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Abstract

Background: Dexmedetomidine (Dex) can improve neuronal viability and protect the spinal cord from ischemia—

reperfusion (I/R) injury, but the underlying mechanisms are not fully understood. This study investigated the effects
of dexmedetomidine on the toll-like receptor 4 (TLR4)-mediated nuclear factor kB (NF-kB) inflammatory system and
caspase-3 dependent apoptosis induced by spinal cord ischemia-reperfusion injury.

Methods: Twenty-four rabbits were divided into three groups: I/R, Dex (10 ug/kg/h prior to ischemia until reperfu-
sion), and Sham. Abdominal aortic occlusion was carried out for 30 min in the I/R and Dex groups. Hindlimb motor
function was assessed using the Tarlov scoring system for gait evaluation. Motor neuron survival and apoptosis in
the ventral grey matter were assessed by haematoxylin—eosin staining and terminal deoxynucleotidy! transferase-
mediated dUTP biotin nick end labelling staining. The expression and localisation of ionised calcium-binding adaptor
molecule 1, TLR4, NF-kB and caspase-3 were assessed by immunoreactivity analysis. The levels of interleukin 13 and
tumour necrosis factor a were assessed using enzyme-linked immunosorbent assays.

Results: Perioperative treatment with dexmedetomidine was associated with a significant preservation of locomotor
function following spinal cord ischemia-reperfusion injury with increased neuronal survival in the spinal cord com-
pared to control. In addition, dexmedetomidine suppressed microglial activation, inhibited the TLR4-mediated NF-kB
signalling pathway, and inhibited the caspase-3 dependent apoptosis.

Conclusions: Dexmedetomidine confers neuroprotection against spinal cord ischemia—reperfusion injury through
suppression of spinal cord inflammation and neuronal apoptosis. A reduction in microglial activation and inhibition of
both the TLR4-mediated NF-kB signalling pathway and caspase-3 dependent apoptosis are implicated.
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Background

Spinal cord ischemia—reperfusion (I/R) injury is one of
the most serious complications of major vascular surgery,
and can lead to paraplegia after thoracoabdominal aortic
aneurysm repair [1]. The mechanisms of spinal cord I/R
injury are complex and include inflammation, apoptosis,
excitatory amino acid toxicity, and calcium overload, all
of which contribute to neuronal cell death. Spinal cord
I/R injury occurs in up to one-fifth of high-risk patients
[2]. Although there are some potential measures that
have shown promise (such as controlled hypothermia
and hyperbaric oxygen therapy) [3, 4], there is an urgent
need to develop further neuroprotective strategies to tar-
get this devastating complication.

Dexmedetomidine (Dex), a selective a-2 adrenocep-
tor agonist, is a useful adjuvant to general anaesthesia
which has sedative, anxiolytic, analgesic, and hypotensive
properties. In recent years its potential organoprotective
effects has become a major research direction [5]. In vitro
and in vivo preclinical studies have widely demonstrated
that Dex provides organoprotection in kidney, lung,
brain, heart, and liver tissues by ameliorating I/R injury,
inhibiting pro-inflammatory signalling pathways, and
decreasing cell death [6—15]. There is also evidence that
Dex can improve neuronal viability and preserve lower
limb locomotor function in spinal cord I/R injury mod-
els [16, 17]. However, the precise mechanisms underlying
these observations are still not fully clear, especially for
specific populations of cells within the spinal cord.

Several key signalling pathways have been identified
as major contributors to spinal cord I/R injury. Of these,
the inflammatory pathway mediated via toll-like recep-
tor 4 (TLR4) appears to be a key line of enquiry. TLR4
is known to initiate innate immune responses by sensing
injury-induced endogenous ligands from necrotic cells
such as heat-shock protein (HSP) and diverse microbial
products such as lipopolysaccharide (LPS). TLR4 activa-
tion triggers signal transduction cascades mediated by
the transcription factor nuclear factor kB (NF-«B) that
drive gene expression of pro-inflammatory cytokines
such as interleukin 1p (IL-1p), interleukin 6 (IL-6) and
tumour necrosis factor a (TNF-a), which result in the
evolution of neuronal damage and exacerbate inflamma-
tory reactions [18, 19]. TLR4 are richly expressed on the
cell membranes of microglia [the principle immune cells
of the central nervous system (CNS)], and it has been
postulated that microglial activation participates in I/R
injury through the release of growth factors, chemokines,
regulatory cytokines, and other toxic mediators [18, 20].

It has been shown that anaesthetic agents can modulate
both the TLR4-mediated NF-«B signalling pathway and
microglial activation. Isoflurane (Iso) exerted neuropro-
tection by reducing the expression of the TLR4-mediated
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NEF-«B signalling pathway and alleviating microglial acti-
vation after cerebral I/R injury in vitro and in vivo [21].
In addition, perioperative treatment with propofol (Pro)
and Dex significantly suppressed cerebral I/R injury and
upregulation of TNF-a and IL-1f in rats [22]. Thus, we
hypothesised that there might be a link between Dex-
induced spinal cord neuroprotection and both TLR4
activity and microglial activation.

Apoptosis is one of the major mechanisms that leads
to neuronal cell death after spinal cord I/R. It has been
shown that the expression of caspase-3, a major apopto-
sis effector molecule in both the intrinsic and extrinsic
apoptosis pathways, increases significantly after spinal
cord I/R injury [23]. Treatment with a Pro-Dex com-
bination has been found to inhibit apoptosis of cortical
and hippocampus neurons caused by I/R injury, as evi-
denced by downregulation of caspase-3 [22]. We there-
fore postulated that the neuroprotective effects of Dex in
spinal cord I/R injury may be due in part to inhibition of
apoptosis.

In this study, we first examined the effects of Dex on
hindlimb motor function and neuronal viability in a rab-
bit model of spinal cord I/R injury. Next, we evaluated
the effects of the drug on spinal cord microglial activa-
tion, the TLR4-mediated NF-kB signalling pathway, and
caspase-3 dependent apoptosis in spinal cord neurons.

Methods

Animals

The study (2016-029) was allowed by the Institutional
Animal Care and Use Committee of Guangzhou Medi-
cal University, Guangzhou, PR China (Chairperson Lijun
Dai) on 3 May 2016, and was performed in accordance
with the Guide for the Care and Use of Laboratory Ani-
mals published by the US National Institutes of Health
(NIH Publication No. 85-23, revised 1996).

Twenty-four healthy New Zealand male and female
rabbits, weighing between 2.0 and 2.5 kg were divided
randomly into three groups: Dex (spinal cord I/R
injury + 10 pg/kg/h Dex intravenous infusion from before
ischemia until reperfusion, n=8), I/R (spinal cord I/R
injury+0.9% saline intravenous infusion for the same
time, »=8) and Sham (no spinal cord I/R injury or
Dex + 0.9% saline intravenous infusion, n=_8).

The animals were kept at the temperature of 20-25 °C,
and allowed ad libitum to feed and water during the pre-
surgery and postsurgery periods. Before surgery all ani-
mals were fasted overnight with free access to water.

Surgical procedures

Following cannulation of the left marginal ear vein, the
rabbits were anesthetised with 10% chloral hydrate
2.5 ml/kg. Anaesthesia was maintained with 10% chloral
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hydrate intravenous infusion according to the vital signs
and muscle relaxation of rabbits. Spontaneous ventilation
was maintained with room air and the electric blanket
was used to keep body temperature at 37 £0.2 °C. The
left ear central artery blood pressure, heart rate, electro-
cardiogram, and oxygen saturation were measured dur-
ing the surgery.

For rabbits in the I/R and Dex groups, a modified Zivin
method (under sterile technique) was used to establish
the model of spinal cord ischemia and reperfusion [24].
Firstly, the left femoral artery was catheterised to moni-
tor the lower extremity blood pressure and estimate the
effect of abdominal aorta blocking. Then an abdomi-
nal incision was made and the abdominal aorta was
isolated at the level of the renal arteries, an arterial clip
was placed on the abdominal aorta 0.5 cm distal to the
left (lower) renal artery ostia, and the incision was tem-
porarily closed. After 30 min, the incision was reopened,
the clip was removed, and the incision was permanently
closed with deep sutures and skin clips. The model suc-
cess criteria were as follows: (1) after the abdominal aorta
blocking, the femoral artery blood pressure waveform
disappeared; (2) after reperfusion, the blood pressure
waveform of the femoral artery recovered rapidly; (3)
after the surgery, the rabbits could eat normally, the fore-
limb was normal, the hindlimb had a varying degree of
activity disorder or paralysis. Animals in the Sham group
underwent a similar surgical procedure but the abdomi-
nal aorta was not occluded. To prevent infection, all
experimental animals were given an intramuscular injec-
tion of gentamicin 40,000 U after surgery.

Drug administration

For animals in the Dex group, Dex was administered
30 min before the onset of ischemia, and continued until
the reperfusion. Dex was infused into the left marginal
ear vein at a dose of 10 pg/kg/h. For the I/R and Sham
groups, the same volume of 0.9% saline was infused
intravenously.

Neurological assessment
The motor functions of the rabbits were assessed at 48 h
after reperfusion by an independent observer according
to the following Tarlov scoring system [25]: 0=spastic
paraplegia and no movement of the hindlimb; 1=spas-
tic paraplegia and slight movement of the hindlimb;
2=good movement of the hindlimb but unable to
stand; 3=able to stand but unable to walk normally; and
4 = complete recovery and normal gait/hopping. Results
were displayed as median (range).

After neurological evaluation, the rabbits in all groups
were anaesthetised with 10% chloral hydrate 2.5 ml/
kg and spinal cords from L2 to L6 were harvested for
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histological analysis. At the end of these procedures, all
rabbits were sacrificed under deep anaesthesia.

Measurement of TNF-a and IL-1f using ELISA

The tissue samples of spinal cords from L2 to L4 were
homogenised in ice saline at the ratio of 1:9 in weight,
then the supernatants were harvested by centrifugation
at 3000 rpm for 20 min, and stored in liquid nitrogen for
further study.

The concentrations of TNF-a and IL-1f in the spinal
cord were measured by ELISA using monoclonal anti-
bodies and the procedure recommended by the supplier
(Shanghai Bairui Bioengineering Institute, China). The
absorbance at 450 nm was determined using a microplate
reader (PerkinElmer, USA). The concentration of TNF-«a
and IL-1( were calculated based on the standard curve
and expressed in pg/mg protein of sample.

Histological study

The tissue samples of spinal cords from L5 to L6 were
firstly fixed in 10% buffered formalin for 48 h at room
temperature, then embedded in paraffin and serially cut
at 5 um intervals for further study.

The paraffin-embedded sections were stained with
haematoxylin—eosin (HE) according to the procedure
recommended by the supplier (Solarbio, China), and
images were captured using a Leica DMi8 inverted fluo-
rescence microscope (Leica Microsystems, German). In
cases in which the cytoplasm was diffusely eosinophilic,
the motor neuron cells were considered to be necrotic
or dead. When basophilic substance was seen, the motor
neuron cells were considered to be viable or alive. The
surviving intact motor neurons in the ventral grey mat-
ter were counted and calculated as average numbers per
region/animal in a blind manner.

Iba-1 immunoreactivity

Activated microglia cells demonstrate an increased
expression of new markers including ionised calcium—
binding adaptor molecule 1 (Iba-1). The fluorescence
intensity of Iba-1 is therefore commonly used to quantify
activated microglia cells [26].

Briefly, the 5 um thick paraffin-embedded sections
were firstly deparaffinised and blocked with 10% donkey
serum albumin for 2 h at room temperature. Then the
sections were incubated with a primary goat anti-Iba-1
antibody (1:250; ab5076, Abcam, UK) at 4 °C overnight.
After incubation, the sections were rinsed with phos-
phate buffer saline (PBS) containing 0.1% Triton X-100
and incubated with Alexa 546—conjugated donkey anti-
goat IgG antibody (1:1000; Thermo Fisher Scientific,
USA) for 2 h at room temperature. Images were captured
using a Leica DMi8 inverted fluorescence microscope
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(Leica Microsystems, German). The number of immu-
noreactive cells in the ventral grey matter were counted
and calculated as average numbers per region/animal in
a blind manner.

TLR4 and NF-kB immunoreactivity

This immunoreactivity analysis was carried out to con-
firm the relationship with the TLR4-mediated NF-«B sig-
nalling pathway and the neuroprotection of Dex against
spinal cord I/R injury.

As for TLR4 immunoreactivity detection, the 5 pm
thick paraffin-embedded sections were stained with a
primary mouse anti-TLR4 antibody (1:100; ab22048,
Abcam, UK) at 4 °C overnight. After incubation with
peroxidase-conjugated donkey anti-mouse IgG antibody
(1:1000; Abcam, UK) for 2 h at room temperature, sec-
tions were developed using diaminobenzidine (DAB;
Vector Laboratories, USA) and counterstained with hae-
matoxylin (Solarbio, China).

As for NF-kB immunoreactivity detection, the primary
antibody was mouse anti-NF-kB p65 antibody (1:250;
MAB3026, Millipore, USA), and the secondary antibody
was Alexa 488—conjugated donkey anti-mouse IgG anti-
body (1:1000; Thermo Fisher Scientific, USA).

Images were captured using a Leica DMi8 inverted
fluorescence microscope (Leica Microsystems, German).
The number of immunoreactive cells in the ventral grey
matter were counted and calculated as average numbers
per region/animal in a blind manner.

TUNEL assay

A TUNEL (terminal deoxynucleotidyl transferase-medi-
ated dUTP nick-end labelling) assay was used to identify
double stranded DNA fragmentation, characteristic of
DNA degradation by apoptosis [25].

A one-step TUNEL apoptosis assay kit was used
according to the procedure recommended by the sup-
plier (Beyotime Biotechnology, China). Briefly, the 5 pum
thick paraffin-embedded sections were firstly deparaffin-
ised and treated with proteinase K (20 pug/ml) for 15 min
at room temperature. After rinsing with PBS, the sec-
tions were incubated with Alexa 488-conjugated TUNEL
detection solution for 1 h at 37 °C. Images were photo-
graphed using a Leica DMi8 inverted fluorescence micro-
scope (Leica Microsystems, German). Subsequently, the
numbers of TUNEL positive cells in the ventral grey mat-
ter were counted and calculated as average numbers per
region/animal in a blind manner.

Caspase-3 immunoreactivity

The expression of caspase-3 in the ventral grey mat-
ter was also evaluated immunohistochemically. The
method was the same as previously described. The
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primary antibody was goat anti-caspase-3 antibody
(1:250; SC1225, Santa Cruz Biotechnology, USA), and the
secondary antibody was Alexa 488—conjugated donkey
anti-goat IgG antibody (1:1000; Thermo Fisher Scientific,
USA). Images were photographed using a Leica DMi8
inverted fluorescence microscope (Leica Microsystems,
German), and the number of immunoreactive cells in the
ventral grey matter were counted and calculated as aver-
age numbers per region/animal in a blind manner.

Statistical analysis

All statistical analyses were performed with SPSS version
20.0 software (SPSS Inc, USA). Measurement data were
displayed as mean+SEM and categorical variables were
displayed as median (range). The significance of differ-
ences between the groups of continuous variables was
assessed by one-way ANOVA followed by Tukey’s test
for multiple comparisons. Physiologic parameters col-
lected during the surgery were analyzed using repeated
measures ANOVA with group (Sham, I/R and Dex) as
the between-subject factor and timepoints as the within-
subject factor. Categorical variables were processed with
Kruskal-Wallis test followed by Nemenyi post hoc analy-
sis. P<0.05 was considered statistically significant.

Results

Physiologic Parameters

The left ear central artery mean arterial pressure (MAP)
and heart rate (HR) were comparable throughout the
experiments in all groups (Table 1). During surgery, the
animals’ vital signs from each group were relatively sta-
ble. There was no difference in MAP and HR among all
groups (P>0.05).

Dex treatment preserved neurological assessment scores
after spinal cord I/R injury

The individual neurological scores of the three groups
after surgery are shown in Fig. 1h. Animals in the Sham
group had normal neurological outcome [median Tarlov
score 4 (4, 4)]. After 48 h of spinal cord I/R injury, all ani-
mals in the I/R and Dex groups displayed varying degrees
of paraparesis; the severity of motor dysfunction was sig-
nificantly lower in the Dex group [median Tarlov score
0 (0, 2) in the I/R group and 2 (2, 3) in the Dex group;
P<0.05].

Dex treatment preserved histological assessment scores
after spinal cord I/R injury

The histological changes of the three groups after surgery
are shown in Fig. la—g. In the Sham group, positive cells
in the HE-stained sections were abundantly detected.
Compared with the Sham group, the I/R group demon-
strated significant loss of motor neurons (P<0.05). Dex
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Table 1 The left ear central artery mean arterial pressure and heart rate at different time points from each group

Group Before ischemia Before ischemia At starting ischemia After ischemia At starting After
(30 min) (15 min) (15 min) reperfusion reperfusion
(15 min)
MAP (mmHg)
Sham 85.0£3.5 82.0£39 80.0+28 780+£25 79.0£3.2 83.0%£42
I/R 84.0+4.2 83.0£25 780+£35 76.0£3.2 790+18 820£25
Dex 84.0£4.2 80.0£28 740+£25 76.0£2.8 79.0£1.8 820£25
HR (beats/min)
Sham 2580+£7.8 2500+064 2460+£5.3 2470£49 2530+6.7 2550+64
I/R 2520£6.7 248.0+£38.1 2420+64 2400+35 249.0£6.0 253.0£42
Dex 260.0+£6.0 251.0+£81 2340£49 239.0+£35 2440+£4.2 2460+£3.2

Data are presented as mean &= SEM (n=28)
MAP mean arterial pressure, HR heart rate
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Fig. 1 The neurological motor function and histological assessment of the spinal cord at 48 h after reperfusion from each group. a—f Representative
sections of ventral grey matter stained with haematoxylin-eosin. Arrows indicate the viable or alive motor neurons and arrowheads indicate the
necrotic or dead motor neurons. Upper scale bar= 200 um, lower scale bar=100 um. g Number of intact motor neurons in the ventral grey matter.
Data are presented as mean & SEM (n=28). h The Tarlov behaviour scores at 48 h after reperfusion from each group, each symbol represents data for
one rabbit, bar =median (n=8). **P < 0.05 versus Sham; #¥P < 0.05 versus I/R
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treatment resulted in significant protective effects on
neuron survival following spinal cord I/R injury (P<0.05).

Dex treatment decreased microglial activation after spinal

cord I/R injury

As microglial cells are activated, the cells undergo mor-
phological changes in which the cell body becomes rel-
atively large and the processes become shorter [27, 28].
As shown in Fig. 2a—d, activated microglia cells with
increased Iba-1 fluorescence exhibited these morpho-
logical changes and could easily be distinguished from
the inactivated ones. As shown in Fig. 2e-h, increased
immunoreactivity of Iba-1 was observed in the I/R group
in comparison to the Sham group (P<0.05). In rabbits
treated with Dex, this increase in Iba-1 immunoreactivity
in the ventral grey matter was significantly inhibited indi-
cating decreased microglial activation (P <0.05).
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Dex treatment inhibited the TLR4-mediated NF-kB
signalling pathway after spinal cord I/R injury

The expression of TLR4 and NF-kB was measured to
further investigate its effect on microglial activation
during I/R-induced inflammatory processes. As shown
in Fig. 3a—g, the I/R group markedly increased immu-
noreactivity of TLR4 and NF-kB in comparison to the
Sham group at 48 h after reperfusion (P<0.05). Dex
treatment inhibited TLR4 and NF-kB immunoreactivity
following spinal cord I/R injury (P <0.05).

Furthermore, to verify the inflammatory signalling
pathway downstream activation, we detected the pro-
inflammatory cytokines TNF-a and IL-1p activation
by ELISA. As shown in Fig. 3h, the data presented that
these cytokines were activated along with the activation
of TLR4 and NF-kB (P <0.05).
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Fig. 2 The microglial reaction at 48 h after reperfusion from each group. a-d Effects on the morphology changed in microglia cells after spinal
cord I/Rinjury. In a, ¢, scale bar=200 um; in b, d, scale bar=>50 pm. e-g Effects on immunoreactivity to Iba-1 in the ventral grey matter. Scale
bar=200 um. h Number of Iba-1 positive cells in the ventral grey matter. Data are presented as mean = SEM (n=8). **P <0.05 versus Sham;
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Fig. 3 The TLR4-mediated NF-kB signalling pathway at 48 h after reperfusion from each group. a—c Effects on immunoreactivity to TLR4 in the
ventral grey matter, which used DAB staining counterstained with haematoxylin. d—f Effects on immunoreactivity to NF-kB in the ventral grey
matter. g Number of TLR4 and NF-kB positive cells in the ventral grey matter. h The concentration of TNF-a and IL-18 in the spinal cord, as assessed
by ELISA. All data are presented as mean = SEM (n=8). Scale bar =200 pm. **P < 0.05 versus Sham; #P < 0.05 versus I/R
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Dex treatment inhibited caspase-3 dependent apoptosis
after spinal cord I/R injury

To observe a possible relationship between caspase-3
dependent apoptosis and the neuroprotective effects of
Dex, TUNEL staining and caspase-3 immunoreactiv-
ity analysis were performed. As shown in Fig. 4, there
were few TUNEL positive cells in the Sham group,
while numerous TUNEL positive cells were observed
in the I/R group (P<0.05). On the other hand, Dex
treatment significantly reduced the number of apop-
totic cells (P<0.05). The caspase-3 immunoreactivity
analysis was similar (P <0.05).

Discussion

Patients undergoing aortic surgery remain at high risk
of perioperative complications despite recent surgical
advances in the field. Many of these potential complica-
tions are a consequence of tissue ischemia and reper-
fusion resulting from disruption of normal blood flow
in the aorta with subsequent free radical formation,
mitochondrial failure, and release of pro-inflammatory
cytokines. Spinal cord I/R injury is a serious complica-
tion of major aortic surgery and can lead to severe and
long-term disability. Measures that address this dev-
astating condition are therefore of great interest. The
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pathophysiology of neuronal loss in spinal cord I/R
injury is complex and unravelling the underlying pro-
cesses is key in developing novel neuroprotective thera-
pies [29].

The protective effects of Dex in a wide range of organ
systems have been well documented in preclinical stud-
ies [6-15] and the drug has already shown promise in
improving neuronal viability in animal models of spinal
cord I/R injury [16, 17]. Clinical trials have also dem-
onstrated beneficial effects of Dex in reducing both
biomarkers of organ damage and clinical outcomes fol-
lowing I/R injury in other systems [30, 31]. Our initial
results confirm previous observations that Dex preserves
hindlimb motor function and reduces neuronal loss fol-
lowing aortic cross clamping in a rabbit model of spinal
cord I/R injury [16, 17]. The main aim of this study was
therefore to investigate the mechanisms underlying these
neuroprotective effects in spinal cord I/R injury with a
focus on inflammation and cell death pathways.

The interaction between microglia and neurons in the
pathophysiology of diseases of the CNS is an area of great
interest [32, 33]. Microglia are macrophage-like cells
that act as the main immune cells of the CNS. They are
responsible for defence against infectious agents as well
as removing plaques and damaged cells. One of the key
signalling pathways that has been identified between
injured neurons and microglia is mediated via TLR4.
The activation of TLR4 on microglial cell membranes by
injury-induced ligands activates the transcription fac-
tor NF-xB which in turn leads to the upregulation and
release of a number of pro-inflammatory cytokines with
exacerbation of damage to the injured neurons. This
pathway has been implicated in a number of neurode-
generative diseases as well as in spinal cord I/R [18, 19,
34, 35]. Inhibition of the TLR4-mediated NF-«B signal-
ling pathway has been strongly implicated as one of the
mechanisms underlying the protective effects of Dex in
a number of other organ systems [11, 36] and this led us
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Fig. 5 The model depicting the mechanism by which Dex treatment exerted neuroprotective effects by regulation of the TLR4-mediated NF-kB
inflammatory system and the caspase-3 mediated neuronal apoptosis system after spinal cord I/R injury

to hypothesise that it may be one of the ways in which
Dex ameliorates the effects of spinal cord I/R injury. Our
results clearly show that Dex treatment decreases micro-
glia activation following spinal cord I/R injury. We also
show that Dex ameliorates the upregulation of TLR4
and NF-kB immunoreactivity in the ventral horn follow-
ing spinal cord I/R injury and reduces the release of the
pro-inflammatory cytokines TNF-a and IL-1p (known
downstream effector molecules in the TLR4/NF-«B path-
way). While we have demonstrated in this current study
that Dex has significant effects on these two processes,
our results do not conclusively demonstrate a causal
relationship between microglial activation after spinal
cord injury and the observed upregulation of TLR4 and
NF-«B; this is an area to explore in more details in our
future work. Taken together, these data strongly suggest
that the neuroprotective effects of Dex seen in this model
are mediated, at least in part, through a reduction in spi-
nal cord inflammation and an improvement in metabolic
tolerance due to downregulation of these pathways.

Studying the effects of a novel therapy on neuronal cell
death pathways is also crucial in understanding its neuro-
protective effects. Apoptosis is a major form of regulated
cell death that operates via mitochondria dependent and
independent signalling pathways with the caspase fam-
ily of cysteine proteases playing an essential role in both
pathways. Caspase-3, which is one of the most important
apoptosis effector molecules, is necessary for the cleav-
age of a large number of proteins and for apoptosis-
associated chromatin margination, DNA fragmentation,
and nuclear collapse. As such it can be a useful marker of
apoptosis. Here we show that both the increase in num-
ber of neurons undergoing apoptosis and the increase
in caspase-3 expression following spinal cord I/R injury
are significantly reduced by Dex treatment. Whether this
is due to direct effects on key mediators in the apopto-
sis cell signalling pathways or whether it reflects a more
indirect process (e.g. less regulated neuronal death as a
result of reduced spinal cord inflammation following Dex
treatment) is not clear from this study.

Taken together, our data provide evidence that Dex
may be a potential neuroprotective therapeutic agent for
spinal cord I/R injury. We have also shown that this is due

(at least in part) to the downregulation of two important
parallel pathways that reduce neuronal viability, namely
the TLR4-mediated NF-«B inflammatory system and the
caspase-3 mediated system of neuronal apoptosis (Fig. 5).
A suppression of microglial activation also appears to
play a role. However, this is unlikely to be the whole story
and future work should focus on further elucidating the
mechanisms of Dex treatment in spinal I/R injury. The
effect on other neuronal cell death pathways (both regu-
lated and unregulated) would be particularly interesting.

A number of clinical trials have demonstrated that Dex
has significant therapeutic benefits over other anaes-
thetic and sedative agents in terms of reducing neuro-
logical complications such as postoperative delirium [37],
and other trials have concluded that it shows promise in
reducing organ injury in a range of other systems [30,
31, 38]. All of these trials have also confirmed that Dex
is a relatively safe agent with a wide therapeutic window
(the most common complications of hypotension and
bradycardia can usually be managed easily). A poten-
tial limitation of our study is that the dose of Dex used
in the treatment group was higher than that currently
licenced for anaesthetic/sedative use in humans; this is
an issue that would need to be addressed before appro-
priate clinical trials could take place. However, given the
established safety profile of the drug at lower doses and
the neuroprotective effects demonstrated in preclinical
studies, randomised clinical trials assessing the efficacy
of this promising therapy in the treatment of spinal cord
I/R injury would be timely.

Conclusions

In Summary, we found that Dex confers neuroprotection
against spinal cord I/R injury through suppression of spi-
nal cord inflammation and neuronal apoptosis. Suppres-
sion of microglial activation and inhibition of both the
TLR4-mediated NF-«B signalling pathway and caspase-3
dependent apoptosis are implicated.

Abbreviations

Dex: dexmedetomidine; I/R: ischemia-reperfusion; HE: haematoxylin—eosin;
TUNEL: terminal deoxynucleotidyl transferase-mediated dUTP biotin nick end
labelling; Iba-1: ionised calcium-binding adaptor molecule 1; TLR4: toll-like



Sun et al. J Transl Med (2018) 16:209

receptor 4; NF-kB: nuclear factor kB; IL-13: interleukin 13; TNF-a: tumour
necrosis factor a; ELISA: enzyme-linked immunosorbent assays; HSP: heat-
shock protein; LPS: lipopolysaccharide; IL-6: interleukin 6; CNS: central nervous
system; Iso: isoflurane; Pro: propofol; PBS: phosphate buffer saline; MAP: mean
arterial pressure; HR: heart rate.

Authors’ contributions

HW and TZ designed the research; ZS carried out the experiments, analysed
the data and wrote the manuscript; SL and YG cooperated on carrying out the
research; JM co-wrote the manuscript. All authors read and approved the final
manuscript.

Author details

! Department of Anesthesiology, Shanghai Fengxian District Central Hospital,
Southern Medical University, Shanghai, People’s Republic of China. > Depart-
ment of Anesthesiology, Guangzhou Women and Children’s Medical Center,
Guangzhou Medical University, Guangzhou, People’s Republic of China.

3 Department of Anesthesiology, The First Affiliated Hospital of Guangzhou
University of Chinese Medicine, Guangzhou, People’s Republic of China.

4 Anaesthetics, Pain Medicine and Intensive Care, Imperial College London,
Chelsea and Westminster Hospital, London, UK. ® Department of Anesthesiol-
ogy, Shanghai Fengxian District Central Hospital, Southern Medical University,
Fengxian District, Shanghai Nanfeng Road on the 6600th, Shanghai, People’s
Republic of China.

Acknowledgements

The autors would like to thank Libing Zhou, Guangdong-Hongkong-Macau
Institute of CNS Regeneration, Ministry of Education CNS Regeneration Col-
laborative Joint Laboratory, Jinan University, Guangzhou, PR China, for their
laboratory facilities and their excellent technical assistance.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
The datasets used and/or analysed during the current study are available from
the corresponding author on reasonable request.

Consent for publication
Not applicable.

Ethics approval and consent to participate
The study was allowed by the Institutional Animal Care and Use Committee of
Guangzhou Medical University, Guangzhou, PR China.

Funding
The National Natural Science Foundation of China (No. 81503172, Tianyun
Zhao).

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 30 March 2018 Accepted: 17 July 2018
Published online: 21 July 2018

References

1. Wan Y, Angelini GD, Bryan AJ, Ryder |, Underwood MJ. Prevention of spi-
nal cord ischaemia during descending thoracic and thoracoabdominal
aortic surgery. Eur J Cardiothorac Surg. 2001;19:203-13.

2. Greenberg RK, Lu Q, Roselli EE, Svensson LG, Moon MC, Hernandez AV,
et al. Contemporary analysis of descending thoracic and thoracoabdomi-
nal aneurysm repair: a comparison of endovascular and open techniques.
Circulation. 2008;118:808-17.

3. Zhu P, Zhao MY, Li XH, Fu Q, Zhou ZF, Huang CF, et al. Effect of low
temperatures on BAX and BCL2 proteins in rats with spinal cord ischemia
reperfusion injury. Genet Mol Res. 2015;14:10490-9.

20.

21

22.

23.

24.

25.

Page 10 of 11

XuJ,Huang G, Zhang K, Sun J, Xu T, Li R, et al. Nrf2 activation in astrocytes
contributes to spinal cord ischemic tolerance induced by hyperbaric
oxygen preconditioning. J Neurotrauma. 2014;31:1343-53.

Ma D, Hossain M, Rajakumaraswamy N, Arshad M, Sanders RD, Franks NP,
et al. Dexmedetomidine produces its neuroprotective effect via the alpha
2A-adrenoceptor subtype. Eur J Pharmacol. 2004;502:87-97.

Kocoglu H, Karaaslan K, Gonca E, Bozdogan O, Gulcu N. Preconditionin
effects of dexmedetomidine on myocardial ischemia/reperfusion injury
in rats. Curr Ther Res. 2008;69:150-8.

Kocoglu H, Ozturk H, Ozturk H, Yilmaz F, Gulcu N. Effect of dexmedeto-
midine on ischemia-reperfusion injury in rat kidney: a histopathologic
study. Ren Fail. 2009;31:70-4.

Chi X, Wei X, Gao W, Guan J, Yu X, Wang Y, et al. Dexmedetomidine
ameliorates acute lung injury following orthotopic autologous liver
transplantation in rats probably by inhibiting Toll-like receptor 4-nuclear
factor kappa B signaling. J Transl Med. 2015;13:190.

Gu J, Chen J, Xia P, Tao G, Zhao H, Ma D. Dexmedetomidine attenuates
remote lung injury induced by renal ischemia-reperfusion in mice. Acta
Anaesthesiol Scand. 2011;55:1272-8.

Gu J, Sun P, Zhao H, Watts HR, Sandersx HR, Terrando N, et al. Dexmedeto-
midine provides renoprotection against ischemia-reperfusion injury in
mice. Crit Care. 2011;15:R153.

. WuY, LiuY,Huang H, ZhuY, Zhang Y, Lu F, et al. Dexmedetomidine inhib-

its inflammatory reaction in lung tissues of septic rats by suppressing
TLR4/NF-kB pathway. Mediators Inflamm. 2013;2013:562154.

CuiJ, Zhao H, Yi B, Zeng J, Lu K, Ma D. Dexmedetomidine attenuates
bilirubin-induced lung alveolar epithelial cell death in vitro and in vivo.
Crit Care Med. 2015;43:2356-68.

Yao H, Chi X, Jin Y, Wang Y, Huang P, Wu S, et al. Dexmedetomidine
inhibits TLR4/NF-kappaB activation and reduces acute kidney injury after
orthotopic autologous liver transplantation in rats. Sci Rep. 2015;5:16849.
Yu X, Chi X, Wu'S, JinY, Yao H, Wang Y, et al. Dexmedetomidine pretreat-
ment attenuates kidney injury and oxidative stress during ortho-

topic autologous liver transplantation in rats. Oxid Med Cell Longev.
2016;2016:4675817.

Alam A, Suen KC, Hana Z, Sanders RD, Maze M, Ma D. Neuroprotection
and neurotoxicity in the developing brain: an update on the effects of
dexmedetomidine and xenon. Neurotoxicol Teratol. 2017;60:102-16.

Bell MT, Puskas F, Bennett DT, Herson PS, Quillinan N, Fullerton DA, et al.
Dexmedetomidine, an a-2a adrenergic agonist, promotes ischemic toler-
ance in a murine model of spinal cord ischemia-reperfusion. J Thorac
Cardiovasc Surg. 2014;147:500-6.

Bell MT, Puskas F, Smith PD, Agostonx VA, Fullerton DA, Meng X, et al.
Attenuation of spinal cord ischemia-reperfusion injury by spe-

cific a-2a receptor activation with dexmedetomidine. J Vasc Surg.
2012;56:1398-402.

Li XQ, Wang J, Fang B, Tan WF, Ma H. Intrathecal antagonism of microglial
TLR4 reduces inflammatory damage to blood-spinal cord barrier follow-
ing ischemia/reperfusion injury in rats. Mol Brain. 2014;7:28.

Arumugam TV, Okun E, Tang SC, Thundyil J, Taylor SM, Woodruff TM. Toll-
like receptors in ischemia-reperfusion injury. Shock. 2009;32:4-16.

Patel AR, Ritzel R, McCullough LD, Liu F. Microglia and ischemic stroke: a
double-edged sword. Int J Physiol Pathophysiol Pharmacol. 2013;5:73-90.
Sun M, Deng B, Zhao X, Gao C, Yang L, Zhao H, et al. Isoflurane precon-
ditioning provides neuroprotection against stroke by regulating the
expression of the TLR4 signalling pathway to alleviate microglial activa-
tion. Sci Rep. 2015;5:11445.

Wang Z, Kou D, Li Z, He Y, Yu W, Du H. Effects of propofol-dexmedeto-
midine combination on ischemia reperfusion-induced cerebral injury.
NeuroRehabilitation. 2014;35:825-34.

Sakurai M, Hayashi T, Abe K, Sadahiro M, Tabayashi K. Delayed and selec-
tive motor neuron death after transient spinal cord ischemia: a role of
apoptosis? J Thorac Cardiovasc Surg. 1998;115:1310-5.

Zeng J, Lin YJ, Wang QY, Fang H, Yao JY. Protective effect of hypothermic
propofol on ischemic spinal cords. Sichuan Da Xue Xue Bao Yi Xue Ban.
2009;40:593-7.

Aslan A, Cemek M, Eser O, Altunbas K, Buyukokuroglu ME, Cosar M, et al.
Does dexmedetomidine reduce secondary damage after spinal cord
injury? An experimental study. Eur Spine J. 2009;18:336-44.



Sun et al. J Transl Med (2018) 16:209

26.

27.

28.

29.

30.

31

32.

Mika J, Zychowska M, Popiolek-Barczyk K, Rojewska E, Przewlocka B.
Importance of glial activation in neuropathic pain. Eur J Pharmacol.
2013;716:106-19.

Fu R, Shen Q, Xu P, Luo JJ, Tang Y. Phagocytosis of microglia in the central
nervous system diseases. Mol Neurobiol. 2014;49:1422-34.

Nakajima K, Kohsaka S. Microglia: activation and their significance in the
central nervous system. J Biochem. 2001;130:169-75.

Yang B, Fung A, Pac-Soo C, Ma D. Vascular surgery-related organ injury
and protective strategies: update and future prospects. Br J Anaesth.
2016;117(Suppl 2):ii32-43.

LiuY, Sheng B, Wang S, Lu F, Zhen J, Chen W. Dexmedetomidine prevents
acute kidney injury after adult cardiac surgery: a meta-analysis of rand-
omized controlled trials. BMC Anesthesiol. 2018;18:7.

Wang ZX, Huang CY, Hua YP, Huang WQ, Deng LH, Liu KX. Dexmedetomi-
dine reduces intestinal and hepatic injury after hepatectomy with inflow
occlusion under general anaesthesia: a randomized controlled trial. Br J
Anaesth. 2014;112:1055-64.

Zhao H, Alam A, Chen Q, Eusman MA, Pal A, Eguchi S, et al. The role of
microglia in the pathobiology of neuropathic pain development: what
do we know? Br J Anaesth. 2017;118:504-16.

33.

34.

35.

36.

37.

38.

Page 11 of 11

Dheen ST, Kaur C, Ling EA. Microglial activation and its implications in the
brain diseases. Curr Med Chem. 2007;14:1189-97.

Walter S, Letiembre M, Liu Y, Heine H, Penke B, Hao W, et al. Role of the
toll-like receptor 4 in neuroinflammation in Alzheimer’s disease. Cell
Physiol Biochem. 2007;20:947-56.

Shin WH, Jeon MT, Leem E, Won SY, Jeong KH, Park SJ, et al. Induction

of microglial toll-like receptor 4 by prothrombin kringle-2: a potential
pathogenic mechanism in Parkinson'’s disease. Sci Rep. 2015;5:14764.
Wang Y, Wu S, Yu X, Zhou S, Ge M, Chi X, et al. Dexmedetomidine
protects rat liver against ischemia-reperfusion injury partly by the a2A-
adrenoceptor subtype and the mechanism is associated with the TLR4/
NF-kappaB pathway. Int J Mol Sci. 2016;17:1-12.

Su X, Meng ZT, Wu XH, Cui F, Li HL, Wang DX, et al. Dexmedetomi-

dine for prevention of delirium in elderly patients after non-cardiac
surgery: a randomised, double-blind, placebo-controlled trial. Lancet.
2016;388:1893-902.

Shi R, Tie HT. Dexmedetomidine as a promising prevention strategy for
cardiac surgery-associated acute kidney injury: a meta-analysis. Crit Care.
2017;21:198.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Dexmedetomidine attenuates spinal cord ischemia–reperfusion injury through both anti-inflammation and anti-apoptosis mechanisms in rabbits
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Animals
	Surgical procedures
	Drug administration
	Neurological assessment
	Measurement of TNF-α and IL-1β using ELISA
	Histological study
	Iba-1 immunoreactivity
	TLR4 and NF-κB immunoreactivity
	TUNEL assay
	Caspase-3 immunoreactivity
	Statistical analysis

	Results
	Physiologic Parameters
	Dex treatment preserved neurological assessment scores after spinal cord IR injury
	Dex treatment preserved histological assessment scores after spinal cord IR injury
	Dex treatment decreased microglial activation after spinal cord IR injury
	Dex treatment inhibited the TLR4-mediated NF-κB signalling pathway after spinal cord IR injury
	Dex treatment inhibited caspase-3 dependent apoptosis after spinal cord IR injury

	Discussion
	Conclusions
	Authors’ contributions
	References




