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Abstract

Neuroinflammation plays a vital role in early brain injury (EBI) following subarachnoid hemorrhage (SAH). The hypothesis of
this study was that activation of melanocortin 1 receptor (MC1R) with BMS-470539 attenuates EBI by suppression of neuro-
inflammation after SAH. We utilized BMS-470539, MSG-606, and MRT-68601 to verify the neuroprotective effects of MCIR.
We evaluated brain water content, short-term and long-term neurobehavior after SAH. Western blotting and immunofluorescence
staining were utilized to assess the changes of protein levels. The results of western blotting suggested that the expressions of
MCIR, phosphorylated-adenosine monophosphate-activated protein kinase (p-AMPK), and phosphorylated-TANK binding
kinase 1 (p-TBK1) were increased and reached their peak points at 24 h following SAH. Moreover, BMS-470539 treatment
notably attenuated neurological deficits caused by SAH, and also notably improved long-term spatial learning and memory
abilities after SAH. The underlying mechanisms of the neuroprotection of BMS-470539 involved the suppression of microglia
activation, promotion of CD206+ microglia transformation and reduction of neutrophil infiltration by increasing the levels of p-
AMPK and p-TBK1 while decreasing the levels of NF-«kB, IL-1[3, and TNF «. The neuroprotective effects of BMS-470539 were
significantly abolished by MSG-606 and MRT-68601. The activation of MC1R with BMS-470539 notably attenuates EBI after
SAH by suppression of microglial activation and neutrophil infiltration via the AMPK/TBK1/NF-kB signaling pathway.
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Introduction

SAH is a devastating disease, characterized by high rate of
disability and mortality [1]. Recent studies suggested that the
poor prognosis of SAH mainly results from early brain injury
(EBI), which appears within the first 3 days following SAH
[2, 3]. Although inflammation is one of the key mechanisms
for tissue repair, overactivation of inflammatory responses
after SAH is one of the main pathophysiological processes
underlying EBI, which could further amplify the brain injury
and cause permanent neurological and cognitive deficits [4].
Given the extensive damage induced by neuroinflammation,
suppression of inflammatory responses could be an effective
tactic to reduce brain injury after SAH.

Microglia, the resident immune cells of the central nervous
system (CNS), are responsible for the inflammatory response
[5]. Frequently, microglia are redeemed to exist in a resting
status (M0). However, upon activation, they are transformed
into two different phenotypes (M1 and M2) with distinct
physiological functions [6, 7]. M1 phenotype microglia are
pro-inflammatory as they secrete inflammatory molecules, in-
cluding IL-1f3, IL-6, and TNF-«, which are greatly detrimen-
tal to the brain tissues [8]. In contrast with the M1 phenotype,
M2 microglia are thought to be neuroprotective through the
promotion of neurogenesis, axonal regeneration, angiogene-
sis, and re-myelination due to their anti-inflammatory proper-
ties [9]. Therefore, intentional promotion of microglia from
M1 phenotype to M2 phenotype could be a promising thera-
peutic strategy in treating SAH.

The melanocortin receptor (MCR) family, class A
(rhodopsin-like) family of G-protein coupled receptors
(GPCRs), harbors five members (MCRs 1-5) [10].
Among all, MC1R, MC3R and MC4R have been reported
to be highly expressed in the central nervous system
(CNS) [11]. Recently, MCIR has been demonstrated on
microglia/macrophages and suggested to be involved in
immunomodulatory processes [12, 13]. For example, Li
et al. reported increased phosphorylated NF-kB levels in
the absence of MCIR, indicating that MC1R exerted its
anti-inflammatory effects at least partly via the suppres-
sion of NF-kB activation [14]. Indeed, several previous
studies have demonstrated that NF-kB can promote the
transformation of microglia from MO to M1 phenotype,
which in turn increases the secretion of pro-
inflammatory cytokines, including IL-1$ and TNF-«
while decreasing the level of anti-inflammatory cytokines
such as IL-10 [15]. Thus, MC1R-mediated anti-inflamma-
tory effects have been consistently suggested in the recent
literature [12]. However, the role of MCI1R in hemorrhag-
ic stroke has yet to be explored. Although the neuropro-
tective effect of melanocortin was previously evaluated
through the use of «-melanocyte stimulating hormone
(x-MSH) analogues in experimental SAH [16], the role

of particular activation of MCI1R remains largely
unknown.

Although the mechanisms underlying the MC1R-mediated
suppression of NF-kB activation is not well understood, mod-
ulation of the AMPK/TBKI signaling pathway is one of the
potential ways. AMPK is an energy sensor with essential roles
in the regulation of inflammation [17], which contributes to
the regulation of pro-opiomelanocortin-o«c (POMC), the pre-
cursor protein of endogenous ligand («-melanocortin) of
MCIR [18]. AMPK has been reported to phosphorylate and
activate TANK-binding kinase 1 (TBK1) [19], a member of
the inhibitor kappa kinase (IKK) family, leading to the allevi-
ation of inflammation via the suppression of NF-kB [20].
Howeyver, the role of TBK 1 has never been studied in hemor-
rhagic stroke. BMS-470539, a strong and selective agonist of
MCIR, plays essential roles in the suppression of inflamma-
tory responses [21, 22].

Based on the evidence mentioned above, we hypothesized
that activation of MC1R by BMS-470539 would reduce pro-
inflammatory molecules, promote the transformation of mi-
croglia to the M2 phenotype, and alleviate the neurological
and cognitive deficits via the AMPK/TBK1/NF-kB signaling
pathway in a rat model of SAH.

Methods
Animals

We did the experiments based on the protocols proposed by
the Institutional Animal Care and Use Committee (IACUC) at
Loma Linda University. The procedures were performed
based on NIH guidelines. Male Sprague—Dawley (SD) rats
(280-330g, Indianapolis, IN) were used in the present study.
Animals were kept at room temperature (22 = 1°C) and in a
12 h day/night cycle (humidity: 60 £ 5%). Food and water
were ad libitum.

Experimental Design

This study was completed in five separate experiments, as
shown in Fig. 1. The final number of rats used in this study
was 194, including deceased and excluded animals in each
group (additional file).

Experiment 1 We determined the expression of MCIR,
AMPK and TBKI1 protein levels in the sham group and each
group after SAH. Rats were randomly divided into sham and
SAH groups with different time-points (3h, 6 h, 12 h, 24 h, 72
h). The ipsilateral/left cerebral cortex of six rats from each
group was collected for western blotting. Additionally, the
cellular location of MC1R was evaluated using double immu-
nofluorescence staining in sham and SAH (24 h) groups.
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Fig. 1 Experimental design and
animal groups

Experiment 1: Time-Course of MC1R, TBK1 and AMPK, cellular localization of MC1R.
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Groups: Sham, SAH-3h, SAH-6h, SAH-12h, SAH-24h, SAH-72h.

Experiment 2: BMS-470539 treatment could improve short-term(24h) neurological
functions.

BMS-470539 or
vehicle (i.n.)
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Groups: Sham, SAH + vehicle, SAH + BMS-470539 (50ug/kg), SAH + BMS-
470539 (160ug/kg), SAH + BMS-470539 (500ug/kg).

1. Neurological test
2. Brain Edema

Experiment 3: BMS-470539 treatment could improve long-term(21d) neurological

functions.
1. Morris Water Maze
BMS-470539 or 2. rotarod test
rotarod test rotarodtest 3 Nissl staining

vehicle (i.n.)
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Groups: Sham, SAH + vehicle, SAH + BMS-470539 (Best dosage)

Experiment 4. Inhibition of MC1R with MSG-606 abolished the anti-inflammation effects of BMS-

470539.
1. Neurological test
MSG-606 BMS-470539 or 2. IF staining
(i.cv.) % vehicle (i.n.) 3. Western Blot
| L,
-1h 1h 24h

Groups: Sham, SAH + vehicle 1, SAH + BMS-470539 (Best dosage), SAH + BMS-470539 + vehicle 2,
SAH + BMS-470539 + MSG-606.

Experiment 5. Inhibition of TBK1 with MRT-68601 abolished the anti-inflammation effects of BMS-

70539.
1. Neurological test
MRT-68601 BMS-470539 or 2. IF staining
(l.ewv.) vehicle (i.n.) 3. Western Blot
! J L.
-1h 1h 24h

Groups: Sham, SAH + vehicle 1, SAH + BMS-470539 (Best dosage), SAH + BMS-470539 + vehicle 2,

SAH + BMS-470539 + MRT-68601.

Experiment 2 In order to explore the neuroprotective ef-
fects of BMS-470539 (sc-362716A, Santa Cruz), we
chose three different dosages of BMS-470539, based on
a previous study [22]. Rats were randomly divided into
five groups: sham, SAH + vehicle (10 ul sterile saline),
SAH + BMS-470539 (50 pg/kg, 10 ul), SAH + BMS-
470539 (160 pg/kg, 10 ul), and SAH + BMS-470539
(500 pg/kg, 10 ul). BMS-470539 was administrated
intra-nasally (i.n.) 1 h after SAH. Neurobehavior tests
(including modified Garcia score and beam balance test)
and brain water content analysis were performed at 24 h
after SAH.
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Experiment 3 The medium dosage (160 pg/kg) was chosen for
further study according to the better results obtained from the
previous experiment. To study the effects of BMS-470539
(160 pg/kg, 10 pl) on long-term neurological functions, rats
were randomly distributed into three groups: sham, SAH +
vehicle, and SAH + BMS-470539. Rotarod tests were per-
formed in the first, second and third weeks after SAH.
Morris water maze tests were conducted between days 21
and 25. Two rats from each group were used for Nissl staining.

Experiment 4 We used a selective MC1R antagonist (MSG-
606, 5954, R&D systems) to study the role of MC1R in BMS-



Activation of Melanocortin 1 Receptor Attenuates Early Brain Injury in a Rat Model of Subarachnoid... 297

470539 mediated anti-neuroinflammation. Rats were random-
ly divided into five groups: sham, SAH + vehicle 1(10 ul
sterile saline, i.n), SAH + BMS-470539 (160 pg/kg, 10 ul),
SAH + BMS-470539 + vehicle 2 (6 ul sterile saline, i.c.v),
and SAH + BMS-470539 + MSG-606 (1 nmol/ul, 6 ul).
MSG-606 was administered 1 h before SAH via i.c.v. route.
Neurological testing was performed at 24 h after SAH.
Ipsilateral/left cerebral cortex was sampled for western
blotting.

Experiment 5 To assess the role of TBK1 on the anti-
neuroinflammation effects of BMS-470539, the selective
TBK1 inhibitor MRT-68601 (5067, R&D systems) was ad-
ministrated through the intracerebroventricular (i.c.v.) route
1 h before SAH. Rats were randomly divided into five groups:
sham, SAH + vehicle 1(10 pul sterile saline, i.n), SAH + BMS-
470539 (160 ng/kg, 10ul), SAH + BMS-470539 + vehicle 2
(9 ul sterile saline, i.c.v), and SAH + BMS-470539 + MRT-
68601 (1.8 nmol/ul, 9 ul). Neurological testing was per-
formed 24 h after SAH. Ipsilateral/left cerebral cortex was
sampled at 24 h after induction of SAH for western blotting
and immunofluorescence staining.

Animal Model

The SAH model was achieved by endovascular perforation,
which has been widely established [23]. Briefly, the rats re-
ceived anesthetization with 5% isoflurane and then they were
positioned on a ventilator. The rats were kept under anesthesia
with 3% isoflurane in 65/35% medical air/oxygen during sur-
gery (heart and respiration rates were monitored throughout
the procedure). We exposed the carotid artery and its bifurca-
tion. Afterwards, a 4-0 sharpened nylon suture was inserted
from the external carotid artery. The suture then went along
the internal carotid artery and finally reached the bifurcation of
the anterior cerebral artery and middle cerebral artery, where a
perforation was executed. After euthanasia, we evaluated the
degree of SAH according to a new grading system [24].

Drug Administration and Intracerebroventricular
Injection

BMS-470539 was given by intranasal injection with a volume
of 10 pl. The dosage of BMS-470539 was determined based
on previous literature [22]. MSG-606 (1 nmol/ul, 6 pl) and
MRT-68601 (1.8 nmol/ul, 9 ul) were administrated by i.c.v.
injection 1 h before SAH, the procedures of which were ac-
cording to a previous report [25]. Briefly, the rats received
anesthetization with 5% isoflurane and kept under anesthesia
as described above. Then we made a burr hole with a drill
1 mm posterior to the bregma and 1.5 mm right lateral to the
midline, at which point the drug was slowly administrated
(3.5 mm in depth, 0.5 ul/min). The needle was kept in place

for 5 minutes and then withdrawn after another 5 minutes.
Finally, the burr hole and incision were closed with bone
wax and sutures, respectively (all surgical procedures were
conducted with sterile techniques).

Mortality and Short-Term Neurobehavior Evaluation

We set the timing of the neurobehavior tests at 24 h after SAH,
since the protein levels of MCI1R, p-AMPK, and p-TBK1
were found to peak at 24 h after the injury. We then calculated
the mortality rate and evaluated the neurobehavior at 24 h after
SAH. Modified Garcia scoring system [24] and beam balance
test [26] were used for neurological assessment. Parameters
and modifications of these two methods can be found in
Supplemental Tables 1 and 2. The neurological tests were
conducted by an independent researcher.

Long-Term Neurological Assessment

Rotarod test was adopted to assess the long-term
neurobehavior in the first, second and third weeks following
SAH. Additionally, Morris water maze test was applied during
days 21 to 25 to evaluate the spatial learning and memory
abilities between different groups, the procedures of which
were based on a previous report [27]. Detailed description of
the Morris water maze test can be found in Supplemental 3.

Brain Water Content Assessment

The wet-dry method was used to assess the brain edema 24h
after SAH. Briefly, the rats underwent euthanasia and the
brains were quickly collected, which were then separated into
right hemisphere, left hemisphere, cerebellum, and brain stem.
Afterwards, these four parts of the brain were weighed sepa-
rately (wet weight) and then put into an oven at a temperature
of 105°C for three days. Dry brains were weighed (dry
weight) and the brain water content was calculated as follows:
[(wet weight — dry weight) / (wet weight)] x 100% [28].

Immunofluorescence Staining

After being anesthetized with 5% isoflurane, the rats received
trans-cardiac perfusion (0.1 M PBS) and then 10% formalin.
Afterwards, we collected the brains quickly and put them into
10% formalin (4°C, 24 h). Formalin was replaced with 30%
sucrose solution for 3 days. The brains were cut into 10-pum
sections. The slices were then fixed on slides and used for
immunofluorescence staining. The brain slices were incubated
at 4°C overnight with the following primary antibodies:
MCIR (1:50, ThermoFisher, PA5-75342), IL-13 (1:500,
Abcam ab9722), myeloperoxidase (MPO) (1:500, Abcam
ab65871), Iba-1 (1:100, Abcam ab48004), glial fibrillary acid-
ic protein (GFAP) (1:100, Abcam ab53554), NeuN (1:100,
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Abcam ab104224), CD206 (1:200, Santa Cruz sc-34577).
Secondary antibodies were then applied at room temperature
(21 °C) for 2 h and assessed with a fluorescence microscope
(Leica Microsystems, Germany). To evaluate the numbers of
Iba-1, MPO, CD206, and IL-1{ positive cells, we chose three
different fields from each of the five sections per brain and
quantified the positive cells using a magnification of 200X.

Nissl Staining

Nissl staining was conducted according to a previous report
[29]. Briefly, rats were treated as described above for immu-
nofluorescence staining. The brains were then cut into 16-um
slices. The slices were immersed with 0.5 % cresyl violet
(Sigma-Aldrich, St. Louis, MO, USA) solution and
dehydrated with 100% alcohol. Next, the sections were
washed with xylene and covered with a coverslip. Finally,
the sections were observed under a light microscope by a
blinded investigator.

Western Blot Analysis

After being anesthetized, the rats received trans-cardiac per-
fusion (0.1 M PBS). Ipsilateral/left cerebral cortex was then
sampled for western blotting, the procedures of which were
according to a previous report [30]. In brief, 40 pg protein
from each sample were applied for electrophoresis and then
the protein was transferred onto nitrocellulose membranes
(100 V, 80 minutes). Afterwards, the membranes were incu-
bated with the following primary antibodies overnight (4°C):
MCIR (1:500, ThermoFisher, PA5-75342), p-AMPK
(1:1000, Cell Signaling, #2535), AMPK (1:2000, Cell
Signaling, #5832), p-TBK1 (1:5000, Abcam ab109272),
TBKI1 (1:5000, Abcam ab40676), p-NFkB (1:500, Biorbyt
orb107125), NF«B (1:1000, NOVUS NBP1-87760), IL-13
(1:500, Abcam ab9722), TNFx (1:1000, Abcam ab6671),
[3-actin (1: 3000, Santa Cruz sc-47778). Secondary antibodies
were then applied at room temperature for 1 h. Finally, the
bands were probed with ECL Plus chemiluminescence re-
agent Kit (Amersham Biosciences, Arlington Heights, PA)
and visualized with the imaging system (Bio-Rad, Versa
Doc, model 4000). Then, Image J software (NIH) was used
to measure intensity. The results were displayed as relative
density (grayscale value of the target proteins /(3-actin or total
proteins). For quantification of western blot results, when we
detected the proteins, the beta-actin from the same sample on
the same membrane corresponding to the proteins was always
detected at the same time. That means, all proteins were nor-
malized to their own beta-actin from the same sample, no
exceptions. For quantification of phosphorylated and total
proteins (p-NFkB/NFkB, p-AMPK/AMPK, p-TBK1/TBK1),
we ran the same sample twice, once for phosphorylated
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protein and once for total protein. We did not strip the mem-
brane during the experiments.

Statistical Analysis

The data were shown as the mean + standard deviation (SD).
SPSS 22.0 software (IBM, USA) was used to perform power
analysis based on o = 0.05 and the number of the group, with
a power of 0.85 or higher indicating reliable evidence.
GraphPad Prism (GraphPad Software, San Diego, CA,
USA) was applied to analyze the data. First, we assessed the
normality of the data. If the data met the requirement of satis-
fied normality and homogeneity of variance, one-way analysis
of variance (ANOVA) is followed by multiple comparisons
between different groups using Tukey’s post hoc test. For the
data that failed the normality test, non-parametric statistics
was applied. Additionally, two-way repeated measures
ANOVA was applied to analyze the data of long-term neuro-
logical functions and brain water content. Statistical signifi-
cance was set at P < 0.05.

Results
Mortality Rates and SAH Grade Score

The physical parameters after surgery are shown in
Supplemental Table 4. No significant difference was ob-
served among different groups. Of the 194 rats, 38 were
in the sham group and 156 received perforation surgery.
The overall mortality of the SAH groups was 11.5% (18/
156) (Supplemental Tables 5 and 6). Seven rats were ex-
cluded as SAH grade was less than 7 (Supplemental
Table 5). After exclusion, we added new animals to the
groups with animals excluded to make sure that each
group had n=6. Basal cortex of the left hemisphere was
sampled for immunofluorescence staining and western
blotting (Fig. 3A). There was no significant difference
between different groups in SAH grade score (Fig. 3B).

Temporal Patterns of MC1R, p-AMPK, and p-TBK1
were evaluated after SAH

Western blotting was used to assess the levels of MCIR, p-
AMPK, and p-TBK1 at 3, 6, 12, 24, and 72 h after SAH in the
left brain. The levels of MCIR and p-AMPK started to in-
crease at 3 h after SAH and peaked at 24 h (Fig. 2A, 2B).
Additionally, the level of p-TBK1 increased at 6 h after SAH
and reached the highest point at 24 h, which was significantly
higher than that of the sham group (P < 0.05; Fig. 2C).
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Fig. 2 Expression of MCIR, p-AMPK and p-TBKI1. Representative
Western blot images and quantitative analyses of MCIR time course
(A), p-AMPK time course (B), and p-TBK1 time course (C) obtained
from the left hemisphere after SAH; N=6 for each group. Data of
comparison between sham and SAH (24 h) are shown as mean + SD
and compared by using T-test. Other data are shown as mean + SD and

Cellular Location of MC1R

The results of double immunofluorescence staining indicated
that MC1R was colocalized with neurons (NeuN), microglia
(Iba-1), and astrocytes (GFAP) and the number of MCI1R
positive cells was increased after SAH. Among these three
cell types, MCI1R was mainly colocalized with neurons and
microglia (Fig. 2D).

Administration of BMS-470539 Improved Short-term
Neurological Functions and attenuated Brain Edema
after SAH

Modified Garcia and beam balance tests were used to evaluate
short-term neurological functions. The results showed that
both of these scores were notably lower in the SAH + vehicle
group compared to the sham group. Moreover, medium (160
pg/kg) and high (500 png/kg) dosages of BMS-470539 treat-
ment notably alleviated the neurological deficits after SAH (P
< 0.05; Fig. 3C and 3D).

The brain water content in different parts of the brain (right
hemisphere, left hemisphere, cerebellum and brain stem) were

SAH(24h)

=
<
8
e
<E
(2]

MC1R GFAP DAPI Merge

compared by one-way ANOVA followed by the Tukey post hoc test.
*p<0.05 versus sham, #p<0.05 versus SAH (3 h), &p<0.05 versus SAH
(6 h), @p<0.05 versus SAH (24 h); (D) Representative microphotographs
of immunofluorescence staining showing localization of APJ (green)
with NeuN, iba-1 and GFAP (red) 24 h in sham group and SAH (24 h)
group. (N=2 for each group). Scale bar=50pum.

all significantly increased after SAH. However, medium and
high dosages of BMS-470539 notably reduced brain edema in
the left and right hemispheres, while no significant difference
was noted between these two groups (P < 0.05; Fig. 3E).
Based on the results above and priority principle, we elected
to proceed with the medium dosage of BMS-470539 for long-
term outcome and mechanism studies.

Administration of BMS-470539 Improved Long-term
Neurobehaviors after SAH

Rotarod and Morris water maze tests were used to assess the
long-term neurobehaviors (Supplemental Table 3). Rotarod
test was performed in the first, second and third weeks follow-
ing SAH. The results showed that rats receiving puncture sur-
gery had shorter falling latency when compared with the rats
in the sham group (P < 0.05; Fig. 4A and 4B) in both 5 RPM
and 10 RPM. However, administration of BMS-470539 sig-
nificantly increased the falling latency in the first, second and
third weeks (P < 0.05; Fig. 4A and 4B).

In the Morris water maze test, no significant difference of
velocity was noted across each group (Fig. 4C). The rats in
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0

SAH grade
(24h after SAH)

o

Modified Garcia Score
(24h after SAH)
Brain water content(%)
(24h after SAH)

Fig. 3 Effects of BMS-470539 on short-term neurological functions and
brain edema. (A) Representative pictures of brains in the sham and SAH
groups. (B) The SAH grades for each group. (C, D) Beam balance and
Modified Garcia scores for each group. (E) The quantification of brain
water content 24 h after SAH. Data of SAH grade and beam balance
scores are shown as the medians with interquartile range, and compared

SAH + vehicle group had poorer escape latency and longer
swimming distance to find the platform in block 2, block 3
and block 4 compared to the rats in the sham group. After the
use of BMS-470539, the escape latency of the rats was signif-
icantly improved in block 2 and block 3, and the swim dis-
tance to find the platform was significantly decreased in block
2 (P <0.05; Fig. 4D and 4E). In the probe trials, the rats in the
SAH + vehicle group stayed for a shorter time (24%) in the
target quadrant compared to the sham group (38%). BMS-
470539 treatment notably increased the duration in the probe
quadrant (33%, Fig. 4F, G).

To assess the morphological changes of neurons in the long-
term experiment, we performed Nissl staining in both hippo-
campus and cerebral cortex. As shown in Fig. 5, sharp demar-
cation and rich cytoplasm were noted in the sham group, while
neurons in the SAH + vehicle group were presented as shrunken
cell bodies and condensed nuclei. The administration of BMS-
470539 significantly attenuated neuronal injury compared to
SAH + vehicle group (P < 0.05; Fig. 5A, B, C).
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by Kruskal-Wallis test followed by the Dunn post hoc test. Data of brain
water content are shown as mean £ SD and compared by two-way
ANOVA test. Other data were shown as mean + SD and compared by
one-way ANOVA followed by the Tukey post hoc test. *p<0.05 versus
sham, #p<0.05 versus SAH + vehicle, N = 6 per group.

Inhibition of MC1R with MSG-606 Abolished
the Anti-inflammatory Effects of BMS-470539

To verify the neuroprotective role of BMS-470539, we
used MSG-606 to inhibit the function of MCIR. The rats
in the SAH + BMS-470539 group displayed significantly
improved neurological functions; however, the use of
MSG-606 abolished the neuroprotective effects of
BMS-470539 after SAH when compared with SAH +
BMS-470539 + vehicle 2 (P < 0.05; Fig. 6A, B). The
results of western blotting showed that the levels of p-
AMPK and p-TBK1 were significantly increased, while
the levels of NFkB, IL-13, and TNFx were decreased at
24 h after SAH in the SAH + BMS-470539 group when
compared to the SAH + vehicle group (P < 0.05).
However, inhibition of MCIR with MSG-606 signifi-
cantly decreased the levels of p-AMPK and p-TBKI,
and increased the levels of NFkB, IL-1{3, and TNF«x at
24 h after SAH (P < 0.05; Fig. 6C, D).
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Fig. 4 The effects of BMS-470539 on long-term neurobehavioral
outcomes after SAH. (A, B) Rotarod test of SRPM and 10RPM. (C)
Velocity of water maze test. (D, E) Escape latency and swim distance of
water maze test, and (F, G) probe quadrant duration and typical traces of
water maze test. Data of Rotarod test, escape latency and swim distance

TBK1 inhibitor, MRT-68601, Abolished
the Anti-inflammatory effects of BMS-470539

TBK1 inhibitor, MRT-68601, was used to further verify the
neuroprotective pathway of BMS-470539. The use of MRT-
68601 significantly reversed the positive effects of BMS-
470539 after SAH when compared with SAH + BMS-
470539 + vehicle 2 (P < 0.05; Fig. 7A, B). Western blot
analysis indicated that MRT-68601 did not influence the levels
of MCIR and p-AMPK. However, the level of p-TBK1 was
significantly decreased while the levels of NFkB, IL-1(3, and
TNFo were increased in the SAH + BMS-470539 + MRT-
68601 group compared to the SAH + BMS-470539 group (P
< 0.05, Fig. 7C, D). In addition, the evaluation of IL-1{3 with
immunofluorescence revealed that BMS-treatment notably re-
duced the number of IL-1( positive cells, the results of which

are shown as mean + SD and compared by two-way ANOVA test. Other
data are shown as mean + SD and compared by one-way ANOVA
followed by the Tukey post hoc test. *p<0.05 versus sham, #p<0.05
versus SAH + vehicle; N=9 per group.

were abolished by the use of MRT-68601 (P < 0.05; Fig. 8A,
B).

BMS-470539 Treatment Suppressed Microglia
Activation and Neutrophil Infiltration

Microglia were notably activated, demonstrating larger cell
body and shorter processes, and the number of Iba-1 (Fig.
8C, D) and MPO (Fig. 8E, F) positive cells were significantly
increased in the SAH group (P < 0.05). However, BMS-
470539 treatment significantly reduced the number of Iba-1
and MPO positive cells and alleviated overactivation of mi-
croglia, the results of which were abolished by MRT-68601 (P
<0.05).

The selective polarization of microglia could be beneficial
for attenuating neuroinflammation after SAH [9]. Therefore,
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Fig. 5 Nissl staining of hippocampus and cerebral cortex demonstrating
reduced injury in BMS-470539 treated rats. (A) DG, CAl, CA2, and
CA3 areas of hippocampus. (B) Cerebral cortex. Scale bar =200 pm
(general) and 50 um (regions). (C) The quantitative analysis of Nissl

we evaluated the number of CD206+ cells in different groups.
Compared with the sham group, the number of CD206+ cells
increased after the induction of SAH. Interestingly, the use of
BMS-470539 further increased the number of CD206+ cells,
while MRT-68601 significantly reversed these results (P <
0.05, Fig. 8G, H).

Discussion

In this study, we demonstrated a novel mechanism of MCIR-
mediated neuroprotection in a rat model of SAH, by activating
MCIR with BMS-470539, which then decreased neuroinflam-
mation through the AMPK/TBK1/NF-«kB signaling pathway
(Fig. 9). The novel findings of this study were: (1) the levels
of MCIR, p-AMPK, and p-TBK1 were significantly increased
and reached a maximum point at 24 h after SAH; MCIR was
extensively expressed in the brain and was colocalized with
microglia, neurons, and astrocytes; (2) the use of BMS-
470539 significantly improved the neurological functions and
alleviated brain edema after SAH; (3) BMS-470539 signif-
icantly strengthened learning and memory abilities leading
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staining. N = 4 for each group. Data of Nissl staining are shown as
mean + SD and compared by one-way ANOVA followed by the Tukey
post hoc test. *p<0.05 versus sham, #p<0.05 versus SAH + vehicle.

to improved long-term neurobehavior scores after SAH; (4)
the activation of MC1R with BMS-470539 significantly sup-
pressed the activation of microglia and neutrophil infiltration,
increased the number of CD206+ microglia, and the levels of
p-AMPK and p-TBK1, while decreasing the levels of NF-«B,
IL-13, TNF-«; (5) the inhibition of MC1R with MSG-606
significantly abolished the anti-inflammatory effects of
BMS-470539 when compared to SAH + BMS-470539 + ve-
hicle 2 group; and (6) the selective TBK1 inhibitor MRT-
68601 reversed the neuroprotective effects of BMS-470539/
MCIR system at 24 h following SAH. Based on the evidence
above, the activation of MCIR showed neuroprotective ef-
fects and improved short-term and long-term neurological
functions by controlling microglia-mediated neuroinflamma-
tion following SAH, and these effects were at least partly
mediated by the AMPK/TBK1/NF-kB signaling pathway.
MCIR, a G-protein coupled receptor, has gained attention
due to its roles in a number of important physiological pro-
cesses, including modulation of skin color, defense behavior
and inflammatory responses [31, 32]. For example, Johannes
et al. found increased protein and mRNA levels of MCIR on
murine podocytes which were treated with puromycin [33].



Activation of Melanocortin 1 Receptor Attenuates Early Brain Injury in a Rat Model of Subarachnoid... 303

[

Modified Garcia Score
(24h after SAH)

SAH d
BMS-470539 BMS-470539 BMS-470539
+MSG-606

Cc

Sham vehicle 1
+vehicle 2

MCTR [ A “ g
P-ANMPK |wwwss  wieens  SHEG  SN W | 63kDa
AVPK (D GEEED GEED @NED SR | c3k0-
L e W N e | 84KDa
TOKT [ — — — — 64102
PNFKB | W W e | 110kDa
NFcE W O . R S| 110kDa
IL-1B [ i i s e eeesa | 31kDa
TNFo [wn gy e S W | 17kDa

- - S — -0

Fig. 6 Inhibition of MC1R with MSG-606 abolished the neuroprotective
effects of BMS-470539 at 24 h after SAH. (A) Representative Western
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Consistent with the results of the present study, the expression
of MCIR in the CNS and its neuroprotective effects have been
extensively verified as well. Furthermore, Schaible et al.
showed that the activation of MCIR with its endogenous li-
gand o-MSH significantly attenuated brain injury by reducing
neuroinflammation and neuronal apoptosis following a mouse
model of experimental traumatic brain injury [34].

In the first part of our study, we evaluated the temporal
pattern of MCIR, p-AMPK and p-TBK1, revealing signifi-
cantly upregulated and peaked levels of these three proteins at
24 h after SAH. The level of MCIR increased and peaked at
24 hours after SAH, which could be explained by the attack of
SAH which is conducted inside the cell and increases the
genetic expression of MCIR. Besides, it’s reasonable to be-
lieve that both the protective and harmful factors would in-
crease after brain injury as the body is trying to keep homeo-
stasis. The induction of SAH would lead to continuous injury
to the brain tissues, including brain edema, neuroinflamma-
tion, oxidative stress and finally neuronal apoptosis. At the
same time, the SAH would also upregulate the genetic
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medians with interquartile range and compared by Kruskal-Wallis test
followed by the Dunn post hoc test. Other data are shown as mean +
SD and compared by one-way ANOVA followed by the Tukey post
hoc test. *p<0.05 versus sham, #p<0.05 versus SAH + vehicle,
&p<0.05 versus SAH + BMS-470539.

expression of protective proteins, such as MC1R. Therefore,
the upregulation of MCIR and increased neural injury could
be paralleled and is reasonable. In addition, we were able to
demonstrate colocalization of MC1R with microglia (Iba-1),
neurons (NeuN) as well as astrocytes (GFAP) by double im-
munofluorescence staining, which was still unclear up to now.
Among all, MC1R was mainly expressed in neurons and mi-
croglia. The evidence above suggested the potential involve-
ment of MCIR in the regulation of neuroinflammation.

The blood leaking into the subarachnoid space following
SAH has the potential to cause severe brain edema and sub-
sequent neurological deficits [35, 36]. In addition, the toxic
agents resulting from the breakdown of the blood cells cause
further neural death, leading to permanent neurological defi-
cits, including cognition, memory and learning disabilities
[37]. In this study, we found that BMS-470539 treatment sig-
nificantly alleviated neurological deficits and reduced brain
edema at 24 h after SAH. Moreover, evaluation of long-term
neurological functions with rotarod and Morris water maze
tests demonstrated that BMS-470539 treatment administered
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Fig. 7 TBK1 inhibitor, MRT-68601, reversed the anti-inflammatory
effects of BMS-470539 at 24 h after SAH. (A) Representative Western
blot images. (B) Quantitative analyses of MCIR, p-AMPK, p-TBK1,
NFkB, IL-13, TNFx. N=6 for each group. Data of modified Garcia
scores, beam balance scores, IL-1[3, and TNFx protein expressions are

at the early stage of SAH was able to improve the long-term
movement coordination, memory, and spatial learning
abilities.

Inflammatory responses are suggested to be one of the
significant factors contributing to the EBI after SAH. The
cellular debris and toxic agents resulting from the decompo-
sition of blood clots activate the resident immune cells (mi-
croglia). The increase in the number of M1 phenotype of mi-
croglia produces pro-inflammatory cytokines and
chemokines, which further disrupts BBB and attracts the ac-
cumulation of macrophages and neutrophils into the damaged
brain tissue. The effects of this extensive inflammatory cas-
cade can cause devastating and permanent damage to the
brain. The anti-inflammatory effect of MC1R has been previ-
ously reported. Chen et al. demonstrated that MCIR de-
creased the levels of pro-inflammatory cytokines (TNF-«,
IL-6, etc.) and alleviated inflammation both in vivo and
in vitro [38]. Also, the binding of MCIR to its endogenous
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shown as the median with interquartile range and compared by Kruskal-
Wallis test followed by the Dunn post hoc test. Other data were shown as
mean + SD and compared by one-way ANOVA followed by the Tukey
post hoc test. *p<0.05 versus sham, #p<0.05 versus SAH + vehicle,
&p<0.05 versus SAH + BMS-470539.

ligand, x-MSH, significantly suppressed the activation of
macrophages and NF-Kb signaling, and these effects were
significantly abolished by decreased protein expression of
MCIR via the administration of siRNA [14].

Mykicki et al. showed that activation of MC1R with Nle4-
D-Phe7-o-melanocyte-stimulating hormone (NDP-MSH) re-
duced neuroinflammation by restoring the functions of the
BBB and regulatory T cells (Treg) in a mice model of auto-
immune encephalomyelitis [12]. Moreover, MCIR displayed
a strong ability to inhibit neutrophil recruitment following
cerebral ischemia-perfusion injury. Consistent with the pres-
ent study, BMS-470539, the selective agonist of MCIR, was
reported to display anti-inflammatory and neuroprotective ef-
fects as well [39]. In the present study, the results showed that
BMS-470539 treatment significantly improved neurological
deficits, attenuated inflammatory responses, and reduced neu-
trophil infiltration by decreasing the levels of pro-
inflammatory molecules (IL-13, TNF-«, MPO).
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Fig. 8 BMS-470539 attenuated neuroinflammation, promoted M2
microglia activation, and reduced neutrophil infiltration at 24 h after
SAH. Representative images of immunofluorescence staining and
quantification of (A, B) IL-1p + cells; (C, D) Iba-1 activation; (E, F)

Additionally, BMS-470539 treatment increased the number of
CD206+ microglia. However, the selective inhibition of
MCI1R with MSG-606 significantly reversed the neuroprotec-
tive effects of BMS-470539. Moreover, the administration of
BMS-470539 did not increase the level of MCI1R, which
means that the activation of MC1R by BMS-470539 may lead
to the structure changes of MCIR, but not the level.

Next, we explored the molecular basis of MC1R-mediated
anti-inflammatory effects after SAH. AMPK, an evolutionari-
ly conserved energy sensor, was mainly regulated by three
upstream kinases: liver kinase B (LKB), Ca2+/calmodulin-
dependent protein kinase kinase-3 (CaMKK-f3) and
transforming growth factor-p-activated kinase 1 (TAK1)
[40]. The activation of AMPK was reported to promote the
transformation of microglia/macrophages to M2 phenotype
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and reduce pro-inflammatory molecules [41, 42]. Moreover,
AMPK was also reported to exert its anti-inflammatory effects
by activating TBK1 and suppressing NF-kB [19]. In this
study, we found that the levels of p-AMPK and p-TBK1 were
increased in parallel with MCIR (3 h, 6 h, 12 h, 24 h after
SAH) while the level of p-NF-«B was decreased at 24 h after
SAH. Thus, the evidence above indicated that AMPK and
TBK1 might participate in MC1R-mediated anti-inflammato-
ry effects. Since MCIR is expressed on various cells of the
CNS and little is documented about the anti-inflammatory
effects of MC1R/AMPK/TBK 1/NF-«B pathway in microglia,
we utilized MRT-68601 (TBK1 inhibitor) to inhibit the acti-
vation of TBK1 selectively. The results suggested that MRT-
68601 administration significantly reversed the neuroprotec-
tive effects of MCIR and AMPK by decreasing the levels of
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Fig. 9 The potential molecular mechanisms of BMS-470539-mediated
anti-inflammatory effects via the activation of AMPK/TBKI1 and
suppression of NFkB

IL-13, TNF-«, and MPO. The evidence above confirmed that
activation of MC1R with BMS-470539 suppressed inflamma-
tion, promoted M2 transformation and reduced neutrophil in-
filtration, which was, at least partly mediated by the
AMPK/TBK 1/NF-kB signaling pathway.

Some limitations of this study should not be ignored. First,
although MCIR exerts its neuroprotective effects through
many different pathways (AMPK, PKA, et al), we only stud-
ied the AMPK-dependent pathway. We will keep studying
other pathways in the next study. Second, we only evaluated
the anti-inflammatory characteristics of MCIR in a rat model
of SAH, without further investigation regarding its roles in
anti-apoptosis, anti-autophagy, anti-oxidative stress, etc.
Third, although we verified a novel mechanism of MCIR-
mediated neuroprotection via the AMPK/TBK1/NF-kB sig-
naling pathway, the exact mechanism how MCIR upregulates
the level of p-AMPK after SAH is still unclear. Fourth, the
inhibitor of MCIR, MSG-606, also has some effects on
MC3R, which in some degrees weaken the credibility of the
conclusions of this study. Therefore, more specific inhibitors
of MCI1R is needed to verify these results. Moreover, further
studies should also focus on exploring more detailed charac-
teristics of MCIR and the underlying mechanism of how
MCIR increases the level of p-AMPK.

Conclusions
Activation of MC1R by BMS-470539 reduces pro-

inflammatory molecules, promotes the transformation of mi-
croglia to the M2 phenotype, and alleviates the neurological

@ Springer

and cognitive deficits via the AMPK/TBK1/NF-«kB signaling
pathway in a rat model of SAH.
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