under terminal anesthesia with pentobarbi-
tal (80 mg/kg, i.p.) and then exsanguinated by transcardiac
perfusion with ice-cold standard phosphate-buffered saline.
The hippocampus was quickly dissected for enzyme-linked
immuno sorbent assay (ELISA), RT-PCR, and ex vivo
microglia preparation.

Acute isolation of microglia from the hippocampus

Microglia were acutely isolated from the hippocampus as
described in our previous study [3]. Briefly, whole hip-
pocampi were rapidly harvested, minced into pieces, and
digested with 0.1 % trypsin and Dispase II (3.6 U/ml)
for 1 h at 37 °C while shaking (100 strokes/min). Result-
ing homogenates were centrifuged at 600xg for 10 min
at 4 °C. Supernatants were removed and cell pellets were
resuspended in 4 ml of 70 % isotonic Percoll and overlaid
with equal volumes of 30 and 37 % isotonic Percoll. The
gradient was centrifuged at 2000xg for 20 min. Micro-
glia were collected from the interphase between the 70 and
37 % Percoll layers and resuspended in DMEM culture
media containing 10 % fetal bovine serum. Culture purity
was greater than 95 %, as verified by immunocytochemis-
try using antibodies to CD68 to identify microglia.

Real-time PCR analysis

Expressions of TLR-4 in hippocampal microglia were
measured by real-time PCR using a StepONE Real Time
PCR System (Applied Biosystems, Carlsbad, CA, USA).
Total RNA was isolated using an RNeasy Mini Kit (QIA-
GEN, Valencia, CA, USA), following the manufacturer’s
protocol. One microgram of total RNA was used for the
synthesis of cDNA, employing the PrimeScript II, Ist
Strand cDNA Synthesis Kit (Takara Bio, Kusatsu, Japan),
and primers provided by the kit. The synthesized cDNA
was used as a template for subsequent amplification in the
ABI (Foster City, CA, USA) Prism 7500 sequence detec-
tion system. The primer sets of TLR-4 and p-actin were
used as previously described [39]. Quantitative PCR was
performed with an initial 10 min denaturation at 94 °C, fol-
lowed by 35 amplification cycles (94 °C for 30 s and 58 °C
for 30 s). All samples were analyzed in triplicate, including
negative controls and standards. The abundance of mRNA
was calculated in relation to serially diluted standard curves
amplified simultaneously with the samples and corrected
for B-actin mRNA levels.

ELISA analysis

The dissected hippocampus was homogenized with a pol-
ytron homogenizer (Kinematica Inc., Littau, Switzerland)
in ice-cold lysis buffer (10 mM NaCl, 1.5 mM MgCl,,
20 mM HEPES, 20 % glycerol, 0.1 % Triton X-100, 1 mM
dithiothreitol, pH 7.4) containing a protease inhibitor cock-
tail (P8340, Sigma—Aldrich). The homogenates were cen-
trifuged (11,000x g, 20 min, 4 °C) and the supernatant was
aliquoted and frozen at —80 °C until required.

For the ex vivo experiment, microglia cells were plated
at a density of 10* cells/100 ul in a 24-well dish in DMEM
containing 10 % fetal bovine serum. Prior to cell treatment,
the medium was replaced with fresh serum-free medium,
followed by stimulation with LPS (0-100 ng/ml) in the
absence or presence of the testing drug for 24 h at 37 °C,
5 % CO,. At the end of the incubation, the medium was
collected and stored at —20 °C for subsequent analysis by
ELISA.

For quantification by ELISA, commercially available
ELISA kits for measuring rat TNF-a (BioLegend, San
Diego, CA, USA) and IL-18 (Thermo Scientific, Vernon
Hills, IL, USA) were used according to the instructions
provided by the manufacturer.

Statistical analysis
All data were expressed as the mean =+ standard deviation

(SD). For each dependent variable, group and/or other main
effect(s) were tested with repeated-measures ANOVA.
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Whenever ANOVA indicated statistical significance in
identifying a significant main effect, post hoc comparisons
between the groups were performed in a pairwise manner
by using the Wilcoxon—-Mann—Whitney test with Bonfer-
roni correction. Correlations between variables were ana-
lyzed using Spearman’s correlation test. All data were ana-
lyzed using the statistical software SPSS (version 11; SPSS
Inc., Chicago, IL, USA), and p < 0.05 was considered sta-
tistically significant.

Results
Physiologic parameters

The open field tests conducted before randomization
showed no difference in spontaneous locomotion between
the groups, suggesting that baseline performance among
them was comparable. Each treatment was well tolerated;
all rats survived and body weight did not differ signifi-
cantly between LPS-treated and control groups through-
out the study. In addition, there was no statistically sig-
nificant difference in MAP [main effect of group; F,
55y = 3.67, p = 0.76, Fig. 1a] or HR (main effect of group;
Fy 55y =445, p = 0.69, Fig. 1b) between the groups. The
arterial oxygen saturation was maintained at greater than
97 % in all groups at all times. DMED and MDZ produced
comparable levels of sedation, both being almost exclu-
sively grade 2. In satellite animals, LPS-induced SI was
confirmed by transiently elevated serum levels of TNF-a
(Fig. 2a) and IL-1p (Fig. 2b), which returned to baseline
levels by 12 h following LPS injection. Furthermore, nei-
ther DMED nor MDZ had an effect on LPS-induced SI.

Novel object recognition performance

During the training phase, there was no evidence of an
intrinsic exploratory preference for either of the two objects
in both the drug-specific (Fig. 3a) and antagonist (Fig. 3b)
experiments. In addition, total exploration time during the
training phase did not differ between any of the treatment
groups (drug-specific experiment; Fy 55y = 6.07, p = 0.83;
antagonist experiment; F 6,44y = 9.14, p = 0.74), indicating
that task motivation and ability during testing was compa-
rable among all groups in both experiments.

During the testing phase in the drug-specific experi-
ment, the saline-treated rats spent more time exploring the
novel than the familiar object, indicating intact recognition
memory (Fig. 3a). Consistent with previous findings [15],
the LPS-treated rats exhibited significantly impaired novel
object recognition performance (79.8 £ 8.4 % in group C
vs. 55.7 £ 10.8 % in group L; p < 0.05). Our preliminary
data showed that this LPS-induced cognitive impairment
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Fig. 1 Time courses of mean arterial blood pressure (MAP, a) and
heart rate (HR, b) before (baseline) and after lipopolysaccharide
(LPS) injection. The five study groups are as indicated in “Materi-
als and methods” (n = 12 in each group). Each point represents the
mean £+ SD

was age-specific (S2 in the ESM). In addition, both DMED
and MDZ had a significant influence on novel object recog-
nition in control rats (S3 of the ESM). However, the early
DMED (72.0 £ 11.6 % in the early DMED group; p < 0.05
vs. group L), but not the late DMED group (57.7 £ 7.9 %
in the late DMED group; p = 0.61 vs. group L), demon-
strated improved novel object recognition performance rel-
ative to the saline-treated group during the testing phase. In
addition, MDZ failed to show any beneficial effects com-
pared to saline (54.6 £ 7.7 % in the MDZ group; p = 0.77
vs. group L).

In the antagonist experiment, the early DMED treat-
ment-induced cognitive protection in LPS-treated ani-
mals could be blocked by the nonspecific a,-AR antago-
nist atipamezole or the o,,-AR antagonist BRL-44408
(56.1 =+ 8.8 % in the DMED + atipamezole group or
59.1 &+ 8.8 % in the DMED + BRL-44408 group vs.
77.4 £ 9.7 % in the DMED-alone group; p < 0.05) but not
by the o,p,--AR antagonist ARC-239 (75.8 & 8.3 % in the
DMED + ARC-239 group; p = 0.51 vs. the DMED-alone
group) during the testing phase in Fig. 3b).
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study groups are as indicated in “Materials and methods” (n = 12 in
each group). Each point represents the mean = SD. *p < 0.05: group
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Levels of hippocampal cytokines after recognition
memory testing

Taking all rats in the drug-specific experiment together,
novel object recognition performance during the testing
phase was inversely correlated with hippocampal levels
of both TNF-a (n = 60; R> = —0.74; p < 0.01) and IL-18
(n = 60; R> = —0.83; p < 0.01). This relationship sug-
gests that neuroinflammation may play a pivotal role in
the cognitive deficits observed after SI in aged rats. In
the drug-specific experiment, the average levels of hip-
pocampal TNF-a and IL-1p in the LPS-treated control
group were significantly higher than those in the saline-
treated control group (Fig. 4a, TNF-a: 46.0 & 15.2 pg/ml
in group L vs. 11.1 + 4.3 pg/ml in group C; p < 0.05,
IL-1B: 38.1 &+ 11.4 pg/ml in group L vs. 6.0 &+ 2.5 pg/
ml in group C; p < 0.05). The LPS-induced increase in
both IL1-B and TNF-a were prevented by early DMED
treatment (TNF-a: 17.0 £ 12.1 pg/ml in the early DMED
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Fig. 3 Cognitive function assessed using the novel object recognition
test in aged rats. Two independent protocols, a drug-specific (a) and
an antagonist (b) experiment, were conducted. The study groups in
each experiment are as indicated in “Materials and methods.” Ratios
of preference between two objects in the training and testing phases
of the novel object recognition test are shown. Each vertical bar rep-
resents the mean + SD (n = 12 in each group). *p < 0.05 vs. group
C.*p <0.05 vs. DMED-alone group

group; p < 0.05 vs. group L, IL-1B: 9.1 & 4.2 pg/ml in the
early DMED group; p < 0.05 vs. group L), while treat-
ment with neither late DMED (TNF-a: 44.1 £+ 21.5 pg/
ml in the late DMED group; p = 0.58 vs. group L, IL-18:
30.6 & 12.1 pg/ml in the late DMED group; p = 0.67 vs.
group L) nor MDZ (TNF-a: 44.0 £+ 14.5 pg/ml in the
MDZ group; p = 0.65 vs. group L, IL-1f: 32.8 £ 12.8 pg/
ml in the MDZ group; p = 0.71 vs. group L) produced an
effect. The antagonist experiment showed that the early
DMED treatment-induced anti-neuroinflammatory effect
could be attenuated by administration of the nonspecific
a,-AR antagonist atipamezole or the a,,-AR antagonist
BRL-44408 (Fig. 4b, TNF-a: 44.5 + 22.3 pg/ml in the
DMED + atipamezole group or 37.1 £ 19.5 pg/ml in the
DMED + BRL-44408 group vs. 14.7 £ 7.8 pg/ml in the
DMED-alone group; p < 0.05, IL-18: 30.8 & 16.2 pg/ml
in the DMED + atipamezole group or 27.0 + 12.5 pg/
ml in the DMED + BRL-44408 group vs. 9.1 + 5.9 pg/
ml in the DMED-alone group; p < 0.05) but not by the
a,p/c-AR antagonist ARC-239 (TNF-a: 15.8 £ 8.8 pg/
ml in the DMED + ARC-239 group; p = 0.48 vs. the
DMED-alone group, IL-1f: 10.3 £ 8.2 pg/ml in the
DMED + ARC-239 group; p = 0.52 vs. the DMED-
alone group).
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Fig. 4 Levels of pro-inflammatory cytokines in the hippocampus.
Two independent protocols, a drug-specific (a) and an antagonist (b)
experiment, were conducted. The study groups in each experiment
are as indicated in “Materials and methods.” The levels of TNF-a and

Levels of TRL-4 mRNA of microglia in the
hippocampus

To further examine the effects of DMED on the expres-
sion of microglial TLR-4, TLR-4 mRNA levels in the hip-
pocampus were measured using RT-PCR. LPS-induced
SI significantly elevated microglial expression of TLR-4
compared to the saline-treated group (Fig. 5a, 3.5 = 1.1 in
group L vs. 0.9 £ 0.4 in group C; p < 0.05). However, early
administration of DMED significantly reduced this expres-
sion in the LPS-treated rats (1.6 &= 1.2; p < 0.05 vs. group
L). However, treatment with neither late DMED (3.1 + 1.5;
p = 0.87 vs. group L) nor MDZ (3.6 £ 1.3; p = 0.91 vs.
group L) affected the LPS-induced upregulation of micro-
glial TLR-4. In the antagonist experiment, the treatment-
induced cognitive protection by early DMED among LPS-
treated animals was inhibited by the nonspecific a,-AR
antagonist atipamezole or the o,,-AR antagonist BRL-
44408 (Fig. 5b, 3.2 £ 1.8 in the DMED + atipamezole
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group or 3.1 + 1.4 in the DMED + BRL-44408 group
vs. 1.4 £ 0.7 in the DMED-alone group; p < 0.05) but not
by the o,p,-AR antagonist ARC-239 (1.6 £ 0.9 in the
DMED + ARC-239 group; p = 0.89 vs. the DMED-alone

group).

Ex vivo immuneosensitivity of hippocampal microglia
following LPS administration

In another experiment with an identical protocol, micro-
glia were acutely isolated from the hippocampus 7 days
after LPS injection. In order to investigate whether SI
influenced the immunosensitivity of hippocampal micro-
glia and whether this can be modulated by DMED admin-
istration, we measured TNF-a release from microglia iso-
lated from the hippocampus following administration of
different concentrations of LPS (0-100 ng/ml). As shown
in Fig. 6a, a repeated-measures ANOVA revealed a sig-
nificant main effect of group [F, 55y = 25.14, p < 0.05].
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Fig. 5 Expression of TLR-4
mRNA in hippocampal micro-
glia. Two independent proto-
cols, a drug-specific (a) and an
antagonist (b) experiment, were
conducted. The groups in each
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relative to $-actin mRNA is
shown for each group. Each
vertical bar represents the
mean £ SD (n = 12 in each
group). *p < 0.05 vs. group C.
#p <0.05 vs. the DMED-alone

>
o)

TLR-4 mRNA (/B-actin)
w

1 I
group
0
A 50 O Group C
® Group L l
40 A Early DMED group ]
A Late DMED group |
g 30 | MDZ group
)
N
3 20 A
=
E 10
0
0 0.1 1 10 100
Lipopolysaccharide (ng/ml)
B 50
O DMED-alone group
40 A DMED + atipamezole group
1 A DMED + BRL-44408 group
= DMED + ARC-239 group
s\c_ 30
a0
N
s 20 A
=
Z
= 10 ]
0

0 0.1 1 10 100

Lipopolysaccharide (ng/ml)

Fig. 6 Concentration-response effects of ex vivo stimulation with
lipopolysaccharide (LPS) on the production of TNF-a in cultured
microglia. Two independent protocols, a drug-specific (a) and an
antagonist (b) experiment, were conducted. The groups in each
experiment are as indicated in “Materials and methods.” Cultured
microglia were stimulated with 0.1, 1, 10, or 100 ng/ml or the media
alone. The levels of TNF-a were determined from supernatants col-
lected 24 h later. Each point represents the mean £ SD (n = 12 in
each group)

[ Group C
Hl Grouwl
Il Early DMED group
I Late DMED group

[ DMED-alone group
B DMED + atipamezole group
I DMED + BRL-44408 group

B =1 DMED + ARC-239 group
[ MDZ group 6 1
* = #
= 5
% g #
< 4
p
> 3
g
5 2] l
m l
—
=
0
A 80 -
—~ 60 A
£
g
s 40
=
E 20 4
0
IPS — + + + + + + + + + + +
1.0 10 30 100 300 0.01 0.03 0.1 03 1.0
MDZ (uM) DMED (uM)
B 50 -
40
E
0 30
N
= 20
=
10 1
0
IPS - + + + + + + + + + + +

0.01 0.03 0.1 03 1.0
DMED (uM)

1.0 10 30 100 300
MDZ (uM)

Fig. 7 Effect of anesthetics on lipopolysaccharide (LPS)-stimulated
cytokine release from cultured microglia isolated from the aged rat
hippocampus. Cultured microglia were pretreated with various con-
centrations of midazolam (MDZ, 0-300 uM) or dexmedetomidine
(DMED, 0-1.0 uM) for 1 h prior to treatment with 10 pug/ml LPS.
After 24 h of incubation, the levels of TNF-a (a) and IL-18 (b) pre-
sent in the supernatants were measured. Each vertical bar represents
the mean £ SD (n = 8 in each group). *p < 0.05 vs. LPS alone
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Pairwise comparisons using the Bonferroni correction
indicated that the 100 ng/ml LPS-induced increase in
TNF-a was greater in group L (34.9 £ 11.5 pg/ml) than in
group C (15.2 £ 4.0 pg/ml; p < 0.05). This LPS-induced
microglial reactivity was markedly decreased in the early
DMED group. Conversely, the LPS-induced increases of
TNF-a in the late DMED and MDZ groups were similar
to that of group L. The reduced immunosensitivity after
early DMED treatment was prevented by the nonspecific
a,-AR antagonist atipamezole or the ao,,-AR antagonist
BRL-44408 (Fig. 6b at 100 ng/ml LPS, 30.2 £ 15.0 pg/
ml in the DMED + atipamezole group or 28.2 £+ 12.2 pg/
ml in the DMED + BRL-44408 group vs. 15.6 £+ 3.8 pg/
ml in the DMED-alone group; p < 0.05), but not by the
a,p,c-AR antagonist ARC-239 (14.3 + 5.2 pg/ml in the
DMED + ARC-239 group; p = 0.91 vs. the DMED-alone

group).

Direct effects of dexmedetomidine and midazolam
on hippocampal microglia

The direct effects of DMED or MDZ were evaluated in the
release of IL-18 and TNF-a from LPS-stimulated microglia
isolated from the naive aged hippocampus. As shown in
Fig. 7a, b, administration of LPS alone (10 ng/ml) resulted
in markedly increased levels of TNF-a (56.7 &+ 11.1 pg/
ml vs. 2.4 £+ 1.3 pg/ml at baseline; p < 0.05) and IL-1B
(31.5 £ 9.3 pg/ml vs. 2.9 £ 1.4 pg/ml at baseline: p < 0.05)
relative to controls. The bath application of either MDZ
(1.0-300 uM) or DMED (0.01-1.0 uM) inhibited levels
of TNF-a (Fig. 7a) and IL-1f (Fig. 7b) in a concentration-
dependent manner.

Discussion

Our findings confirm the hypothesis that treatment with
DMED counteracts the pathogenesis of acute SI-induced
cognitive dysfunction. Specifically, a sedative dose of
DMED improved the performance of LPS-treated aged
rats as compared to controls in the novel object recog-
nition task. In contrast, an equisedative dose of MDZ
failed to confer similar beneficial effects on cogni-
tive performance, suggesting that the protective effect
of DMED may be induced independent of its sedative
action per se.

Indeed, the antagonist experiment showed that the
effects of DMED were at least partially mediated by o,-
AR and were associated with the suppressed upregulation
of microglial TLR-4. Furthermore, improved cognitive
performance was observed when DMED was administered
during ongoing, but not after, peripheral inflammation.
Taken together, these results indicate that DMED could be
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effective in the prevention but not the treatment of acute SI-
induced cognitive dysfunction.

The o,-AR subtypes, currently classified into o,,, Oyp,
e, and o,y (o, species variation of the human a,,), are
widely distributed in the central and peripheral nervous sys-
tem [40, 41]. Specifically, microglia have been reported to
express o,-AR receptors [42]. In this study, we used differ-
ent a,-AR antagonists to elucidate the unique contributions
of the a,-AR subtypes in the therapeutic effects exhibited
by DMED. In particular, the nonspecific a,-AR antagonist
atipamezole and the a,,-AR antagonist BRL-44408, but
not the a,5-AR antagonist ARC-239, were able to block
the protective effects of DMED. This suggests that DMED-
induced cognitive protection was mediated by the o,,-AR.
However, large species differences in a,-AR subtype den-
sity, expression distribution, and antagonist sensitivity have
been reported [40, 41]. Therefore, our findings must be
carefully evaluated before being extrapolated to humans.

Recent evidence suggests that acute SI is closely asso-
ciated with an increased risk of developing or exacerbat-
ing cognitive deficits [1-7]. SI interacts with the central
nervous system (CNS) by both hematogenous and neural
pathways, leading to substantial alterations in neurocogni-
tive functioning [43]. The hippocampus has a high density
of proinflammatory cytokine receptors and appears to be
particularly vulnerable to an inflammation-induced disrup-
tion in cognitive processing [44, 45]. These changes could
affect long-term behavioral and cognitive outcomes, espe-
cially among the more aged and ill [1, 2]. It has been estab-
lished that acute SI can trigger an episode of delirium and
that the occurrence of this phenomenon is associated with
a higher risk of dementia [1, 46, 47]. Another prospective
study further showed that acute SI events among elderly
subjects with Alzheimer’s disease were associated with a
twofold increase in the rate of cognitive decline over time
[5].

In the present study, we also demonstrated that LPS-
induced neuroinflammation was observed even after the
disappearance of peripheral inflammation. These results
suggest that peripheral immune activation may be a vulner-
able period in the development of neurocognitive pathology
or cognitive impairment later in life. This theory may also
support the hypothesis that administration of DMED dur-
ing acute SI could prevent the development of Sl-induced
cognitive dysfunction.

Several studies suggest that DMED exerts a peripheral
anti-inflammatory effect after acute SI [48-50]. However, in
the present SI model, peripheral cytokine levels were slightly
lower in the DMED-treated group than the control group.
This divergent finding may be due to the different levels of SI
severity used in this study relative to others. Specifically, pre-
vious studies examined cytokine levels during severe sepsis-
induced SI, whereas our data used a nonlethal or moderate
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level of SI. However, consistent with previous studies [14,
15], low-grade SI was sufficient to bring about neuroin-
flammation-related cognitive deficits. More importantly, our
findings showed that DMED administration exerted a pro-
found inhibitory effect on proinflammatory cytokines in the
hippocampus. Considering its lack of peripheral action, the
DMED-induced anti-neuroinflammatory effects observed in
this study may be mediated by the hippocampus itself rather
than peripheral immune-to-brain signals.

Neuroinflammation is now widely accepted to be a key
pathogenetic element in a number of cognitive disorders [1,
2, 11-13]. Activated microglia are the principal regulator
of neuroinflammation in the CNS through the excessive de
novo production and release of proinflammatory cytokines
[16, 17]. Specifically, early response cytokines TNF-a and
IL-1P are associated with neuronal apoptosis and decreased
long-term potentiation [19, 20]. Over time, these effects
may result in accelerated neurocognitive pathogenesis. In
support of this suggestion, recent positron emission tomog-
raphy studies of patients with mild cognitive impairment
demonstrated a positive correlation between microglial
activation and early cognitive deficits [51]. Therefore, inhi-
bition of excessive cytokine release from microglia is cur-
rently being evaluated as a potential therapeutic strategy for
the alleviation of cognitive deficits. In this vein, we found
that DMED could inhibit LPS-induced proinflammatory
cytokine release from isolated hippocampal microglia in
a concentration-dependent manner (Fig. 7). However, the
sedative plasma concentration of DMED has been reported
to range between 0.01 and 0.03 uM [52] in healthy young
volunteers, and below 2.5 ng/ml (approximately 0.01 uM)
in adult rats [53]. Further taking into account the possible
age-related change in the pharmacodynamics of DMED,
our results suggest that a supraclinical concentration of
DMED is necessary to significantly inhibit proinflam-
matory cytokine release from the hippocampal microglia
(greater than 0.3 pM). MDZ was also able to inhibit the
release of microglial cytokines at high (>100 pM) but not
therapeutically relevant (0.8—1.5 uM) concentrations [54].
These findings suggest that the direct suppression of micro-
glial neuroinflammation is not involved in DMED-induced
cognitive protection after acute SI.

Increased age has consistently been reported to be the
most important risk factor for SI-induced cognitive dys-
function [1, 6, 7]. In this regard, experimental evidence
demonstrates that microglia develop a more proinflam-
matory phenotype with age, a phenomenon described as
“microglial priming” [16, 17]. Priming makes the micro-
glia susceptible to a subsequent immune challenge, which
can then trigger a prolonged inflammatory response. Our
results are consistent with this hypothesis, as we found
that the aged (primed) but not the young (naive) microglia
produced an excess of proinflammatory cytokines within

the hippocampus following a peripheral immune chal-
lenge, inciting a long-lasting cognitive impairment. Pro-
longed microglial activation is associated with increased
expression of inflammatory-related receptors on microglia
[16—18]. In particular, TLR-4 was rapidly upregulated after
microglial activation, inducing aberrant neuroinflammation
and exacerbating neurocognitive function. In this study, we
found that during a peripheral immune challenge, treatment
with DMED but not MDZ could prevent the upregulation
of microglial TLR-4. This process may involve the under-
lying mechanisms of DMED-induced neurocognitive pro-
tection after acute SI.

DMED is widely used as a sedative during the perio-
perative period and among the critically ill in intensive
care units [21, 22]. Several studies have documented that
DMED inhibits the peripheral immune response, reducing
complications and mortality in both experimental and clini-
cal settings [23-30, 48-50]. Our findings permit a greater
understanding of the effects of DMED in the CNS, and
indicate that its administration is advantageous for cog-
nitive outcomes in this SI model. Further investigation is
warranted to confirm its clinical efficacy.

This study has several limitations that need to be
addressed in the future. First, we focused on the hippocam-
pus because of its high microglial density, vulnerability to
aging, and critical role in cognition. However, cognitive
function is associated with more complex brain networks,
and other brain areas may be involved too [55]. Second,
we used the novel object recognition task for the cogni-
tive assessment. Unlike other well-established tests such as
the radial-arm maze and Morris water maze [56], this task
can be conducted without the need for food deprivation
or forced swimming and with minimum stress to the ani-
mal, which may make it suitable for an aged rat SI model.
However, in order to better evaluate cognitive function, a
multiple-test regimen may be preferable and should be
considered in the future. Third, since previous studies have
shown that both TNF-«a and IL-1p may play important roles
in impaired hippocampus-dependent cognitive function
[19, 20], we chose to measure these two cytokines. How-
ever, receptors for other type of cytokines, such as IL-1a,
IL-6, IL-10, and IL-18, are reported to be constitutively
expressed in the rodent hippocampus and to be associated
with hippocampal function [57, 58]. Therefore, we cannot
rule out possible contributions of these cytokines to the
pathogenesis of SI-related cognitive dysfunction.

Conclusions
In conclusion, the present study showed that treatment with

a sedative dose of DMED during, but not after, peripheral
immune activation can prevent Sl-induced hippocampal
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neuroinflammation, overexpression of TLR-4 in micro-
glia, and cognitive dysfunction. These effects of DMED
were mediated by the a,,-AR. Our findings indicate that
treatment with DMED can prevent Sl-induced cognitive
dysfunction.
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