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Abstract

Background: Dexmedetomidine, a sedative agent, provides neuroprotection when administered during or before brain
ischaemia. This study was designed to determine whether dexmedetomidine post-treatment induces neuroprotection against
subarachnoid haemorrhage (SAH) and the mechanisms for this effect.

Methods: Subarachnoid haemorrhage was induced by endovascular perforation to the junction of the right middle and anterior
cerebral arteries in adult rats. Dexmedetomidine was applied immediately or 2 h after onset of SAH. Neurological outcome was
evaluated 2 days after SAH. Right frontal cortex area 1 was harvested 24 h after SAH for western blotting.

Results: Subarachnoid haemorrhage reduced neurological scores and increased brain oedema and blood-brain barrier
permeability. These effects were attenuated by dexmedetomidine post-treatment. Neuroprotection by dexmedetomidine was
abolished by PD98095, an inhibitor of extracellular signal-regulated kinase (ERK) activation. Phospho-ERK, the activated form of
ERK, was increased by dexmedetomidine; this activation was inhibited by PD98095.

Conclusions: Dexmedetomidine post-treatment provides neuroprotection against SAH. This effect appears to be mediated

by ERK.
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Subarachnoid haemorrhage (SAH) is a devastating disease that
accounts for 5% of all strokes.” About 85% of SAHs are caused
by intracranial aneurysm rupture that often occurs in 40- to 60-
yr-old patients,” a very productive period of human life. Although
the incidence of aneurismal SAH is low (~1 incident per 10 000
persons yr—?),? >50% of patients will die with aneurysm rupture.’
Most measures for treating SAH are supportive. Interventions are
urgently needed to improve neurological outcome after SAH.

Dexmedetomidine is a highly selective agonist for a,-adrener-
gic receptors (a,ARs) and is used as a sedative agent with anal-
gesic properties.” > Dexmedetomidine applied before or during
brain ischaemia can provide neuroprotection against ischaemic
brain injury in adult animals.®"** However, this approach is
limited clinically because most brain ischaemic events are not
predicted. A neuroprotective strategy might be applicable if treat-
ment after brain ischaemia can still provide neuroprotection.
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Editor’s key points

Subarachnoid haemorrhage (SAH) causes profound neuro-
logical deficits and has few effective pharmacological
treatments.

In a rat model, dexmedetomidine given 2 h after onset of
SAH attenuated brain oedema, blood-brain barrier perme-
ability, and neurological deficits.

Inhibition of extracellular signal-regulated kinase pre-
vented neuroprotection by dexmedetomidine, consistent
with a role of ERK in its effect.

Application of dexmedetomidine after a traumatic insult pro-
vided protection to hippocampal slices in vitro.*” However, dex-
medetomidine post-treatment-induced neuroprotection in vivo
has not been shown. Also, it is not known whether dexmedeto-
midine is neuroprotective against SAH.

We hypothesized that dexmedetomidine post-treatment
provides neuroprotection against SAH. Given that extracellular
signal-regulated kinase (ERK) is involved in neuroprotection
against ischaemic brain injury,” ** we further hypothesized
that dexmedetomidine post-treatment-induced neuroprotection
in SAH is mediated by activation of ERK. These hypotheses were
tested in an endovascular perforation model of SAH in rats.

Methods

The animal protocol was approved by the Institutional Animal
Care and Use Committee of the University of Virginia (Charlottes-
ville, VA, USA). All animal experiments were carried out 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). Efforts were made to min-
imize the number of animals used and suffering of animals. This
study is reported in accordance with Animal Research: Reporting
In Vivo Experiments.”®

Experimental protocols

In Experiment 1, 2-month-old male Sprague-Dawley rats weigh-
ing 300-370 g (Charles River Laboratories Inc., Wilmington, MA,
USA) were randomly assigned to four groups, as follows: sham
+saline, sham+dexmedetomidine, SAH+saline, and SAH+dexme-
detomidine. Rats received dexmedetomidine or saline immedi-
ately and 24 h after the onset of SAH. Neurological scores were
evaluated at 24 and 48 h after SAH (n=18). Subarachnoid haemor-
rhage grades, brain water content (n=8), and Evans blue content
in brain tissue (n=10) were evaluated at 48 h after SAH. Evans
blue extravasation was performed to reflect blood-brain barrier
(BBB) permeability. To determine whether delayed application
of dexmedetomidine would provide neuroprotection, two groups
of rats were studied, as follows: SAH+saline and SAH+dexmede-
tomidine with application of dexmedetomidine at 2 and 24 h
after onset of SAH. We delayed the first dose of dexmedetomidine
for 2 h to increase the translational potential of our findings
because the majority of patients with SAH experience a delay
in treatment. Dexmedetomidine (1 pg m1~?; catalogue no. 0409-
1638-02; Hospira, Lake Forest, IL, USA) was prepared freshly
each day in normal saline. Dexmedetomidine 25 pg kg™ or the
same volume of saline was injected i.p.** This dose is larger
than that used in humans (usually 1 pg kg™*i.v. as the loading
dose for sedation) but is commonly used in rats.”* ** This dose
often induces light sedation in rats."® '°

In Experiment 2, the groups were the same as for Experiment
1. Dexmedetomidine or saline was injected immediately after
SAH was established. Right frontal cortex area 1 (Frl) was har-
vested 24 h after SAH to measure the content of phospho-ERK
by western blotting (n=8).

In Experiment 3, rats were randomly assigned to five groups,
as follows: sham, SAH, SAH+PD98059, SAH+dexmedetomidine,
and SAH+PD98059+dexmedetomidine. Dexmedetomidine was
given immediately and 24 h after the onset of SAH. The ERK in-
hibitor PD98059 (PD) at 1 mg kg™* was injected 30 min before dex-
medetomidine application."” PD98059 solution (0.25 mg ml™)
was prepared (Sigma-Aldrich Co., Louis, MO, USA) in normal sa-
line containing 2% dimethyl sulfoxide (DMSO; Fisher Scientific,
Fair Lawn, NJ, USA). Rats that did not require PD98059 injection
received injection of the vehicle for PD98059. Neurological scores
were evaluated at 24 and 48 h after SAH (n=16). The SAH grades,
brain water content (n=8), and BBB permeability (n=8) were eval-
uated at 48 h after SAH. Right Fr1 was harvested at 24 h after SAH
to quantify phospho-ERK content by western blotting (n=8).

Subarachnoid haemorrhage model

Subarachnoid haemorrhage was induced by endovascular perfor-
ation as previously described by Garcia and colleagues.'® Briefly,
rats were anaesthetized with 2% isoflurane, tracheally intubated
with a 16-gauge catheter and mechanically ventilated. The animal
was placed on a heat pad (Physitemp Instruments Inc., Clifton, NJ,
USA) to maintain body temperature at 37°C. Subarachnoid haem-
orrhage was achieved by advancing a 4-0 sharp monofilament
nylon suture (Beijing Cinontech Co. Ltd, Beijing, China) into the
right internal carotid artery via the external carotid artery. The su-
ture was pushed 5 mm further after resistance was felt in order to
perforate the bifurcation of the anterior and middle cerebral arter-
ies. The suture was then withdrawn and the blood flow in the in-
ternal carotid artery returned to produce SAH. Sham-operated rats
underwent the same procedure except that the suture was with-
drawn after feeling resistance. Heart rate and pulse oximeter oxy-
gen saturation were monitored continuously and non-invasively
using a MouseOX Murine Plus Oximeter System (Starr Life
Sciences Corporation, Oakmont, PA, USA). Animals received infil-
tration to the surgical wound with 0.25% bupivacaine.

Neurological scores

Neurological deficits were evaluated 24 and 48 h after SAH using
an 18-point scoring system as described by Garcia and collea-
gues." The modified assessment consisted of six tests, including
spontaneous activity, spontaneous movement of four limbs, fore-
paw outstretching, climbing, body proprioception, and response to
whisker stimulation (3-18 points).

Subarachnoid haemorrhage grade

An 18-point SAH severity grading system described previously?® **

was used. The basal cistern was divided into six segments that
were scored from 0 to 3 according to the amount of subarachnoid
blood clot. A total score was calculated by adding the scores from
six segments (0-18 points). Animals receiving a score <8 were
excluded from the study.

Assessment of brain water content

Brain water content was examined to assess the degree of brain
oedema. At 48 h after SAH, brains were quickly separated into
left and right cerebral hemispheres, cerebellum, and brainstem
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and weighed (wet weight). Brain tissue blocks were dried in an
oven at 100°C for 72 h and weighed again (dry weight). The
percentage of water content was calculated as follows: [(wet
weight-dry weight)/wet weight]x100%.7° ?*

Measurement of blood-brain barrier permeability

Blood-brain barrier integrity was evaluated by Evans blue extrava-
sation.”? > At48 h after SAH, Evans blue dye (2% in saline, 5mlkg™?;
Sigma Aldrich) was injected via the right femoral vein and allowed
to circulate for 60 min. Under anaesthesia, rats were transcardially
perfused with saline to remove the intravascular dye. Brains were
then removed and divided into left and right cerebral hemispheres,
cerebellum, and brainstem. The brain samples were weighed and
homogenized in 2 ml of 50% trichloroacetic acid (Sigma-Aldrich),
incubated overnight at 4°C, and centrifuged at 13 000g for 30 min.
The amount of Evans blue in the supernatant was quantified by
spectrophotometry at 620 nm. The results were expressed as
micrograms per gram of brain tissue wet weight.

Immunoblot analysis

Rats were killed by deep isoflurane anaesthesia and transcardially
perfused with normal saline at 24 h after SAH. The right Fr1 (per-
foration side) between bregma +2 and 0 mm was harvested for
western immunoblot analysis. Tissues were homogenized in
RIPA buffer (25 mM Tris-HCl, pH 7.6, 150 mM Nacl, 1% NP-40, 1%
sodium deoxycholate, and 0.1% SDS; Thermo Scientific, Rockford,
IL, USA) with protease inhibitors (10 mg m1~* aprotinin, 5 mg m1~*
peptastin, 5 mg ml~* leupeptin, and 1 mM phenylmethanesulfo-
nylfluoride; catalogue no. 084M4156V; Sigma-Aldrich) and
phosphatase inhibitors (PhosSTOP; Roche Diagnostics GmbH,
Mannheim, Germany) on ice as described.”* Homogenates were
centrifuged at 4°C at 13000g for 25 min, and the supernatant
was used for immunoblotting.

Equivalent total protein amounts (20 pg) were loaded into each
lane of preformed SDS-PAGE gels (12%; Bio-Rad Laboratories Inc.,
Hercules, CA, USA). After gel electrophoresis, proteins were trans-
ferred onto a nitrocellulose membrane (Bio-Rad Laboratories Inc.)
and shaken with blocking buffer (Thermo Scientific) for 2 h at
room temperature. The following primary antibodies were incu-
bated with the membrane under gentle agitation at 4°C overnight:
mouse anti-phospho-ERK antibody (1:200, catalogue no. 11714;
Santa Cruz Biotechnology, Santa Cruz, CA, USA), rabbit anti-ERK
antibody (1:200, catalogue no. F3014; Santa Cruz Biotechnology)
and rabbit anti-B-actin antibody (1:4000, catalogue nuo. 4967S;
Cell Signaling Technology, Danvers, MA, USA). Secondary horse-
radish peroxidase-conjugated goat anti-mouse antibody (1:5000,
catalogue no. E3113; Santa Cruz Biotechnology) or goat anti-rabbit
antibody (1:5000, catalogue no. H0614; Santa Cruz Biotechnology)
was used. After visualization with enhanced chemiluminescence,
quantitative analysis of the protein bands was performed using an
Image-Quant 5.0 GE Healthcare Densitometer (GE Healthcare,
Sunnyvale, CA, USA). Densities of phospho-ERK protein bands
were normalized to those of ERK in the same sample to control
for errors in protein sample loading and transferring.

Statistical analysis

Parametrical data are presented as the mean (sD). Results of brain
water content, Evans blue extravasation and immunoblotting
were analysed by one-way analysis of variance, followed by
Tukey’s test. Neurological scores and SAH grade were analysed
by one-way analysis of variance on ranks, followed by Tukey’s

test. A value of P<0.05 was accepted as significant. All statistical
analyses were performed using SigmaStat (SYSTAT Software
Inc., Point Richmond, CA, USA).

Results

Dexmedetomidine neuroprotection

Three rats had SAH grades <8 in SAH and SAH+dexmedetomidine
post-treatment groups in Experiment 1, and these animals were
excluded in the final data analysis. Five and four rats in the SAH
and SAH+dexmedetomidine post-treatment groups, respective-
ly, died within 48 h after onset of SAH, corresponding to 22 and
18% for these groups. No rats in the sham-operated groups died
within the 48 h observation time. Similar mortality rates were ob-
served and numbers of rats excluded from the final analysis
owing to low SAH grades occurring in the SAH and sham-oper-
ated groups in the other sets of experiments.

The body weights of rats in the sham-operated, SAH, and SAH
+dexmedetomidine post-treatment groups were 344 (7), 344 (20),
and 341 (19) g (P>0.05), respectively, before surgery and 331 (10),
306 (24), and 312 (15) g, respectively, for sham-operated, SAH,
and SAH+dexmedetomidine post-treatment groups at 48 h after
SAH surgery. The body weights of rats in the SAH group were
significantly decreased after SAH compared with their weights
before SAH (P=0.023).

Subarachnoid haemorrhage grades were similar among the
SAH groups with or without dexmedetomidine post-treatment.
Neurological scores were significantly reduced by SAH [median
(25th-75th percentile): 14 (12, 15) compared with 18 (18, 18) of
sham-operated animals at 48 h after onset of SAH, P<0.001].
This reduction was reversed by dexmedetomidine, with the
first dose applied immediately after onset of SAH [16 (15, 17),
P=0.004 compared with SAH only]. This pattern existed when as-
sessment of neurological scores was performed 24 or 48 h after
the onset of SAH (Fig. 1). Likewise, application of dexmedetomi-
dine at 2 h after onset of SAH (post-treatment) improved neuro-
logical outcome after SAH (Fig. 1). Consistent with these results,
the right cerebral hemisphere in the SAH group contained more
water than that in the sham-operated group (water content:
81.7 (2.3) and 78.5 (0.2)% in the SAH group and sham-operated
group, respectively, P<0.001). This increase was attenuated by
dexmedetomidine post-treatment [79.5 (1.1)%, P=0.007 compared
with the SAH group; Fig. 2). Likewise, Evans blue content in brain
tissue, which reflects the permeability of the BBB, was increased
in the right cerebral hemisphere. This increase was also attenu-
ated by dexmedetomidine post-treatment (Fig. 3). These results
suggest that dexmedetomidine post-treatment provides neuro-
protection after SAH. Interestingly, SAH from a right cerebral
vessel also increased Evans blue content in the left cerebral
hemisphere, cerebellum, and brainstem. This increase in the
left cerebral hemisphere was significantly attenuated by dexme-
detomidine applied immediately after SAH (Fig. 3). These results
suggest that the effects of SAH on the brain can be diffuse.

Role of extracellular signal-regulated kinase
in dexmedetomidine neuroprotection

Phospho-ERK immunoreactivity in the right Frl was reduced by
SAH, but this was significantly increased by dexmedetomidine
post-treatment. This increase was abolished by PD98095, an
ERK inhibitor (Fig. 4a and B). These results suggest that dexmede-
tomidine post-treatment can activate ERK in the brain after SAH.
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Fig 1 Dexmedetomidine post-treatment-induced neuroprotection. Adult male rats had SAH induced by endovascular perforation of the junction of right middle and
anterior cerebral arteries. They were treated with dexmedetomidine, with the first dose given immediately or 2 h after onset of SAH. (a) representative brain images.
(B) Subarachnoid haemorrhage grades. (c) Neurological scores at 24 h after onset of SAH. (B) Neurological scores at 48 h after onset of SAH. Inside boxes: 25-75%
interval, including the median; n=18 for the first four groups and n=16 for the last two groups. *P<0.05 compared with sham-operated animals. *P<0.05
compared with SAH-only group. Dex, dexmedetomidine; SAH, subarachnoid haemorrhage.

There was no difference in the SAH grades between SAH
groups treated with or without dexmedetomidine and PD98095.
Consistent with these results, neurological scores were decreased
by SAH when assessment was performed 24 or 48 h after SAH,
which was attenuated by dexmedetomidine. PD98095 blocked
the effect of dexmedetomidine (Fig. 4c and D). Water content in
the right cerebral hemisphere was increased by SAH, and this
was attenuated by dexmedetomidine. PD98095 abolished the
effect of dexmedetomidine (Fig. 5). Similar effects occurred in
Evans blue content in the right cerebral hemisphere. Evans blue
content in the left cerebral hemisphere, cerebellum, and brain-
stem was increased. This increase was attenuated by dexmedeto-
midine in the left cerebral hemisphere, which was prevented by
PD98095 (Fig. 6). PD98095 did not affect the neurological scores,
water, and Evans blue content in the brain of animals with SAH
only (Figs 4-6). These results suggest that the effects of dexmede-
tomidine are mediated by ERK.

Discussion

Our results show that SAH impairs neurological function and
causes weight loss. Dexmedetomidine post-treatment improved
the neurological outcome after SAH, and also reduced water con-
tent and BBB permeability. These effects were evident even when
the first dose of dexmedetomidine was given 2 h after the onset of
SAH. These results provide initial in vivo evidence for dexmedeto-
midine post-treatment-induced neuroprotection against SAH.
There are three studies that have investigated the neuropro-
tective effects of dexmedetomidine when administered after in-
jury. Dexmedetomidine applied 3 h after transient global cerebral
ischaemia did not provide neuroprotection in adult gerbils.’ In

contrast, application of dexmedetomidine 2 h, but not 3 h, after
a traumatic insult provided neuroprotection in mouse brain
slices.'” In addition, incubation of mouse hippocampal slices
with dexmedetomidine for 1 h at 1-2 h after oxygen and glucose
deprivation reduced cell death.?® Our results show that dexmede-
tomidine applied 2 h after SAH was neuroprotective. Although
the reason for the failure to show neuroprotection in the gerbil
study is not known, the delay in application of dexmedetomidine
or differences between SAH and the ischaemia model used could
have contributed to it.

Dexmedetomidine post-treatment-induced neuroprotection
against SAH appears to be mediated by ERK. Dexmedetomidine
post-treatment increased the activated ERK. PD98095, an ERK in-
hibitor, inhibited this increase and also blocked the effects of
dexmedetomidine on neurological scores, water content, and
Evans blue content in brain. These results suggest a critical role
of ERK in the dexmedetomidine post-treatment effects. Extracel-
lular signal-regulated kinase has been suggested to be a protein
kinase essential for cell survival.”® Dexmedetomidine might acti-
vate ERK to mediate its neuroprotection against ischaemic brain
injury when it is applied during brain ischaemia in rats or after a
traumatic injury in mouse hippocampal slices.™ ' Also, dexme-
detomidine can activate ERK.”” Thus, ERK appears to be an im-
portant intracellular signaling molecule for dexmedetomidine-
induced neuroprotection.

Two pathways have been described for dexmedetomidine to
activate ERK. The first is via activation of a,ARs, which induces
release of epidermal growth factor or epidermal growth factor-
like growth factor, and then activates/phosphorylates ERK.?® ?°
The second pathway is ;AR independent. Dexmedetomidine
could activate imidazoline I1 receptors that then increase protein
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Fig 2 Dexmedetomidine post-treatment-induced reduction of brain oedema after SAH. Adult male rats had SAH induced by endovascular perforation of the junction

of right middle and anterior cerebral arteries. They were treated with dexmedetomidin

e, with the first dose given immediately or 2 h after onset of SAH. (a) Water
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Fig 3 Dexmedetomidine post-treatment-induced reduction of blood-brain barrier permeability after SAH. Adult male rats had SAH induced by endovascular
perforation of the junction of right middle and anterior cerebral arteries. They were treated with dexmedetomidine, with the first dose given immediately or 2 h

after the onset of SAH. () Evans blue content in left cerebral hemisphere. (8) Evans blue

content in right cerebral hemisphere. (c) Evans blue content in cerebellum.

(p) Evans blue content in brainstem. Results are mean (sp); n=10 for the first four groups and n=8 for the last two groups. *P<0.05 compared with sham-operated
animals. *P<0.05 compared with SAH-only group. Dex, dexmedetomidine; SAH, subarachnoid haemorrhage.
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Fig 4 Dexmedetomidine post-treatment-induced activation of ERK and neuroprotection after SAH. Adult male rats had SAH induced by endovascular perforation of
the junction of right middle and anterior cerebral arteries. They were treated with dexmedetomidine, with the first dose given immediately after the onset of SAH.
(a) Phospho-ERK immunoreactivity in the frontal cortex area 1. (8) Phospho-ERK immunoreactivity in the frontal cortex area 1 for animals treated with PD98095 at
30 min before dexmedetomidine application. (c) Subarachnoid haemorrhage grades. (p) Neurological scores. Results are mean (sp) [n=8 for panels (a) and (8)] or in
box plot [n=16 for panels (c) and (D)]. *P<0.05 compared with sham-operated animals. ~P<0.05 compared with SAH-only group. #P<0.05 compared with SAH
+dexmedetomidine group. Dex, dexmedetomidine; ERK, extracellular signal-regulated kinase; PD, PD98095; SAH, subarachnoid haemorrhage; Sal, saline.

kinase C activity to activate ERK.”” These two pathways might
work together to enhance activation of ERK by dexmedetomidine.

Subarachnoid haemorrhage induces cerebral oedema by vari-
ous mechanisms, such as autoregulatory breakdown in brain
blood vessels because of hypertension, neuroinflammation,
focal brain ischaemia, and increased intracellular water attribut-
able to hyponatraemia.’® Many of these mechanisms result
in increased BBB permeability as demonstrated in our study.
Dexmedetomidine might inhibit these mechanisms via its neu-
roprotective effects, and might also work through o,AR to control
the BBB permeability directly.®’ These effects should contribute
to dexmedetomidine-induced reduction of brain oedema after
SAH as observed in the present study.

Our study could have significant translational implications.
Subarachnoid haemorrhage is not uncommon and has a high
mortality. If our findings in rats are confirmed in humans, trans-
lation of our finding to humans could easily be achieved. In

addition, dexmedetomidine can be used to sedate patients with
SAH in the intensive care unit. Thus, dexmedetomidine can be
used for two purposes in this situation.

Our study has limitations. We did not perform a dose-
response study and selected a dose that was protective against
ischaemic stroke." Our SAH model simulates the clinical situ-
ation of intracranial aneurysm rupture. However, it is a difficult
model and requires a large number of animals per group. Dose-
response studies should be performed in the future to provide
better characterization of the effects of dexmedetomidine on
SAH. Also, mechanisms other than ERK activation could play a
role in dexmedetomidine post-treatment against SAH. op-Adren-
ergic receptors can regulate neurotransmitter release,’” but dex-
medetomidine does not affect brain ischaemia-reperfusion-
induced glutamate release.**° In addition, our study showed
that PD98095 abolished dexmedetomidine post-treatment-in-
duced neuroprotection. Thus, the effects of dexmedetomidine
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immediately after onset of SAH. PD98095 was given 30 min before dexmedetomidine application. (o) Water content in left cerebral hemisphere. (8) Water content in right
cerebral hemisphere. (c) Water content in cerebellum. (p) Water content in brainstem. Results are mean (sp); n=8. *P<0.05 compared with sham-operated animals.
AP<0.05 compared with SAH-only group. #P<0.05 compared with SAH+dexmedetomidine group. Dex, dexmedetomidine; PD, PD98095; SAH, subarachnoid haemorrhage.
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Fig 6 Attenuation of dexmedetomidine post-treatment effects on blood-brain barrier permeability after SAH by extracellular signal-regulated kinase inhibition. Adult
male rats had SAH induced by endovascular perforation of the junction of right middle and anterior cerebral arteries. They were treated with dexmedetomidine, with
the first dose given immediately after the onset of SAH. PD98095 was given 30 min before dexmedetomidine application. (a) Evans blue content in left cerebral
hemisphere. (B) Evans blue content in right cerebral hemisphere. (c) Evans blue content in cerebellum. (p) Evans blue content in brainstem. Results are mean (sp);
n=8. *P<0.05 compared with sham-operated animals. *P<0.05 compared with SAH-only group. Dex, dexmedetomidine; SAH, subarachnoid haemorrhage.
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post-treatment on glutamate release might not be important for
the effects observed in our study and have not been determined.
Finally, we studied only male rats; therefore, potential sex differ-
ences were not determined.

In summary, our results suggest that dexmedetomidine post-

treatment induces neuroprotection against SAH in rats, mediated
by ERK activation.
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