Neurotherapeutics (2021) 18:1905-1921
https://doi.org/10.1007/513311-021-01066-x

ORIGINAL ARTICLE q

Check for
updates

Activation of Galanin Receptor 1 with M617 Attenuates Neuronal
Apoptosis via ERK/GSK-3B/TIP60 Pathway After Subarachnoid
Hemorrhage in Rats

Hui Shi’ - Yuanjian Fang? - Lei Huang®* - Ling Gao® - Cameron Lenahan® - Takeshi Okada* - Zachary D. Travis* -
Shucai Xie* - Hong Tang” - Qin Lu® - Rui Liu* - Jiping Tang* - Yuan Cheng® - John H. Zhang®*®

Accepted: 14 May 2021 / Published online: 4 June 2021
© The American Society for Experimental NeuroTherapeutics, Inc. 2021

Abstract

Subarachnoid hemorrhage (SAH) is a devastating cerebrovascular disease. Neuronal apoptosis plays an important pathologi-
cal role in early brain injury after SAH. Galanin receptor 1 (GalR1) activation was recently shown to be anti-apoptotic in
the setting of ischemic stroke. This study aimed to explore the anti-neuronal apoptosis effect of GalR1 activation after SAH,
as well as the underlying mechanisms. GalR1 CRISPR and GalR1 selective agonist, M617, was administered, respectively.
Extracellular-signal-regulated kinase (ERK) inhibitor (U0126) and glycogen synthase kinase 3-beta (GSK3-f) CRISPR
were administered to investigate the involvement of the ERK/GSK3-f pathway in GalR1-mediated neuroprotection after
SAH. Outcome assessments included neurobehavioral tests, western blot, and immunohistochemistry. The results showed
that endogenous ligand galanin (Gal) and GalR1 were markedly increased in the ipsilateral brain hemisphere at 12 h and 24
h after SAH. GalR1 were expressed mainly in neurons, but expression was also observed in some astrocytes and microglia.
GalR1 CRISPR knockdown exacerbated neurological deficits and neuronal apoptosis 24 h after SAH. Moreover, activation
of GalR1 with M617 significantly improved short- and long-term neurological deficits but decreased neuronal apoptosis
after SAH. Furthermore, GalR1 activation dysregulated the protein levels of phosphorylated ERK and GSK-3f, but down-
regulated the phosphorylated Tat-interactive protein 60 (TIP60) and cleaved caspase-3 at 24 h after SAH. GalR1 CRISPR,
U0126, and GSK-3p CRISPR abolished the beneficial effects of GalR1 activation at 24 h after SAH in rats. Collectively, the
present study demonstrated that activation of GalR1 using M617 attenuated neuronal apoptosis through the ERK/GSK-3p/
TIP60 pathway after SAH in rats. GalR1 may serve as a promising therapeutic target for SAH patients.
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Introduction

Subarachnoid hemorrhage (SAH) has an annual global
incidence of 2-22 per 100,000 people and is associated
with high mortality and morbidity [1, 2]. Early brain
injury (EBI), characterized as the pathophysiology change
that occurs within 72 h after SAH, is considered the main
contributor to the poor outcome of SAH patients [3, 4].
Therapeutic approaches targeting the pathological process
of EBI benefit SAH outcomes [5, 6]. Neuronal apoptosis
plays an important pathological role in EBI [7]. Therefore,
inhibition of neuronal apoptosis is considered a promising
treatment strategy to improve neurological deficits follow-
ing SAH [8].

Galanin is a neuropeptide and co-transmitter that regu-
lates neurotransmission in the peripheral and central nervous
system (CNS) [9]. Early studies have focused on the func-
tion of galanin in mood disorder, drug addiction, inflamma-
tion, and diabetes [10, 11]. A recent in vitro study revealed
that galanin has protective effects in high glucose-induced
neuronal injury in dorsal root ganglion [12]. The galanin
receptor family consists of three G protein-coupled recep-
tors, galanin receptor 1 (GalR1), galanin receptor 2 (GalR2),
and galanin receptor 3 (GalR3), which mediate multiple
physiological roles of galanin in various tissues via differ-
ent functional coupling and subsequent signaling pathways
[13]. The knockdown of GalR1 increased cell apoptosis in
colorectal cancer cells, but GalR2 activation promoted apop-
tosis in head and neck squamous cell carcinoma [14-16].
GalR1 activation reduced neuronal death in a rodent model
of ischemic stroke [17] and kainic acid-induced excitotox-
icity hippocampus injury [18]. However, the role of GalR1
in SAH remains unclear. Downstream signaling of CalR1
is activated through the mitogen-activated protein kinase
(MAPK) family independently of protein kinase C [19]. In
a study of squamous cancer cells, activated GalR1 could
induce extracellular signal-regulated kinase 1/2 (ERK1/2)
activation through the Gai-subunit, thereby further inhibit-
ing cyclin D-dependent proliferation [14]. Glycogen syn-
thase kinase-3p (GSK-3f) is inactive when phosphoryl-
ated by ERK [20, 21]. Increased expression of pERK and
pGSK-3p caused the reduction of neuronal cell death [22,
23]. However, the expressions of phosphorylated ERK
(pERK) and GSK-3p were decreased after SAH in rat [22,
24]. Furthermore, recent work demonstrated that activation
of Tat-interactive protein 60 (TIP60) at Ser86 by GSK-3f
induced cell death [25]. TIP60 Ser86 promotes p53-induced
apoptotic protein activation, such as p53 upregulated modu-
lator of apoptosis (PUMA) and Bcl-2-associated X protein
(BAX) [26, 27]. Thus, the activation of ERK could reduce
pS53-mediated apoptosis [28, 29], possibly through inhibiting
the GSK-3p/TIP60 pathway.
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Herein, we hypothesize that GalR1 activation induced
by M617 attenuates neuronal apoptosis and improves neu-
rological function via ERK/GSK-38/Tip60 pathway after
SAH in rats.

Methods
Animals

A total of 248 adult male Sprague-Dawley (SD) rats, weighing
280-310 g, were used in this experiment. Animals were kept
in an environment where food and water were freely available.
The ambient temperature and humidity were monitored and
controlled, with a light/dark cycle that alternated every 12 h.
All operations and experimental procedures are approved by
the Institutional Animal Care and Use Committee (IACUC)
of Loma Linda University, and strictly in accordance with the
requirements of the NIH animal use guidelines and ARRIVE
guidelines (animal research: in vivo experiment report).

Experimental Designing

The experiment consists of 5 parts, as shown in Fig. 1.

Experiment 1. To determine the time course of endog-
enous galanin, GalR1, and GalR2 protein expressions in the
ipsilateral (left) hemisphere at 3, 6, 12, 24, and 72 h after
SAH. Cellular localization of GalR1 were examined in the
brain at 24 h after SAH.

Thirty-six rats were randomly divided into six groups (n
= 6/group): Sham, SAH-3h, SAH-6h, SAH-12h, SAH-24h,
and SAH-72h. Western blot analysis was used to evaluate
protein expression levels of galanin, GalR1, and GalR2. Four
additional rats in the Sham and SAH-24h groups (n = 2/
group) were used to examine brain cellular localization of
GalR1 via double immunofluorescence staining with neu-
ronal nuclei (NeuN, neuron marker), glial fibrillary acidic
protein (GFAP, astrocyte marker), or calcium binding adap-
tor molecule 1 (Iba-1, microglia marker).

Experiment 2. To evaluate the knock-out effects of GalR1
or GalR?2 on neuro-apoptosis in the ipsilateral (left) hemi-
sphere at 24 h after SAH.

Fifty rats were randomly divided into 5 groups (n = 10/
group): Sham, SAH + PBS, SAH + Scramble CRISPR, SAH
+ GalR1 CRISPR(KO), and SAH + GalR2 CRISPR(KO).
Modified Garcia score, Beam Balance test, and SAH grades
were assessed at 24 h after SAH. Six rats of each group were
randomly selected for western blot assessments of protein
levels of GalR1, GalR2, P53, Bcl-2, and Bax in ipsilateral
(left) hemisphere brain tissues. The other four rats of each
group were used for terminal deoxynucleotidyl transferase
dUTP (TUNEL) staining and Fluoro-Jade C staining to
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A Groups Mortality Excluded B

Experiment 1

Sham 0% (0/8) 0

SAH (3h, 6h, 12h, 24h, 72h)  18.05 (7/39) 3

Experiment 2

Sham 0% (0/10) 0

SAH 16.67% (2/12) 0

SAH +Scramble CRISPR 16.67% (2/12) 0

SAH +GalR1 CRISPR (KO)  23.08% (3/13) 1

SAH +GalR2 CRISPR (KO)  16.67% (2/12) 1

Experiment 3

Sham 0% (0/10) 0

SAH + PBS 16.67% (2/12) 0

SAH + PBS (6h) 25.00% (2/8) 0 Sham SAH

SAH + M617 (8ug/kg) 14.29% (1/7) 0 C

SAH +M617 (24ug/kg) 16.67% (2/12) 0

SAH + M617 (24pg/kg,6h) 25.00% (2/8) 1

SAH +M617 (72ug/kg) 25.00% (2/8) 1 20+

Experiment 4

Sham 0% (0/10) 0 g

SAH +PBS 18.37% (1/11) 0 A

SAH + M617 (24pg/kg) 23.08% (3/13) 0 g 3

Experiment 5 S ‘;3

Sham 0% (0/6) 0 & %

SAH + PBS 0% (0/6) 0 T %
< %4

SAH +M617 (24ug/kg) 0% (0/6) 0 ] %

M617+Scr CRISPR 14.29% (1/7) 0 )

M617+GalR1 CRISPR(KO)  25.00% (2/8) 0

M617+DMSO 0% (0/6) 0

M617+U0126 25.00% (2/8) 0

M617+GSK3p CRISPR(Act)  14.29% (1/7) 0

Total

Sham 0% (0/38) 0 SAH

SAH 18.23% (37/203) 7

Fig.1 Mortality and subarachnoid hemorrhage (SAH) grade. (A)
Animal usage and mortality of all experiment groups. (B) Represent-
ative pictures showed that subarachnoid blood clots primarily pre-

evaluate the cell apoptosis and neuronal degeneration in the
ipsilateral (left) hemisphere.

Experiment 3. To evaluate the short-term neuroprotective
effect of GalR1 activation induced by M617

A total of 36 rats were randomly divided into five
groups (n = 6/group): Sham, SAH + PBS, SAH + M617
(8 pg/kg), SAH + M617 (24 pg/kg), and SAH + M617
(72 pg/kg). M617 was dissolved in PBS and administered
intranasally 1 h after SAH. Modified Garcia score, Beam
Balance test, and SAH grades were measured at 24 h after
SAH. Based on the neurological outcomes, M617 at 24 pg/
kg was determined to be the best dose, and was used for
the following experiments: histology evaluation, delayed

sented around the circle of Willis in the rat brain at 24 h after SAH.
(C) SAH grading scores of all SAH groups. Vehicle, phosphate-buff-
ered saline (PBS)

treatment, long-term neurological outcomes, and mecha-
nisms. An additional 12 rats were divided into three groups
(n = 4/group): Sham, SAH + PBS, and SAH + M617 (24
pg/kg) to access the neuronal apoptosis in the ipsilateral
(left) hemisphere at 24 h after SAH using TUNEL staining
and Fluoro-Jade C staining.

To further validate the clinical relevance, another set of
12 rats were randomly divided into 2 groups (n = 6/group):
SAH + PBS (3 h) and SAH + M617 (3 h). M617 (24 pg/
kg) and PBS were administered at 3 h after SAH. Modi-
fied Garcia test, Beam Balance test, SAH grade, TUNEL
staining, and Fluoro-Jade C staining were performed at
24 h after SAH.
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Experiment 4. To evaluate the therapeutic effects of
GalR1 activation induced by M617 on long-term neuro-
logical outcomes after SAH

Thirty rats were randomly assigned to three groups
(n = 10/group): Sham, SAH + PBS, and SAH + M617.
M617 (24 pg/kg) and PBS were administered 1 h after
SAH. The Rotarod test was performed on days 7, 14, and
21 after SAH. Morris water maze was performed on days
22-27 after SAH. The rats were euthanized on day 28.
In each group, 5 rats were randomly selected for Nissl
staining and the other 5 rats were used for Fluoro-Jade
C staining to assess the neuronal degeneration within
hippocampus.

Experiment 5. To elucidate the neuroprotective mecha-
nism of GalR1 activation induced by M617

Three groups, Sham, SAH + PBS, and SAH + M617,
were shared with experiment 3. Another thirty rats were
randomly divided into 5 groups (n = 6/group): SAH +
M617 + Scr CRISPR, SAH + M617 + GalR1 CRISPR
(KO), SAH + M617 + DMSO, SAH + M617 + U0126,
and SAH + M617 + GSK-3p CRISPR(Act). M617 (24 pg/
kg) and PBS were administered at 1 h after SAH. Scram-
ble CRISPR plasmid (Scr CRISPR), GalR1 CRISPR (KO)
plasmid, or GSK-3p CRISPR (Act) plasmid was admin-
istered intracerebroventricularly (icv) 48 h prior to SAH
induction. DMSO or ERK inhibitor, U0126, were admin-
istered intraperitoneally (ip) 1 h prior to SAH induction.
Ipsilateral hemispheres of the brains were collected for
western blot analysis of the CalR1/ERK/GSK-3p/Tip60
pathway after neurological assessments and SAH grading
at 24 h after SAH.

SAH Model

Endovascular perforation model was used for SAH induc-
tion as previously described [30]. Under deep anesthesia
(4% isoflurane for 2 min), rats were intubated and con-
nected to a ventilator for mechanical ventilation. Isoflurane
anesthesia was maintained at 3% during the surgery, and
was reduced to 1.5% during SAH induction. A sharp 4-0
monofilament was inserted into the left external carotid
artery to the internal carotid artery. Upon reaching the
bifurcation of the anterior cerebral artery and the middle
artery, the monofilament was further advanced, punctur-
ing the vessel. Rats in the Sham groups underwent identi-
cal surgical procedures, but without vessel puncture. Peak
inspiration pressure, respiratory rate, heart rate, skin pig-
mentation, and pedal reflex (firm toe pinch) were moni-
tored throughout the operation. At the end of surgery, the
tracheal tube was extubated, and the rats were allowed to
rest on a heating pad in a cage, where they were monitored
until complete recovery from anesthesia.
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SAH Severity

The SAH severity was blindly assessed using the SAH grad-
ing scale as previously described [31]. Briefly, the basal cis-
tern was divided into 6 areas; each area is assigned a score,
ranging from O to 3, according to the amount of subarach-
noid blood around the circle of Willis. Based on the sum
of the scores from each of the 6 areas, each rat received an
evaluation score ranging from O to 18. Since mild SAH is
not associated with significant neurological deficits in this
animal model [31], rats with mild SAH (SAH score < 9)
were excluded from this study.

Drug Administration
Intranasal Administration

Intranasal administration was performed as previously
described [30]. Briefly, the rat was placed in supine position
under 3% isoflurane anesthesia. M617 (Tocris Bioscience,
Minneapolis, MN, USA, Cat. No. 2697) was dissolved in
PBS at a concentration of 3 pg/ul. The body weight of SD
rats ranged from 280 to 310 g. Three different dosages (8,
24, or 72 pg/kg) in volumes of 0.75-7.44 ul were adminis-
tered into the nares, alternating between left and right nares
every 5 min, with maximal 4 pl administered in each naris
until dosage administration was complete.

Intraperitoneal Administration

A 100 mg of U0126-EtOH was dissolved in 10-mL sol-
vent of 10% DMSO, 40% PEG300, 5% Tween-80, and 45%
saline. The body weight of SD rats ranged from 280 to 310
gram. U0126-EtOH at 30 mg/kg or vehicle in volumes 0.84
to 0.93 mL was administered via intraperitoneal injection in
each rat at 1 h prior to SAH induction.

Intracerebroventricular Drug Administration

Intracerebroventricular injection (i.c.v) was performed as
previously described [32, 33]. Briefly, rats placed in a stere-
otaxic frame were anesthetized with isoflurane anesthesia.
The needle of a 10-pl Hamilton syringe (Hamilton Company
Inc., Reno, NV) was inserted into the right lateral ventricle
through a burr hole in the skull using the following coordi-
nates relative to the bregma: 1.5 mm lateral, 0.9 mm caudal,
and 3.3 mm below the horizontal plane of the skull.

In our study, GalR1 knockdown CRISPR plasmid (Santa
Cruz Biotechnology, Dallas, TX, USA), GSK-3p activate
(Act) CRISPR plasmid (Santa Cruz Biotechnology, Dal-
las, TX, USA), or scrambled CRISPR plasmid (Santa Cruz
Biotechnology, Dallas, TX, USA) was used to knockdown
GalR1 and activate GSK-3p gene expression. Resuspend 20
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pg of CRISPR plasmid in 100 pl of ultrapure, sterile, DNase-
free water. A total of 2 pg of CRISPR plasmid in 10 uL
DNase-free water per rat was given i.c.v per rat at a rate of 1
pL per min by a pump 48 h before SAH induction. To avoid
cerebrospinal fluid and drug leakage, the needle remained
in situ for 5 min after finishing injection, and was withdrawn
slowly over 5 min. Bone wax was used to seal the hole on the
skull immediately after complete withdrawal of the needle,
and then the incision was sutured.

Short-term Neurological Performance

An investigator was assigned to assess the short-term neu-
robehavioral outcomes blindly at 24 h after modeling. Modi-
fied Garcia score with 18 points and Beam balance test with
4 points were used to evaluate the neurological deficits in
each rat as previously described [34]. Lower scores represent
worse neurological performance.

Long-term Neurological Performance
Rotarod Test

The rotarod test was used to assess sensorimotor coordina-
tion and balance on days 7, 14, and 21 after SAH as previ-
ously described [35]. The initial rotating speeds were 5 revo-
lutions per minute (RPM) or 10 RPM, which then gradually
accelerated at 2 RPM every 5 s. A photo beam circuit was
used to record the duration that rats stayed on the accelerat-
ing rotating cylinder.

Morris Water Maze

The Morris water maze was applied on days 22-27 to
assess spatial learning and memory capacities as previously
reported [36]. The cue test, conducted on day 22 after mod-
eling, was used as a control to evaluate any sensorimotor
and/or motor dysfunction that may influence performance.
The spatial water maze test was applied on days 23-27 after
modeling. On day 28, the platform was removed from the
water, and the rats underwent a 60-s probe trial. The Video
Tracking System SMART-2000 (San Diego Instruments
Inc., San Diego, CA) was used to trace the activities of the
rats and their swim patterns, as well as to quantify the dis-
tance, latency, and swimming speed.

Histological Analysis

Rats were deeply anesthetized and transcardially perfused
with 4 °C phosphate-buffered saline (PBS, 0.01 M, pH 7.4),
followed by 10% formalin in a total volume of 100 mL. The
whole brain was quickly collected, fixed in 4% formalin at 4
°C for 24 h, and then dehydrated in a 30% sucrose solution

for 72 h. After being embedded in OCT (Scigen Scientific
Gardena, CA, USA) and frozen at —80 °C, the 8—15-pm
coronal brain sections were sliced on a cryostat (LM3050S,
Leica Microsystems, Bannockburn, Germany) and mounted
on normal Poly-L-Lysine-coated slides for double immu-
nofluorescence [37], TUNEL staining [37], Fluoro-Jade C
staining, and Nissl staining [38].

Immunofluorescence Staining

Prepared slices were washed with 0.01 M of PBS three times
for 10 min each, incubated in 0.3% Triton X-100 of PBS for
30 min at room temperature, and they were washed again
three times for a period of 10 min in each wash. After being
blocked with 5% donkey serum in 0.01M of PBS for 1 h at
room temperature, the sections were incubated at 4 °C over-
night with primary antibody including: anti-GalR1 (1:200,
TA328849, Origene, Rockville, MD, USA), anti-NeuN
(1:200, ab104224, Abcam, Cambridge, MA, USA), anti-
GFAP (1:200, ab53554, Abcam, Cambridge, MA, USA),
and anti-Iba-1 (1:200, ab5076, Abcam, Cambridge, MA,
USA). Then, the sections were washed with 0.01M of PBS
and incubated with appropriate fluorescence-conjugated sec-
ondary antibodies (1:500; Jackson ImmunoResearch Inc.,
West Grove, PA) for 1 h at room temperature. The slides
were observed and photographed under a fluorescence
microscope (DMi8; Leica Microsystems Inc., Germany).

Fluoro-Jade C Staining

Fluoro-Jade C staining was performed using Fluoro-Jade
C Ready-to-Dilute Staining Kit (Biosensis, USA) to iden-
tify degenerating neurons according to the manufacturer’s
instructions. Four pictures were taken from the left temporal
cortex and hippocampus of each rat under a fluorescence
microscope to count Fluoro-Jade C-positive neurons. The
average number of Fluoro-Jade C-positive neurons in the
fields of each brain were presented as cells/mm?, and calcu-
lated by Image-Pro Plus 6.0 software.

TUNEL Staining

To evaluate neuronal apoptosis, double staining of neuron
marker, NeuN, and TUNEL staining was applied using
In Situ Apoptosis Detection Kit (Roche, USA) at 24 h after
modeling. Four pictures were taken from the left temporal
cortex of each rat under a fluorescence microscope to count
TUNEL-positive neurons. The average number of TUNEL-
positive neurons in the fields of each brain was presented as
the ratio of TUNEL-positive neurons (%).
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Nissl Staining

Nissl staining was applied to assess hippocampus damage
as previously reported [39]. The prepared 15-pm slices were
selected to check the degenerating neurons in different hip-
pocampal regions. The surviving neurons with normal mor-
phology were counted, and the neuronal density loss was
estimated within the hippocampal CA1 and CA3 regions.

Western Blot Analysis

The left hemisphere was used for Western blot analysis as
previously described [40]. RIPA lysis buffer (sc-24948,
Santa Cruz Biotechnology, TX, USA) was used to homog-
enize left hemispheres, and the supernatant was collected
after centrifugation at 14,000 g for 30 min. Equal amounts
of protein (30 pg) were loaded onto 8—12% SDS-PAGE
gels, and then electrophoresed and transferred to nitrocel-
lulose membranes. After electrophoresis, the protein was
transferred to the nitrocellulose membrane. Membranes with
proteins were blocked with 5% nonfat milk for 1 h at room
temperature, followed by incubation for 6 h at 4 °C with
the following antibodies: anti-galanin (1:1000, A00606-
1, Boster Biological Technology, CA, USA), anti-GalR1
(1:2000, TA328849, OriGene Technologies, Inc. MD, USA),
anti-GalR2 (1:500, LS-C805729, Lifespan Biosciences,
WA, USA), anti-pERK1/2 (1:1000, sc-136521, Santa Cruz
Biotechnology, USA), anti-ERK1/2 (1:1000, sc-514302,
Santa Cruz Biotechnology, USA), anti-pGSK-3p (1:2000,
ab107166, Abcam, MA, USA), GSK-3p (1:1000, ab131356,
Abcam, MA, USA), anti-pTIP60 (1:500, bs-17096R, Bioss
Antibodies Inc. MA, USA), anti-TIP60 (1:2000, ab23886,
Abcam, MA, USA), anti-p53 (1:2000, ab131442, Abcam,
MA, USA), anti-cleaved Caspase-3 (1:1000, D175, Cell
Signaling Technology, MA, USA), anti-Bcl-2 (1:1000,
ab59348, Abcam, MA, USA), anti-Bax (1:4000, ab182734,
Abcam, MA, USA), and anti-p-actin (1:5000, sc-47778,
Santa Cruz Biotechnology, TX, USA). On the second day,
the membranes were incubated with the appropriate second-
ary antibody (1:5000, Santa Cruz Biotechnology Inc., TX,
USA) at room temperature for 2 h. Immunoreactive bands
were detected using a chemiluminescence reagent kit (ECL
Prime; Amersham Biosciences Inc., Arlington Heights,
IL) and quantified with densitometry with ImageJ software
(NIH, Bethesda, MD).

Statistical Analysis
The data were presented as the mean + standard deviation

(SD). GraphPad Prism (GraphPad Software, San Diego, CA,
USA) was used to analyze all data. The normality of the
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data was assessed using the Kruskal-Wallis test. One-way
ANOVA followed by multiple comparisons with Tukey’s
post hoc test was used among different groups. Two-way
repeated measures ANOVA with Tukey’s post hoc test was
performed to analyze long-term neurological functions. Sta-
tistical significance was considered at P < 0.05.

Results
Animal Use and Mortality

A total of 248 rats were used in this study. All rats survived
in the Sham group. The overall mortality of SAH rats was
18.23% (37/203) without any significant difference among
all SAH groups. Seven rats were excluded because of their
mild SAH grades (Fig. 1A). Subarachnoid space was dif-
fused with blood clots in SAH group, and no clots in sham
group (Fig. 1B). There was no significant difference in the
SAH grading score among the SAH groups (Fig. 1C).

Time Course of Endogenous Galanin, GalR1,
and GalR2 Expressions in Ipsilateral Hemisphere
and Cellular Localization of GalR1 After SAH

Western blot results showed that expression of endogenous
Galanin began increasing at 3 h after SAH, and peaked at
12 h after SAH when compared with sham group (P < 0.05;
Fig. 2A, B). The expression of endogenous GalR1 started
increasing at 3 h after SAH, and peaked at 24 h after SAH
when compared with sham group (P < 0.05; Fig. 2A, C).
The expression of endogenous GalR2 did not demonstrate
a statistical difference among sham and SAH groups (P >
0.05; Fig. 2A, D). Double immunofluorescence staining
showed that GalR1 was expressed in neurons, astrocytes,
and microglia in the ipsilateral basal cortex at 24 h after
SAH (Fig. 2F).

CRISPR Knockdown of GalR1, but not GalR2,
Increased the Expression of Apoptosis-related
Proteins at 24 h After SAH

As shown in Fig. 3A-C, the expressions of GalR1 and GalR2
in rats with SAH were significantly reduced in the SAH +
GalR1 CRISPR (KO) and GalR2 CRISPR (KO), respec-
tively, when compared with SAH + Scr CRISPR group (P <
0.05). No statistical difference was found between the SAH
+ Scr CRISPR and the SAH groups (P > 0.05).

The expressions of apoptosis-related protein, P53, and
pro-apoptotic protein, Bax, were markedly elevated in the
ipsilateral cerebral hemisphere after SAH, which was further
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SAH
Sham  3h 6h 12h 24h  72h

Gal " ~ - '
GalR1 — — — " o W

GalR2|—-————--—-|

B-Actin|——----|

F

Sham

SAH

Fig.2 Time course of Galanin (Gal), GalR1, GalR2, and cellular co-
localization of GalR1 in brain after SAH. Representative western blot
bands of time course (A) and densitometric quantification of Gal (B),
GalR1 (C), and GalR2 (D) after SAH. *P < 0.05 vs. Sham group,
Data was represented as mean + SD, n = 6 per group, one-way
ANOVA, Tukey’s post hoc test. (E) The small square shows the loca-

increased after GalR1 knockdown compared to SAH or SAH
+ Scr CRISPR group (P < 0.05; Fig. 3A, D, E). In addi-
tion, there was a significant decrease in Bcl-2 expression
after SAH, which was further reduced by GalR1 knockdown
(Fig. 3A, C) However, GalR2 knockdown did not statisti-
cally alter the protein levels of P53, Bcl-2, and Bax when
compared with SAH or SAH + Scr CRISPR group (P >
0.05; Fig. 3).

w

»

(relative density)
GalR1/B-Actin
(relative density)

Gal/B-Actin

GalR2/B-Actin
(relative density)

tion of the microphotograph. (F) Representative microphotographs
of co-immunofluorescence staining of GalR1 (green) with neurons
(NeuN, red), astrocytes (GFAP, green), and microglia (Iba-1, green)
in the ipsilateral entorhinal cortex at 24 h after SAH. The Nuclei were
stained with DAPI (blue). Arrows indicated the GalR1 positive cells.
n =2 per group

GalR1 Knockdown Increased Neuronal Apoptosis
and Neuronal Degeneration at 24 h After SAH

TUNEL staining and Fluoro-Jade C staining were performed
to assess neuronal apoptosis and neuronal degeneration in the
ipsilateral basal cortex at 24 h after SAH. The TUNEL-positive
neurons and FJC-positive neurons were significantly increased
after SAH, and further increased in GalR1 knockdown group
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Fig.3 GalR1 CRISPR knockdown increased expressions of apopto-
sis-related proteins and neuronal apoptosis at 24 h after SAH. Rep-
resentative Western blots band (A) and densitometric quantification
of GalR1 (B), GalR2 (C), P53 (D), and Bcl-2/Bax (E) after SAH. (F)
The small square shows the location of the microphotograph. (G-L)

compared with sham, SAH, SAH + Scr CRISPR, and SAH +
GalR2 CRISPR (KO) group (Figs. 3G-L and 4A, B).

GalR1 Knockdown Exacerbated Neurological
Deficits at 24 h After SAH

At 24 h after SAH, both Modified Garcia scale and Beam Bal-
ance test showed significant neurological impairments in SAH,
SAH + Scr CRISPR, and SAH + GalR1 CRISPR(KO), and
SAH + GalR2 CRISPR(KO) groups when compared with Sham
group (P < 0.05; Fig. 4C, D). CRISPR knockdown of GalR1,
but not GalR?2, exacerbated neurological deficits when compared
with SAH or SAH + Scr CRISPR group (P < 0.05; Fig. 4C, D).

@ Springer

Representative micrographs and quantitative analysis of TUNEL-
positive neurons in the ipsilateral entorhinal cortex at 24 h after SAH.
Arrows indicated the apoptotic neurons. n = 6 per group. *P < 0.05
vs. Sham group, @P < 0.05 vs. SAH + Scr CRISPR group

Activation of GalR1 Induced by M617 Improved
Short-term Neurological Deficits at 24 h After SAH

The Modified Garcia score and Beam Balance test results
demonstrated that neurological function was significantly
impaired in rats in the SAH + PBS group compared with
Sham group (P < 0.05; Fig. 5A, B). The medium dose (24
pg/kg) of M617 significantly improved neurological func-
tion, and the low (8 pg/kg) and high doses (72 pg/kg) of
M617 only improved the modified Garcia score, but not the
Beam Balance test scores (P < 0.05; Fig. 5A, B). Based on
the neurological outcomes, we selected the medium dosage
of 24 pg/kg of M617 for the following experiments.
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Fig.4 GalR1 CRISPR knockdown exacerbated neurological deficits
and increased neuronal degeneration at 24 h after SAH. Modified
Garcia score (C) and Beam Balance score (D) in each group. n =10
per group. (A-B) Representative microphotographs and quantitative

Activation of GalR1 Induced by M617 Reduced
Neuronal Apoptosis and Neuronal Degeneration
at 24 h After SAH

In the SAH + PBS group and SAH + PBS (3 h) group,
TUNEL-positive or FJC-positive neurons were significantly
increased at 24 h after SAH compared with the Sham group
(P < 0.05; Fig. 5C-J). The activation of Gal with M617,
at either 1 h or 3 h after SAH, consistently decreased the
TUNEL-positive and Fluoro-Jade C positive neurons com-
pared to PBS-treated SAH rats. (both P < 0.05; Fig. 5C-J).

Activation of GalR1 Induced by M617 Improved
Long-term Neurobehavioral Function After SAH

Rotarod test was performed to evaluate motor coordination
after SAH on days 7, 14, and 21. Falling latency of rats

Zoom in

1500

1000

500

Number of FJC positive cells / mm?

Modified Garcia score

Beam Balance score

analysis of Fluoro-Jade C-positive neurons and TUNEL-positive neu-
rons in the ipsilateral entorhinal cortex at 24 h after SAH. n = 5 per
group. *P < 0.05 vs. Sham group, @P < 0.05 vs. Scr CRISPR group

in SAH group was significantly decreased compared to the
sham group (P < 0.05; Fig. 6A). M617 treatment signifi-
cantly increased falling latency compared with SAH group
on days 7 and 14, but on day 21 (P < 0.05), whereas no sig-
nificant difference was observed between the SAH + M617
and SAH + PBS groups (P > 0.05; Fig. 6A).

The Morris water maze test, used to assess spatial learn-
ing and memory, demonstrated longer escape time, further
swimming distance, and less time spent in the probe quad-
rant in the SAH + PBS group compared with sham group
(Fig. 6C, D). The memory and learning abilities of the SAH
+ M617 treatment group improved significantly, as evi-
denced by their quicker escape times, closer escape routes,
and extended time in target quadrant compared with sham
group (both P < 0.05; Fig. 6C, D). There was no significant
difference in swimming speed between the groups (both P >
0.05; Fig. 6E). The body weight of the rats among the groups
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Fig.5 Activation of GalR1
induced by M617 improved
short-term neurological deficits
and reduced neuronal apoptosis
and neuronal degeneration at 24
h after SAH. M617 improved
the Modified Garcia score (A)
and Beam Balance score (B)

at 24 h after SAH. (C-J) Rep-
resentative microphotographs
and quantitative analysis of
Fluoro-Jade C positive neurons
and TUNEL-positive neurons
were performed at the ipsilateral
basal cortex at 24 h after SAH.
Vehicle: PBS. n = 4 per group.
*P < 0.05 vs. Sham group; @P
< 0.0 vs. SAH + PBS group.
Scale bar = 100 pm
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Fig.6 Activation of GalR1 with M617 improved long-term neurobe-
havioral function, and reduced hippocampal neuronal degeneration at
28 days after SAH. (A) M617 increased falling latency in Rotarod test
on days 7, 14, and 21 after SAH. (B) Representative thermal imaging
of the probe trial. The red circles indicated the positions of the probe
platform. (C) Escape latency and swimming distance of Morris water
maze test on days 23-27 after SAH. (D) Quantification of the probe
quadrant duration in the probe trial on day 27 after SAH. (E) Swim-
ming velocities of different groups in probe trial. (F) Body weights

had no significant difference before (baseline) and after the
treatment (P > 0.05; Fig. 6F).

Activation of GalR1 with M617 Reduced
Hippocampal Neuronal Degeneration at 28 days
After SAH

Nissl staining and Fluoro-Jade staining were performed to
detect degeneration of hippocampal neurons at 28 days after
SAH. The CAl region of the hippocampus in the SAH +
PBS group had significant neuronal loss and degeneration
compared to the sham group (P < 0.05; Fig. 6G, I, J). Sur-
viving neurons in the hippocampal CA1 region were signifi-
cantly increased, but degenerated neurons were significantly
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cells / area

N

(=3

o

1
'
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o

N
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o

100+

Number of surviving neurons
Number of FJC positive cells / mm?

o
1
o

of each group before and after SAH. n = 10 per group. (G) Repre-
sentative Nissl staining and Fluoro-Jade C staining microphotographs
in Cornu Ammonis 1 (CAl) area of the hippocampus. Scale bar =
100pm. (H) The small square shows the area of interest for micropho-
tograph. (I, J) Quantification of the surviving neurons and Fluoro-
Jade C-positive neurons in CA1 at 28 days after modeling. n = 10 per
group for neurobehavioral function, n = 6 per group for Nissl stain-
ing, and n = 4 per group for Fluoro-Jade C staining. p*P < 0.05 vs.
Sham group; &P < 0.05 vs. SAH + PBS group

decreased in SAH 4+ M617 group when compared with SAH
+ PBS group (P < 0.05; Fig. 6G, 1, J).

Activation of GalR1 Induced by M617 Attenuated
Neuronal Apoptosis via ERK/p GSK-33/TIP60
Signaling Pathway at 24 h After SAH

While SAH significantly increased the expression of GalR1,
pTIP60, p53, cleaved Caspase-3, and Bax at 24 h after SAH
compared to sham group (P < 0.05; Fig. 7A, B), the expres-
sions of pERK, pGSK-3f, and Bcl-2 remarkably decreased
at 24 h after SAH compared to sham group. GalR1 activation
induced by M617 increased the expression levels of GalR1,
pERK, pGSK-38, and Bcl-2 compared to the SAH + PBS
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Fig.7 GalR1 CRISPR knockdown abolished the anti-apoptotic
effects of M617 at 24 h after SAH. GalR1 CRISPR knockdown abol-
ished the anti-apoptotic effects of M617 at 24 h after SAH. Repre-
sentative western blot bands (A) and densitometric quantification (B)

group (P < 0.05). Meanwhile, the expressions of pTIP60,
p53, cleaved Caspase-3, and Bax were decreased in the SAH
+ M617 group compared with the SAH + PBS group (P <
0.05; Fig. 7TA-B).

GalR1 knockdown by GalR1 CRISPR pretreatment sig-
nificantly decreased the downstream protein levels, such as
pPERK, pGSK-3p, and Bcl-2, in the SAH + M617 + GalR1
CRISPR group compared with those in the SAH + M617
+ scrambled CRISPR group (P < 0.05; Fig. 7A-B). Sig-
nificantly higher expression levels of pTIP60, pS3, Bax, and
Caspase-3 were consistently observed in the SAH + M617 +
GalR1 CRISPR group than in the SAH + M617 + scrambled
CRIPR group (P < 0.05; Fig. 7A, B).

Pretreatment with ERK inhibitor, U0126, significantly
suppressed the expression of pEKR, pGSK-3f, and Bcl-
2, but increased the protein levels of pTIP60, p53, cleaved
Caspase-3, and Bax in the SAH + M617 + U0126 group
compared with the SAH + M617 + DMSO group (P <
0.05; Fig. 8A, B). Additionally, pretreatment with GSK-3f3
activation CRISPR significantly increased protein levels
of GSK-3p, pTIP60, p53, cleaved Caspase-3, and Bax, but
suppressed the expression of Bcl-2 at 24 h after SAH in the
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of GalR1, pERK, ERK, pGSK-3p, GSK-3p, pTIP60, TIP60, P53,
CC3, Bcl-2, and Bax at 24 h after SAH. n = 6 per group. *P < 0.05
vs sham group; @P < 0.05 vs SAH + PBS group; &P < 0.05 vs SAH
+ M617 + Scr CRISPR group

SAH + M617 + GSK-3p CRISPR (ACT.) group compared
with the SAH + M617 + Scr CRISPR group (Fig. 8C, D).

Discussion

Subarachnoid hemorrhage is a devastating cerebrovascular
disease without an effective treatment [7]. Delayed vasos-
pasm occurs after subarachnoid hemorrhage, leading to a
poor prognosis for the patient [41]. However, early brain
injury precedes delayed cerebral vasospasm after the onset
of SAH [42]. Early brain injury involves signaling pathways
of neuronal apoptosis, inflammation, and oxidative stress
response [43]. A plethora of studies have demonstrated that
therapeutic intervention against neuronal apoptosis can alle-
viate early brain injury and improve neurological deficits
after SAH [6, 8, 44, 45]. This present study is the first to
evaluate the neuroprotective function of GalR1 activation
induced by M617, and we have explored its anti-apoptotic
mechanisms in the acute phase of a rat model of SAH. The
main novel findings of this study are as follows: (1) Endog-
enous protein levels of galanin and its receptor, GalR1,
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Fig.8 ERK inhibitor U0126 and GSK-3p CRISPR activation abol-
ished anti-apoptotic effects of M617 at 24 h after SAH. Representa-
tive western blot bands (A, C) and densitometric quantification (B, D)
of pERK, ERK, pGSK-38, GSK-38, pTIP60, TIP60, P53, CC3, Bcl-

were increased in the ipsilateral brain, and peaked at 12 h
and 24 h, respectively, after SAH. GalR1 was expressed on
neurons, astrocytes, and microglia at 24 h after SAH; (2)
CRISPR knockdown of GalR1, but not GalR2, exacerbated
neurological deficits and neuronal apoptosis at 24 h after
SAH; (3) activation of GalR1 with M617 at a dose of 24
pg/kg not only significantly improved short- and long-term
neurological deficits, but also decreased neuronal apoptosis
and degeneration in the ipsilateral temporal cortex and hip-
pocampus; (4) activation of GalR1 induced by M617 upreg-
ulated the protein levels of pERK, pGSK3-f, and Bcl-2, but
downregulated the protein levels of pTIP60, P53, cleaved
caspase-3, and Bax in the ipsilateral hemisphere at 24 h after
SAH; (5) CRISPR knockdown of GalR1, inhibition of ERK,
or activation of GSK-3p abolished the beneficial effects of
M617 on neurological deficits and expressions of apoptosis-
related proteins at 24 h after SAH. Taken together, our data

pGSK3-B/GSK3-B

CC-3/B-Actin

g2 £Z
g5 35
= Sham
35 EE SAH+PBS
- £ SAHM617
3%
g SAH+MB17+DMSO
E= SAH+M617+U0126
Sham
E@ SAH+PBS
£ SAH+M617
4 SAH+M617+Scramble
B SAH+MB17+GSK3B CRISPR(Act)
- - s
3 = £G
2 §2 B5
8 ES 53
e g2 FE
8 ES g
g 53 “e
2 £2 c2
g iz $8
£ §2 b

2, and Bax at 24 h after SAH. n = 6 per group. *P < 0.05 vs sham
group; @P < 0.05 vs SAH + PBS group; &P < 0.05 vs SAH + M617
+ Scr CRISPR group

suggests that GalR1 activation induced by M617 attenuates
neuronal apoptosis and that the neuroprotective effect is
exerted, at least partially, through the ERK/p GSK-3p/TIP60
signaling pathway after SAH in rats.

As a neuropeptide, the expression level of galanin was
elevated with the resultant functionalities in many diseases,
such as brain trauma, ischemia, mood disorder, tumor, drug
addiction, and Alzheimer’s disease [17, 19, 46, 47]. Con-
sistently, we also observed the elevation of galanin after
SAH in rats. The various effects of galanin act through
three subtypes of galanin receptors, namely, GalR1, GalR2,
and GalR3. GalR1 mRNA, and GalR2 mRNA are broadly
expressed in the mammalian CNS, but GalR3 mRNA is rela-
tively abundant in peripheral tissues, and only has restricted
expression in the hypothalamus, midbrain, and hindbrain
of CNS [48, 49]. GalR1 activation exerts different effects
than that of GalR2. Previous studies have demonstrated that
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activation of GalR1 or inhibition of GalR2 has antidepres-
sant effects [50]. GalR1 activation inhibits cell proliferation,
and GalR2 activation promotes apoptosis in head and neck
squamous cell carcinoma [18, 51]. In contrast to the pro-
apoptotic effect of GalR2 in head and neck squamous cell
carcinoma [15], silencing of GalR1 and its ligand, galanin,
has been shown to induce apoptosis in the colorectal can-
cer cell line [16]. GalR2 activation inhibited shear stress-
induced nerve damage in cultured cortical neurons in rats
[17, 52], and had antioxidant effects in cortical astrocytes
[53]. In an ischemic stroke mouse model, galanin reduced
infarct size and improved neurological deficits via GAIR1
activation [17]. In the present study, there were no significant
changes of GalR2, which coincided with the results found
in an in vitro model of high glucose-induced dorsal root
ganglion (DRG) neuronal death, in which GalR2 expres-
sion was also not significantly altered [12]. The remarkable
upregulation of GalR1 accompanied the increased galanin
over time after SAH, suggesting the likelihood of galanin-
mediated GalR1 activation as an endogenous neuroprotec-
tive mechanism in the setting of SAH.

In a healthy brain, GalR1 mRNA is widely expressed
in neurons, but is minimally expressed in astrocytes, and
rarely expressed in microglia [13, 54]. GalR1 is distributed
predominantly in olfactory structures and subregions/nuclei
of the amygdala, thalamus, hypothalamus, pons, medulla,
and spinal cord [55, 56]. Anatomical studies have identified
GalR1 and GalR2 mRNA in cells within the subventricular
zone and the rostral migratory stream, regions associated
with neurogenesis in the adult brain [57]. In a mouse cer-
ebral ischemia model, GalR1 was found to be extensively
present in neurons of the cerebral cortex, and was associ-
ated with neuronal apoptosis [17]. We further validated
the significance of GalR1 in SAH using GalR1 and GalR2
knockdown CRISPR, respectively. The CRISPR knockdown
of GalR1, but not GalR2, exacerbated neurological deficits,
and further increased neuronal apoptosis and degeneration at
24 h after SAH compared with the scramble CRISPR group.
There were higher expression levels of pro-apoptotic Bax,
but lower anti-apoptotic Bcl-2 protein levels in ipsilateral
brain tissues in GalR1 knockdown SAH rats. Similarly,
GalR1 knockdown caused severe hippocampal neuron loss
in a mouse model of epilepsy [58]. These results confirm
the time course finding regarding GalR1 involvement in the
endogenous neuroprotective mechanism of galanin after
SAH.

Due to the concern of inconsistent effects exerted by
galanin via GalR1 and GalR2 activation, we evaluated the
therapeutic effects of selective activation of GalR1 induced
by exogenous M617 in the present study. Intranasal M617
administration at 1 h after SAH significantly improved short-
term neurological deficits, long-term spatial memory, and
learning function compared with vehicle-treated SAH rats.
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The integrity of hippocampal neurons impaired spatial mem-
ory and learning functions, and further impaired the cogni-
tive functions in rats [59, 60]. There was significant neuronal
degeneration in CA1 of the hippocampus at 28 days after
SAH in rats. The neurological benefits of selective GalR1
activation induced by M617 were associated with signifi-
cantly less neuronal apoptosis and degeneration in ipsilat-
eral hemisphere, as assessed by TUNEL staining and FIC
staining. The western blots assay consistently demonstrated
that M617 treatment significantly down-regulated the pro-
apoptotic protein levels of Bax and cleaved Caspase-3, but
up-regulated anti-apoptotic Bcl-2 within the ipsilateral brain
tissues at 24 h after SAH.

It was noted that intranasal administration of M617 at 3 h
after SAH, a clinically relevant time window, provided com-
parable neuroprotection to that of early delivery at 1 h after
SAH, suggesting its potential translational value in treating
SAH patients. Although intracerebroventricular administra-
tion of M617 reportedly increased the body weight of type 2
diabetic rats by decreasing skeletal muscle insulin resistance
[61], we did not observe significant changes in body weight
associated with the dosage of the single-dose treatment regi-
men of M617 in the present SAH model.

We further explored the signaling pathway underlying the
anti-apoptotic effects of GalR1 activation induced by M617.
GalR1 activation has been shown to promote phosphoryla-
tion of ERK, subsequently inhibiting squamous tumor cell
proliferation [60]. GSK-3p (Ser9) phosphorylation is a
downstream target of pERK [62, 63], and the pro-apoptotic
effect of GSK-3p could be inhibited by phosphorylation at
ser9 [64]. GSK-3f phosphorylated TIP60 on Serd86, which
promotes p53-mediated apoptosis by inducing antiapoptotic
BCL-2 family member, PUMA [65-67]. In the present study,
we found that the expression level of phosphorylated ERK
(pERK), pGSK-3, and Bcl-2 were significantly increased
following M617-mediated activation of GalR1 in the ipsi-
lateral brain hemisphere at 24 h after SAH. The effects of
M617 on the phosphorylation of ERK and GSK-3f were
reversed by CRISPR knockdown of GalR1, as well as by
U0126, an inhibitor of ERK. GSK-3p activation CRISPR has
no effects on upstream pERK levels, but reduced pGSK-3.
All of the interventions abolished the suppression effects
of M617 on expressions of pTIP60, as well as apoptosis-
related proteins, including P53, cleaved caspase-3, and Bax
at 24 h after SAH. Our data suggested that the anti-neuronal
apoptotic effects of M617-mediated GalR1 activation acted,
at least in part, via ERK/GSK-38/TTP60 signaling pathway.

Delayed vasospasm occurs after subarachnoid hem-
orrhage, leading to a poor prognosis for the patient [41].
However, a growing number of studies have found that early
brain injury precedes delayed cerebral vasospasm after
the onset of subarachnoid hemorrhage [42]. Early brain
injury involves signaling pathways of neuronal apoptosis,
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inflammation, oxidative stress response, anti-neuronal apop-
tosis, and protection of neurovascular units that are effective
early brain injury treatments [43, 45]. In this study, M617
treatment attenuated neuronal apoptosis 24 h, demonstrat-
ing the neuroprotective effects against acute neural injury
after SAH.

There are several limitations in this study. First, the opti-
mal therapeutic regimen of M617 treatment for SAH was not
evaluated in the present study. Second, GalR1 is expressed
not only in neurons, but also in microglia and astrocytes. We
cannot exclude that the neuroprotective effects exerted by
GalR1 activation may involve these two brain cell types after
SAH. Third, we are focusing on ERK/GSK-38/TIP60 sign-
aling, but other mechanisms underlying the anti-apoptotic
effects of GalR1 activation require further investigation.

Conclusion

In conclusion, M617-mediated activation of GalR1 improved
neurological function by reducing neuronal apoptosis after
SAH in rats. The anti-apoptotic effect acted, at least partially,
through the ERK/GSK-3p/TIP60 signaling pathway. GalR1
may serve as a promising therapeutic target for patients with
SAH.
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