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ABSTRACT

Intracerebral hemorrhage (ICH) is a severe form of stroke with a high mortality rate. It is also
an important cause of permanent disability. Apart from hematoma growth and edema development,
inflammatory responses and oxidative stress are responsible for poor outcomes after ICH. Due to
its antioxidant, anti-inflammatory and anti-apoptotic properties, melatonin is a neuroprotective
molecule against different neurological diseases. The protective roles of melatonin on ICH,
particularly in the collagenase-induced ICH model, have not been well studied. The present study
aims to explore neuroprotective effects of melatonin against ICH. At 24 hours after ICH induction,
rats exhibited neurological deficits with mild loss in body weight (BW). Hematoma was found in
the brain parenchyma with ED-1+ activated microglia and TUNEL+ apoptotic cells in the
perihematomal region. As an in vitro model of ICH, SH-SY5Y cells were treated with red blood
cell lysate. This treatment significantly reduced cell viability; however, melatonin (10° M)
restored the cell viability. At 72 hours after ICH, rats treated with melatonin (50 mg/kg) at 2, 24
and 48 hours had reduced perihematomal microglial activation. However, there was no effect on
hematoma size or perihematomal apoptosis. We further treated rats with 50 mg/kg melatonin
starting at 2 hours and repeating at 24-hour intervals for two or seven more days. Both melatonin
treatments improved post-ICH neurological functions, and the effect was most pronounced at 4
days after ICH. Since studies regarding the protective roles of melatonin on ICH remain very
limited, our study advances our understanding of the potential use of melatonin as a treatment for
ICH.

Key words: Melatonin, stroke, intracerebral hemorrhage, collagenase, neuroprotection, microglia,
neurological function, apoptosis
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1. INTRODUCTION

Stroke is one of the leading causes of death worldwide. It is responsible for approximate 5.5
million deaths every year (1). Hemorrhagic stroke, which consists of subarachnoid hemorrhage
(SAH) and intracerebral hemorrhage (ICH), is a severe form of stroke and has a particularly high
mortality rate (2). Previous study reported that the five-year survival rate after hemorrhagic stroke
was only 26.7% (3). ICH accounts for 10-15% of all strokes and is characterized by bleeding
inside the brain parenchyma (4, 5). Not only does ICH cause death, it causes severe, permanent
disability in surviving patients (6). Hematoma formation is the primary cause of adverse outcomes
in ICH (7). Hematoma expansion from secondary bleeding leads to a further increase in
intracranial pressure (8). Brain edema formation after ICH further promotes neurological deficits
(9). In addition, red blood cell (RBC) lysis takes place after ICH (10), leading to release of harmful
substances, such as iron and hemoglobin, and generation of oxidative stress, which in turns, worsen
the prognosis of ICH (11-14).

Melatonin is likely produced in the mitochondria of all cells (15, 16). Its original and primary
function is likely an antioxidant as based on its early evolution (17). In mammals, melatonin could
activate two high affinity receptors, MT1 (Mella, MTNR1A) and MT2 (Mellb, MTNR1B) (18).
Apart from regulating circadian rhythm, MT1 and MT2 receptors play important roles in different
physiological functions, including reproduction, cardiovascular regulation and immune function
(19-22). Attributing to its direct antioxidant, anti-inflammatory, and anti-apoptotic properties,
melatonin is a neuroprotective molecule against different neurological diseases (23-25). Recent
studies have also uncovered its functions on neurogenesis promotion (26).

Although there are abundant evidences showing that melatonin is a neuroprotective agent
against ischemic stroke (27-29), studies focusing on its effects on hemorrhagic stroke, especially
ICH, remain very limited. Also, experimental findings vary from study to study. Two methods are
commonly used to induce ICH in the animals, which are by autologous blood injection and
collagenase injection (30). In the autologous blood-induced model, high-dose melatonin such as
100 and 150 mg/kg BW was found to promote neuronal survival and reduce apoptosis in the
perihematomal region in rats at 24 hours after ICH (31). Also, the high-dose melatonin attenuated
post-ICH neurological deficits, brain edema and blood-brain barrier (BBB) leakage (31). In
another study, when rats were treated with multiple low-dose melatonin (e.g. 5 mg/kg) after ICH,
oxidative stress, DNA damage and neuronal death were reduced (32). However, contradictory
results were reported by Li et al. (33). It was found that 10 mg/kg melatonin given to the rats at 1
and 4 hours after ICH did not provide any neuroprotection

Collagenase-induced animal model of ICH involves injection of bacterial collagenase into the
brain parenchyma, resulting in blood vessel breakdown and bleeding in the surrounding brain
tissues (34). In contrast to the autologous blood-induced model, protective roles of melatonin in
this model have not been well studied. Till now, only limited number of related articles could be
identified (35-37) (Table 1). In addition, a large portion of them reported that melatonin did not
exert any protective effect. For instances, it was found that neither multiple doses of 15 mg/kg
melatonin nor a single dose of 150 mg/kg melatonin could prevent brain edema formation or
neurological deficits after ICH (35, 36). Moreover, the acute effects of melatonin in this ICH model
remain unclear (i.e. within 7 days after ICH). Lekic et al. (37) have reported that a single dose of
5 and 15 mg/kg melatonin failed to reduce brain water content or improve neurological function
in rats at 24 hours after ICH. In the same study, only when multiple doses of 15 mg/kg melatonin
were administered, an improvement in forelimb function of the rats was found on the second day
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after ICH. Interestingly, however, the protective effect diminished on the third day (37). Since the
roles of melatonin in the collagenase-induced model, especially its acute effects, are poorly
understood till now, we decided to carry out the present study. In reference to the findings of the
previous study (37), we increased the dose and length of treatment of melatonin and would like to
see whether the protective effects of melatonin in the collagenase-induced model could be
enhanced.

Table 1. Studies of the protective effects of melatonin in the collagenase-induced ICH model.

Type of animal | Treatment timeline and | Brain Region Main findings References
model of ICH dosage
Type VII | 15 mgkg melatonin, | Ipsilateral Melatonin did not significantly reduce size of | Hartman er
collagenase- intraperitoneally injected | hemisphere infrarct area al., 2008
induced ICH at 1, 24, 48, and 72 hours
(SD rats) after ICH Melatonin did not improve neurological deficits,
including cued and spatial learning, spatial memory
and sensorimotor coordination in the 8-week test
period
Type VII | 15 or 150 mg/kg | Ipsilateral Both 15 and 150 mg/kg melatonin did not exert any | Rojas et al.,
collagenase- melatonin, cortex protective effect against brain edema formation and | 2008
induced ICH intraperitoneally injected neurological deficits
(SD rats) at 15 minutes (the low
dose) or 3 hours (both low 15 mg/kg melatonin (injected at 15 minutes after
and high dose) after ICH ICH) reduced lipid peroxidation at 24 hours after
induction ICH
Type VII | 5 or 15 mg/kg melatonin, | Ipsilateral 15-minute or 3-hour delayed melatonin treatment | Lekic et al.,
collagenase- intraperitoneally injected | cortex (both 5 and 15 mg/kg) did not show any protective | 2010
induced ICH at 15 minutes or 3hours effect on brain edema and neurological deficits on 1
(SD rats) after ICH induction day after ICH
(sacrificed at 24 hours after
ICH; short-term Repeated 15 mg/kg melatonin treatment (given at 1,
experiment) 24, 48, and 72 hours after ICH) improved forelimb
placing function on second day after ICH but the
5 or 15 mg/kg melatonin, effect diminished on the third day
intraperitoneally injected
at 1, 24, 48, and 72 hours Repeated 5 mg/kg melatonin treatment failed to
after ICH  induction) provide acute protection but improved learning and
(sacrificed at 10 weeks memory at 8 weeks after ICH and improved cerebral
after ICH; long-term histopathology at 10 weeks after ICH
experiment)
3-hour delayed melatonin treatment (both 5and
15 mg/kg) reduced lipid peroxidation at 24 hours
after ICH

2. MATERIALS AND METHODS
2.1. Animals.

Adult male Sprague—Dawley (SD) rats (240-310 g) were housed under controlled temperature
with a 12-hour light/dark cycle. They were free to access to food and water. The experimental

protocol was approved by the animal ethics committee of the University of Hong Kong
(Committee on the Use of Live Animals in Teaching and Research [CULATR 3300-14]).
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2.2. Rat model of collagenase-induced ICH.

Surgical procedures were performed according to published studies (38—40). Briefly,
anesthetized rat was first held in place on a stereotaxic frame, and a burr hole was drilled over the
right hemisphere. 0.2-unit Type IV collagenase (Sigma-Aldrich, St. Louis, MO, USA) in 1.0 uL
saline was then injected slowly into the right striatum over 10 minutes using a 30-gauge (G) needle
(at the coordinates: 0.2 mm anterior to the bregma, 3 mm lateral to the midline and 5.5 mm beneath
dura). To avoid back-leakage, the injection needle was kept in place for 10 minutes after injection.
The burr hole was sealed with bone wax, and the incision was sutured. The sham group received
the same surgical procedures, but saline instead of Type IV collagenase was injected.

2.3. In vivo experimental design and melatonin treatment.

Three sets of in vivo experiments were performed in the present study. First of all, to show that
we have successfully established the collagenase-induced model, we examined the changes in the
rats at 24 hours after ICH induction (Figure 1A; n = 4) and compared with the findings after sham
operation (sham group; n = 4). The studied parameters were hematoma formation, BW,
neurobehavioral performance, apoptosis and microglial activation.

In the second set of experiment, we studied the neuroprotective effects of melatonin at 72 hours
after ICH (Figure 3A). After ICH induction, rats were intraperitoneally (i.p.) injected with the
vehicle (n = 5) or different concentrations of melatonin (at 20 [n = 3] or 50 [n = 5] mg/kg) at 2, 24
and 48 hours after ICH. Rats were sacrificed at 72 hours, and brain samples were collected for
further analysis. Melatonin (Sigma-Aldrich) was diluted to the target concentration using saline
with 5% dimethyl sulfoxide (DMSO; Sigma-Aldrich). Vehicle is saline only containing 5% DMSO.
We compared the differences in the following parameters among groups, including daily BW as
well as hematoma size, apoptosis and microglial activation at 72 hours.

In the third set of experiment, we studied whether melatonin promoted post-ICH
neurobehavioral recovery (Figure 5A). After ICH induction, rats were divided into three groups,
which are the vehicle group (n = 5), 3-dose melatonin group (n = 5) and 8-dose melatonin group
(n =5). Vehicle group was given vehicle i.p. at 2 hours and from 1 to 7 days after ICH at 24-hour
interval. For the 3-dose melatonin group, rats received 50 mg/kg melatonin i.p at 2 hours and daily
on days 1 and 2 after ICH at 24-hour interval, and then vehicle i.p. was given from 3 to 7 days
after ICH at 24-hour interval. For the 8-dose melatonin group, rats received 50 mg/kg melatonin
at 2 hours and daily from 1 to 7 days after ICH at 24-hour interval. All the rats were assessed for
their neurobehavioral outcomes on days 1, 4 and 7 after ICH. They were all sacrificed on the next
day after the last day of the neurobehavioral assessment (i.e., 8 days after ICH). We compared the
differences in the following parameters among groups, including hematoma size on day 8 as well
as BW and neurobehavioral performance on days 0, 1, 4 and 7.

2.4. Hematoma size measurement.

The rat brain was sliced into 2 mm-thick coronal sections. Area of hematoma on both side of
each coronal section was measured using Image J software (NIH, Bethesda, MD, USA) in an

Melatonin Res. 2021, Vol 4 (2) 360-376; doi: 10.32794/mr112500100 363



Melatonin Research (Melatonin Res. :/lwww.melatonin-research.ne

observer-blinded manner. We calculated the sum of hematoma area of all coronal sections in each
brain to generate the hematoma size in each animal (in mm®) for comparison among different
treatment groups.

2.5. Neurobehavioral assessment.

Rats were assessed for their neurobehavioral performance using the neurological deficit scores
(NDS) system before and after ICH induction. The procedures of assessing animals’ neurobehavior
using NDS system have been described in the previous study (41) and used in other published
studies (38—40). Briefly, rats were scored based on their performance in different neurobehavioral
tests, including spontaneous-activity test, floor-walking test, tail-raising test, limb-placing tasks
and beam-balance test (Supplementary materials). Rats which suffer from more severe deficits will
get higher NDS under this scoring system. All assessments were performed by an observer who
was blinded to the group identity.

2.6. Immunohistochemistry and stereological analyses.

After sacrificing, rats were perfused transcardially with ice-cold saline and then 4%
paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB). Brain samples were post-fixed in 4%
PFA overnight at 4°C. After post-fixation, they were immersed in cryoprotectant solution (30%
sucrose solution in 0.1 M PB) and stored at 4°C until use. Brain region between 1 mm anterior to
the bregma and 3 mm posterior to the bregma as the major site of injury after ICH induction was
selected for preparation of 30 pum-thick sections using a cryostat. The brain sections were affixed
on gelatine-coated slides and allowed to air-dry overnight. After air-drying, they were kept at -
20°C until use.

For ED-1 detection, brain sections were incubated in 0.01 M citric acid (pH 6.0) at 90°C for 10
minutes for antigen retrieval. They were then blocked by 10% normal goat serum and incubated
with primary antibody (mouse anti-ED-1, 1:200 dilution, AbD Serotec, Raleigh, NC, USA)
overnight at room temperature. After primary-antibody incubation, brain sections were washed
with 0.01 M phosphate-buffered saline (PBS) for three times (5 minutes each). After washing with
PBS, brain sections were incubated with secondary antibody (biotinylated goat anti-mouse
antibody, 1:200 dilution, Vector Laboratories, Burlingame, CA, USA) for 2 hours at room
temperature. Then the brain sections were washed with 0.01 M PBS for three times (5 minutes
each). To amplify the signal, the brain sections were incubated in avidin-biotin complex solution
(1:200, Vector Laboratories) for 1 hour at room temperature. ED-1 signal was finally visualized
using the liquid diaminobenzidine (DAB) substrate kit (Invitrogen, Waltham, MA, USA).
Afterwards, the brain sections were counterstained with eosin.

To detect TUNEL+ cells, in situ cell death detection kit, POD (Roche, Branchburg, NJ, USA)
was used. Brain sections were first incubated in 0.01 M citric acid (pH 6.0) at 90°C for 10 minutes
for antigen retrieval. After antigen retrieval, they were incubated in blocking solution for 10
minutes and then permeabilization solution for 2 minutes according to the manufacturer’s protocol.
Afterwards, TUNEL reaction mixture was prepared using label solution and enzyme solution
provided by the manufacturer. Brain sections were further incubated in the TUNEL reaction
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mixture for 60 minutes and then converter-POD for 30 minutes at 37°C in a humidified chamber
in dark. Finally, TUNEL signals were visualized using the liquid DAB substrate kit (Invitrogen).

For the quantification of ED-1+ and TUNEL+ cells, Stereolnvestigator (MicroBrightField,
Williston, VT, USA) was utilized. Detailed procedures have been previously described (40).
Briefly, the contour of the ipsilateral striatum excluding the hematoma was outlined using the
Stereolnvestigator software. Systemic random sampling was then performed within the outlined
region at 400x magnification. By counting the number of cells in the counting boxes assigned by
the program, total number of cells in the region of interest was automatically calculated. In our
experiment, at least 3 brain sections were analyzed for each animal. The whole counting process
was conducted in a blinded manner. The counting results were presented as the total number of
cells per brain section.

2.7. In vitro model of ICH and melatonin treatment.

Human SH-SY5Y cells (American Type Culture Collection, Manassas, VA, USA) were used
in our in vitro experiments. The cells were grown in Dulbecco’s Modified Eagle medium/ F12
(DMEM/F12; Invitrogen) with 10 % fetal bovine serum (Invitrogen) in 75 cm? flask. They were
maintained in a humidified incubator with 5 % CO2 at 37°C. To mimic the in vitro ICH, SH-SY5Y
cells were incubated with RBC lysate. Procedures were performed in reference to the previously
described protocol (42, 43). Briefly, we obtained RBCs from human blood by centrifugation. The
RBCs collected were then lysed in distilled water at a density of 2 x 10° cells/ml and kept in -80°C
until use. To examine the neurotoxic effects of RBC lysate, SH-SY5Y cell viability was
determined after incubation with different concentrations of RBC lysate for 24 hours (Figure 2A,;
n = 3 per group). The present study also examined the potential toxic effects of melatonin on SH-
SY5Y cells. Cell viability was determined after treatment with different concentrations of
melatonin, ranging from 107 to 107 M for 24 hours (n = 3 per group). To study neuroprotective
effect of melatonin against RBC lysate, SH-SY5Y cells were incubated with 62.5 x 10° cells/ml
RBC lysate and different concentrations of melatonin (ranging from 10 to 107 M; n = 3 per group)
for 24 hours. Then cell viability was measured.

2.8. Cell viability assay.

Cell viability was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT; Invitrogen). Cells in 96-well plate were incubated with 0.5 mg/ml MTT for 4
hours. After the incubation, water-insoluble formazan dye formed, and the dye was solubilized
using a lysis buffer (10% sodium dodecyl sulfate (SDS; Sigma-Aldrich) with 0.03% hydrochloric
acid in distilled water). Absorbance was measured by a 96-well plate spectrophotometer at 540 nm
(corrected by 650 nm).

2.9. Statistical analysis.

Data are presented as mean £ SEM in the present study. Statistical difference between two
groups was analyzed using Student’s t-test. For multiple comparisons, one-way ANOVA followed
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by Turkey's test or Dunnett’s multiple comparison test was performed. P<0.05 was considered as
statistically significant in each test.

3. RESULTS

3.1. Histological and biochemical alterations in brain of rats at 24 hours after ICH induction.

At 24 hours after ICH induction, the hematoma was found in the brain parenchyma of the rats,
and it was mainly located in the striatum (Figure 1B). When compared to the sham group, there
was a slight but significant decrease in BW (P<0.05; Figure 1C), and high NDS indicated severe
neurological deficits (P<0.001; Figure 1D). Moreover, ED 1+ activated microglia and TUNEL+
apoptotic cells increased dramatically in the perihematomal region (P<0.01 and P<O0.05,
respectively; Figure 1E and 1F).
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Fig. 1. Histological and biochemical alterations in brain of rats at 24 hours after ICH
induction.

(A) Experimental timeline. (B) Images showing coronal brain sections of a sham rat and an
ICH rat (2 mm thick; scale bar: 10 mm). (C) BW and (D) NDS of sham and ICH rats.
Representative images and quantification of ED-1+ cells (E) and TUNEL+ cells (F) in the
striatum/perihematomal region in sham and ICH rats (Scale bar: 100 pm). Results are expressed
as mean = SEM; n =4 per group. Data were analyzed by Student’s t-test. *P<0.05, **P<0.01 and
***P<(0.001 compared to sham group.
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3.2. Effects of RBC lysate and melatonin on the viability of SH-SY5Y cells.

When SH-SY-5Y cells were treated with different concentrations of RBC lysate, ranging from
31.25 x 10° to 250 x 10° cells/ml for 24 hours as an in vitro ICH model, MTT assay indicated a
significant decrease in cell viability in a dose-dependent manner (P<0.001; Figure 2B). SH-SY-
5Y cells were incubated with melatonin, ranging from 10 to 107" M for 24 hours, to reveal any
toxic effect. MTT assay showed that 10° M melatonin significantly decreased the cell viability
(P<0.001; Figure 2C), but other concentrations (10 to 10" M) did not cause any difference when
compared to control (Figure 2C). SH-SY-5Y cells were treated with 62.5 x 10° cells/ml RBC lysate
plus different concentrations of melatonin for 24 hours. We found that 10° M melatonin
significantly ameliorated the decrease in cell viability caused by RBC lysate (P<0.05; Figure 2D).
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Fig. 2. Effects of RBC lysate and melatonin on the viability of SH-SY5Y cells.

(A) Experimental timeline. (B) RBC lysate decreased viability of SH-SY-5Y cells in a dose-
dependent manner. (C) Adverse effect of 10 M melatonin but not at other concentrations on
viability SH-SY-5Y cells. (D) 10° M melatonin partially reversed the decrease in viability of SH-
SY-5Y cells caused by RBC lysate. Cell viability was measured by MTT assay from three
independent experiments. Results are expressed as mean £ SEM; n = 3 per group. Data were
analyzed by one-way ANOVA, followed by Dunnett’s multiple comparison test as post-hoc test.
***P<(0.001 compared to no RBC lysate treatment (Figure B), *P<0.001 compared to no
melatonin treatment (Figure C), and #P<0.05 compared to RBC lysate treatment alone without
melatonin and ###P<0.001 compared to RBC lysate treatment (Figure D).
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3.3. Effects of melatonin on microglial activation, hematoma size and apoptosis at 72 hours
after ICH.

When rats were treated with vehicle or melatonin (20 or 50 mg/kg) at 2, 24 and 48 hours after
ICH before sacrifice at 72 hours, there was no significant difference in BW among groups (Figure
3B). In addition, both 20 and 50 mg/kg melatonin did not significantly affect the size of hematoma
at 72 hours after ICH (Figure 3C and D). However, 50 mg/kg melatonin significantly decreased
the number of ED-1+ activated microglia in the perihnematomal region (P<0.05; Figure 4A). There
was no significant difference among groups in the number of TUNEL+ apoptotic cells in the
perihematomal region (Figure 4B).
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group ICH +50 mg/kg melatonin treatment
Day 0: Day 3
50 mg/kg ICH induction 2 hours 24 hours 48 hours 72 hours | Sacrifice
melatonin
group
2
Day 0 Day 1 Day 2 Day 3
400+
o
~ 3004
s [ venicle
-% 555 . 20 mg/kg melatonin
3 B 50 mg/kg melatonin
>
3 100
(1]
0-
Day 0 Day 1 Day 2 Day 3
= a =
® - V- g =~
" ® @ €
o : -
@t 9 @ - T X
< P
- - =
@ = £
- 3 §- s 10
= = jg-
0 T T
Vehicle 20mgkg 50 mg/kg Vehicle 20 mg/kg 50 mg/kg
melatonin  melatonin melatonin melatonin

Fig. 3. Effects of melatonin on size of hematoma and BW at 72 hours after ICH.

(A) Experimental timeline. (B) BW. (C) Images showing coronal brain sections of different
groups at 72 hours after ICH (2 mm thick; scale bar: 10 mm). (D) Measurement of hematoma size
(in mm?®). Results are expressed as mean + SEM. Vehicle group (n = 5), 20 mg/kg melatonin group
(n = 3), 50 mg/kg melatonin group (n = 5). Data were analyzed by one-way ANOVA, followed by
Turkey's test as post-hoc test.
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Fig. 4. Effects of melatonin on microglial activation and apoptosis in the perihematomal
region at 72 hours after ICH.

(A) Representative images and quantified data showing 50 but not 20 mg/kg melatonin reduced
number of ED-1+ activated microglia in the perihematomal region at 72 hours after ICH. (B)
Representative images and quantified data showing both 20 and 50 mg/kg melatonin did not
reduce number of TUNEL+ apoptotic cells in the perihematomal region at 72 hours after ICH.
Results are expressed as mean + SEM. Vehicle group (n = 5), 20 mg/kg melatonin group (n = 3),
50 mg/kg melatonin group (n = 5). Data were analyzed by one-way ANOVA, followed by Turkey's
test as post-hoc test. *P<0.05 compared to the vehicle group.

3.4. Effects of melatonin on neurological functions after ICH.

When rats were treated with vehicle or melatonin (50 mg/kg) at 2, 24 and 48 hours (i.e. 3-dose
groups) after ICH or at 2 hours and repeated at 24-hour interval for 7 doses (i.e. 8-dose groups)
before sacrifice on day 8, there was no significant difference among groups in hematoma size on
day 8 (Figure 5B and 5C) and BW on days 1, 4 and 7 (Figure 5D). Although there was no
significant difference in NDS among groups on day 1 after ICH (Figure 5E), both 3-dose and 8-
dose melatonin treatments significantly improved neurological functions on day 4 after ICH when
compared to the vehicle groups (P<0.05; Figure 5E). On day 7 after ICH, both melatonin-treated
groups still performed better when compared to the vehicle group, but the differences were not
statistically significant (Figure 5E).
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Fig. 5. Effects of melatonin on neurological functions after ICH.

(A) Experimental timeline. (B) Images showing coronal brain sections of different groups on
day 8 after ICH (2 mm thick; scale bar: 10 mm). (C) Measurement of size of hematoma. (D) BW.
(E) Melatonin improved neurological functions after ICH. Results are expressed as mean + SEM;
n =5 in each group. Data were analyzed by one-way ANOVA, followed by Turkey's test as post-
hoc test. *P<0.05 compared to the vehicle group.

4. DISCUSSIONS

ICH is a severe form of stroke. It causes permanent disability in patients and has a high
mortality rate (2, 3). Apart from hematoma growth and edema development, inflammatory
responses and oxidative stress are responsible for poor outcomes after ICH (44, 45). As a free
radical scavenger, melatonin is well-known for its antioxidant and anti-inflammatory properties
(46). Therefore, it is an ideal candidate to be evaluated as a treatment for ICH. However, its
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protective roles on hemorrhagic stroke, especially on ICH are poorly understood. The present study
has investigated the protective roles of melatonin on ICH using the collagenase-induced model.

We started our study by assessing the changes in rats at 24 hours after ICH induction.
Comparing with sham rats, ICH rats had slightly reduced BW, and hematoma was found in the
striatum. The ICH rats also showed severe neurological deficits. Moreover, there were dramatic
increases in numbers of ED-1+ activated microglia and TUNEL+ apoptotic cells in the
perihematomal region. We then examined the protective effects of melatonin in an in vitro model
of ICH. The RBC-lysate model could well-mimic ICH condition in vitro, and it has not been
previously used to assess neuroprotective effects of melatonin. Previous studies used
oxyhemoglobin, hemin and thrombin as in vitro models of ICH (32, 47, 48). Using the RBC-lysate
model, our results demonstrated that 10° M melatonin could significantly increase viability of SH-
SY5Y cells after RBC lysate treatment.

We then tested the protective effects of melatonin on ICH in vivo. Given the results of previous
study showing that single dose of 5 and 15 mg/kg melatonin did not provide any neuroprotection
at 24 hours after ICH in the collagenase-induced model (37), we decided to increase the dose and
period of treatment. The rats were treated with 20 or 50 mg/kg melatonin at 2, 24 and 48 hours
after ICH induction and sacrificed them at 72 hours. According to our findings from using higher
dose of melatonin than the previous study (37), there was no difference in the hematoma size
between the melatonin-treated rats and vehicle-treated rats at 72 hours after ICH. To our best
knowledge, the protective effects of melatonin against apoptosis and microglial activation in the
collagenase-induced model have not been reported before. In this study, we found that multiple
doses of 50 mg/kg melatonin significantly reduced ED-1+ activated microglia in the
perihematomal region after ICH, although apoptosis was not ameliorated.

Microglial activation has been found to be beneficial to ICH. Microglia are responsible for
removal and cleanup of cellular debris from hematoma (49). However, their activation also
promotes production of a wide range of proinflammatory cytokines and chemokines, including
TNF-a, IL-1p, IL-6 and CXCL2 (50, 51), which in turns leads to neuroinflammation and causes
secondary injury in ICH. It was reported that microglia reached their peak number in the
perihematomal region at 72 hours after ICH (51). Coincidently, the present study showed that
multiple doses of 50 mg/kg melatonin decreased microglia activation at this time point. Given that
inhibiting microglial activation using minocycline has been found to be effective in improving
ICH outcomes (51), we believed that the dosage of melatonin used in our study is also beneficial
to ICH. Therefore, whether melatonin could promote post-ICH neurological functional recovery
was investigated.

The rats were treated with 50 mg/kg melatonin starting at 2 hours and repeating daily for two
or seven times after ICH. We assessed their neurobehavioral outcomes on days 1, 4 and 7 after
ICH. It was found that both 3-dose and 8-dose melatonin groups significantly improved
neurological functions of the rats on day 4 after ICH. On day 7 after ICH, both melatonin-treated
groups still performed better than the vehicle-treated group, but the differences were not
statistically significant.

In summary, our study showed that multiple doses of 50 mg/kg melatonin could inhibit post-
ICH microglial activation, which may be responsible for the improvement in neurological
functions of the rats after ICH. Based on our current findings, future studies should be focused on
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the following aspects. First, since multiple doses of 50 mg/kg melatonin reduced microglial
activation but not apoptosis after ICH, protective effects of even higher doses of melatonin or
longer duration of treatment on ICH can be evaluated. Second, as molecular mechanisms regarding
the protective effects of melatonin in the collagenase-induced model remain poorly understood
and melatonin possesses anti-microglial activation property, the effects of melatonin on different
microglial-related inflammatory pathways can be investigated in this ICH model. Third, the role
of melatonin in enhancing recovery after ICH via promoting endogenous neurogenesis can be
explored in the collagenase-induced model because recent studies showed that melatonin protected
against different neurological diseases by stimulation of endogenous neurogenesis (26).

Although much evidence indicated that melatonin is neuroprotective against ischemic stroke,
studies regarding its role on ICH, especially in the collagenase-induced model, remain very limited.
Since collagenase-induced model could well-mimic clinical ICH condition of acute
cerebrovascular rupture with blood-brain barrier breakdown (52) and well-demonstrate
histological changes in the brain (53), it is a reliable experimental model for the study of ICH. But
surprisingly, the protective roles of melatonin in this model are poorly studied. The present study
advances our understanding of the roles of melatonin in collagenase-induced model, which will
provide insight into the potential use of melatonin as a treatment for ICH.
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