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ABSTRACT

Although multiple reports using animal models have confirmed that melatonin appears to promote neuropro-
tective effects following ischemia/reperfusion-induced brain injury, the relationship between its protective ef-
fects and activation of autophagy in Purkinje cells following asphyxial cardiac arrest and cardiopulmonary
resuscitation (CA/CPR) remains unclear. Rats used in this study were randomly assigned to 6 groups as follows;
vehicle-treated sham operated group, vehicle-treated asphyxial CA/CPR operated group, melatonin-treated
sham operated group, melatonin-treated asphyxial CA/CPR operated group, PDOT (a MT2 melatonin receptor
antagonist) plus (+) melatonin-treated sham operated group and PDOT + melatonin-treated asphyxial CA/CPR
operated group. Melatonin (20 mg/kg, i.p., 4 times before CA and 3 times after CA) treatment significantly
improved survival rate and neurological deficit compared with the vehicle-treated asphyxial CA/CPR rats
(survival rates =40% vs 10%), showing that melatonin treatment exhibited protective effect against asphyxial
CA/CPR-induced Purkinje cell death. The protective effect of melatonin against CA/CPR-induced Purkinje cell
death paralleled a remarkable attenuation of autophagy-like processes (Beclin-1, Atg7 and LC3), as well as a
dramatic reduction in superoxide anion radical (O»-), intense enhancements of CuZn superoxide dismutase
(SOD1) and MnSOD (SOD2) expressions. Furthermore, the protective effect was notably reversed by treatment
with PDOT, which is a selective MT2 antagonist. In brief, melatonin conferred neuroprotection against asphyxial
CA/CPR-induced Purkinje cell death via inhibiting autophagic activation by reducing expressions of O~ and
increasing expressions of antioxidant enzymes, and suggests that MT2 is involved in neuroprotective effect of
melatonin against Purkinje cell death caused by asphyxial CA/CPR.

1. Introduction

and neuroprotective therapies in vulnerable areas of the brain, such as
the cerebral cortex, striatum and hippocampus (Fink et al., 2004).

Experimental animal models of transient global cerebral ischemia However, few studies have focused on the cerebellum following CA/
(tgCI) resulting from cardiac arrest and cardiopulmonary resuscitation CPR, despite data indicating that the cerebellum is vulnerable to tgCI
(CA/CPR) have been frequently used to examine injury mechanisms (Paine et al., 2012; Welsh et al., 2002). In addition, Purkinje cells
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receive and integrate excitatory inputs from sensory, vestibular and
motor areas to allow for temporally and spatially precise movement
(Thach, 1998), and are also vulnerable to tgCI caused by CA/CPR;
however, the time course of Purkinje cell death following CA/CPR is
relatively controversial.

Melatonin (N-acetyl 5-methoxytryptamine) is primarily synthesized
in the pineal gland and recognized as an interesting compound with
physiological activity (Pandi-Perumal et al., 2006). Along with the re-
levant physiological roles, it has been reported that melatonin is cap-
able of protecting the brain against ischemia/reperfusion injury by re-
ducing oxidative damage (Chern et al., 2012; Ozacmak et al., 2009). In
addition, effects of melatonin are mediated by two main pathways that
include receptor-mediated and non-receptor mediated effects (Tan
et al.,, 2007; Tomas-Zapico and Coto-Montes, 2005). The two major
membrane-associated melatonin receptors, MT1 and MT2, are ubiqui-
tously distributed in the central nervous system (CNS) as well as the
peripheral organs (Drew et al., 2001). Furthermore, it has been de-
monstrated that, in the gerbil hippocampus, the activation of MT2
through melatonin treatment may be involved in neuroprotective ac-
tion against tgCI (Lee et al., 2010). Although little is known about the
influence of melatonin receptors on neuronal signaling during ischemic
conditions, it is suggested that the melatonin receptor pathway may
play roles in neuroprotective effects of melatonin against CA/CPR-in-
duced injury.

Despite its label as catabolic process, autophagy is vital for cells to
maintain the cellular homeostasis and the maintenance of cellular in-
tegrity (Yang and Klionsky, 2010). The activation of autophagy induces
cell survival in ischemic cerebral injury, which could also promote cell
death (Wei et al., 2012). To date, however, the contribution of autop-
hagy to Purkinje cell death in the cerebellum following CA/CPR re-
mains unclear. Therefore, in the present study, we attempted to identify
the time course of Purkinje cell death following asphyxial CA/CPR in
rats. In addition, we focused on the role of melatonin in Purkinje cell
death and autophagy-like process caused by asphyxial CA/CPR, which
is related to oxidative stress and antioxidant enzymes.

2. Materials and methods
2.1. Experimental animals and groups

Male Sprague-Dawley rats (10weeks of age; body weight,
300-310g) were used according to the experimental protocol, which
was approved (approval no. KW-151127-1) by the Institutional Animal
Care and Use Committee (IACUC) at Kangwon University.

Rats were divided into six groups (n = 14 at each point in time in
each group: (1) vehicle-sham group, which was given vehicle treatment
and sham operation (2) vehicle-CA group, which was given vehicle
treatment and asphyxial CA/CPR operation, (3) melatonin-sham group,
which was given melatonin treatment and sham operation, (4) mela-
tonin-CA group, which was given melatonin treatment and asphyxial
CA/CPR operation, 5) 4-phenyl-2-propionamidotetraline
(PDOT) + melatonin-sham group, which was given PDOT + melatonin
treatment and sham operation, (6) PDOT + melatonin-CA group, which
was given PDOT + melatonin and asphyxial CA/CPR operation.

2.2. Melatonin and PDOT treatments

Melatonin (20 mg/kg, Sigma-Aldrich, St. Louis, MO, USA) and
PDOT (10 mg/kg, Sigma-Aldrich), a selective MT2 antagonist, were
dissolved with dimethyl sulfoxide (DMSO) and diluted with 0.9% saline
to a final concentration of <1% DMSO. Melatonin was in-
traperitoneally treated 7 times (once daily for 4 days before asphyxial
CA/CPR operation, and at 30 min, 6 h and 1 day after asphyxial CA/
CPR operation) based on previously published papers(Lee et al., 2010).
PDOT was intraperitoneally administered at 10 min before every mel-
atonin treatment. The dose of melatonin and PDOT was selected,
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respectively, on the basis of previous study (Chern et al., 2012).
2.3. Asphyxial CA/CPR operation

The experimental procedures were performed as previously de-
scribed (Han et al., 2010) with minor modification. Briefly, the rats
were anesthetized with a mixture of 2-3% isoflurane in 33% oxygen
and 67% nitrous oxide and mechanically ventilated to maintain re-
spiration using a rodent ventilator (Harvard Apparatus, Holliston, MA,
USA). Body temperature was maintained at 37 + 0.5°C during the
asphyxial CA surgery. Peripheral oxygen saturation (SpO,) was mon-
itored by an oxygen saturation probe of pulse oximetry (Nonin Medical
Inc., Plymouth, MN, USA) that was attached to the left foot. Electro-
cardiogram (ECG) was monitored using electrocardiographic probes
(GE healthcare, Milwaukee, WI, USA) which were placed to the limbs.
Mean arterial pressure (MAP) was monitored via the left femoral artery
using a blood pressure transducer (MP150, BIOPAC system, Goleta, CA,
USA). After 5min of stabilization period, vecuronium bromide (2 mg/
kg, Reyon Pharmaceutical., Seoul, South Korea) were injected via the
right femoral vein, and anesthesia was stopped. Mechanical ventilation
was discontinued, and the endotracheal tube was disconnected from the
ventilator. Mean arterial pressure (MAP) below 25mmHg and iso-
electric ECG were defined as asphyxial CA(Han et al., 2010). Usually,
asphyxia CA was confirmed about 3-4 min after vecuronium bromide
injection. After 5min of asphyxial CA, CPR was initiated by adminis-
tering a bolus injection of epinephrine (0.005mg/kg, i.v. Dai Han
Pharm, Seoul, South Korea) and sodium bicarbonate (1 meq/kg, i.v.,
Daewon Pham, Seoul, South Korea) followed by mechanical ventilation
with 100% oxygen and mechanical chest compressions at a rate of 300/
min until MAP reached 60 mmHg and electrocardiographic activity was
observed (Liachenko et al., 1998). Once the animals were hemodyna-
mically stable and spontaneously breathing (usually 1 h after return of
spontaneous circulation (ROSC), the catheters were removed. Namely,
at 2h after resuscitation, the arterial and venous catheters were re-
moved. The animals were then mechanically ventilated with room air
and allowed to extubate themselves. Thereafter, animals were sub-
cutaneously given 20 mL/kg/d isotonic saline with 5% dextrose until
they could eat and drink without assistance.

2.4. Tissue processing for histology

The rats (n = 7 at each point in time) were anesthetized with pen-
tobarbital sodium (30 mg/kg; JW Pharmaceutical, Seoul, South Korea)
at designated times (sham, 12h, 1 day and 2 days after asphyxial CA/
CPR), and they were perfused transcardially with 0.1 M phosphate-
buffered saline (PBS, pH 7.4) and fixed with 4% paraformaldehyde (in
0.1 M PB, pH 7.4). Their brains were removed and were serially cut into
30 um frontal sections in a cryostat (Leica, Wetzlar, Germany).

2.5. Cresyl violet (CV) and Fluoro-jade B (F-J B) histofluorescence staining

To elucidate the neuronal damage induced by asphyxial CA/CPR,
CV staining and F-J B histofluorescence were performed as previously
described (Lee et al., 2017). Shortly, for CV staining, the sections were
stained with 1.0% (w/v) CV acetate (Sigma—Aldrich) and dehydrated.
They were then mounted with Canada balsam (Kanto chemical, Tokyo,
Japan). For F-J B histofluorescence, the sections were immersed in a
0.0004% F-J B (Histochem, Jefferson, AR, USA) staining solution. After
the stained sections were washed, they were examined using an epi-
fluorescent microscope (Carl Zeiss, Gottingen, Germany) equipped with
blue (450-490 nm) excitation light.

2.6. Immunohistochemistry

For immunohistochemical staining, the sections were carried out
according to our previous method as previously described (Lee et al.,
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2017). They were blocked with 15% normal goat serum (in 0.05 M PBS)
and immunostained with primary antibodies, such as calbindin D-
28 kDa (diluted 1:200, Chemicon International, Temecula, CA, USA),
CuZn-superoxide dismutase (SOD1) (1:250, EMD Millipore, Billerica,
MA, USA), Mn-SOD (SOD2) (1:200, EMD Millipore), catalase (CAT)
(1:200, Abcam Incorporated, Cambridge, MA, UK), glutathione perox-
idase (GPx) (1:200, Abcam Incorporated), MT1 (diluted 1:200; Santa
Cruz Biotechnology, Santa Cruz, CA, USA), MT2 (diluted 1:200; Santa
Cruz Biotechnology), Beclin-1 (diluted 1:200, Santa Cruz Bio-
technology) overnight at 4 °C. The sections were next incubated with
the biotinylated conjugated secondary antibodies and were visualized
using Vectastain ABC Elite (Vector Laboratories Inc., Burlingame, CA,
USA) with 0.5 mg/mL 3,3’-diaminobenzidine (Sigma-Aldrich).

2.7. Western blot analysis

To obtain exact data for alterations in levels of SOD1, SOD2, CAT,
GPx, MT1, MT2, Beclin-1, Atg7 (Abcam Incorporated), LC3 (Santa Cruz
Biotechnology) and f-actin (Abcam Incorporated) proteins in the cer-
ebellar vermis after asphyxial CA/CPR, animals (n = 7 at each point in
time) were killed at designated times (sham, 12h, 1 day and 2 days)
after asphyxial CA/CPR and used for western blot analysis as previously
described (Lee et al., 2017).

2.8. Dihydroethidium fluorescence staining

To analyze oxidative stress, the brains (n = 7 at each point in time)
were stained using dihydroethidium fluorescence staining at sham,
12h, 1day and 2days after asphyxial CA/CPR. The oxidative fluor-
escent dyedihydroethidium (DHE; Sigma-Aldrich) was used to evaluate
in situ production of superoxide anion radical (O»-). The histological
detection of superoxide anion radical was performed as described
previously (Lee et al., 2017).

2.9. Electron microscopic examination

Rats anesthetized with sodium pentobarbital (30 mg/kg; JW
Pharmaceutical) were perfused transcardially with 0.1 M PBS and fixed
with 2.5% glutaraldehyde (in 0.1 M PB). The cerebellar vermis tissues
were cut into small pieces and more fixed in the same fixative for 3 h at
4 °C, and post-fixed with 1% osmium tetroxide (in 0.1 M PB) for 1.5h at
4°C. They were dehydrated in graded series of acetone dilution and
embedded finally in Epon 812 epoxidic resin. Ultra-thin sections
(40 nm) were made and stained with uranyl acetate and lead citrate.
The stained samples were observed in Philips EM400 transmission
electron microscope (TEM). Digital images from the samples were ob-
tained using CCD camera (Gatan Orius; Gatan Inc., Pleasanton, CA,
USA). During electron microscopic study on each Purkinje cell, 5 cy-
toplasmic fields in a grid were randomly captured. Measurement of
autophagosomes was applied by using the ruler provided. Numbers of
autophagic vacuoles were counted by two observers unaware of the
experimental condition, and data were recorded. In estimating the size
of the autophagic vacuoles, measurement along the largest diameter
was taken and recorded.

2.10. Data analyses

Cell count was done according to our published method (Lee et al.,
2017). In short, digital images were taken from 10 sections per animal
by using a light microscope (AxioM1, Carl Zeiss) equipped with digital
camera (Axiocam, Carl Zeiss) connected to a PC monitor. Calbindin D-
28kDa- and F-J B-positive cells in the PCL were counted in a
200 x 200 um? area at the center of the PCL. Cell counts were obtained
by averaging the counts from each animal. Quantification of neuronal
counts in vulnerable regions of the brain is essential to understand the
impact of neurological insults in animal models. Many researchers think

Experimental Neurology 320 (2019) 112983

that conventional qualitative protocols are superficial and less reliable
for use in studies of neuroprotection evaluations. Stereology protocol is
sensitive to medium-throughput counting of total neurons and con-
sistent with comparable methods utilized for estimating neuronal in-
jury. In this study, we focused on the Purkinje cell layer. It might be
difficult to apply stereology to analyze cell numbers in the Purkinje cell
layer. A commonly utilized technique to obtain quantitative informa-
tion from histological sections is two-dimensional (2D) morphometry.
With this technique, manual or automated analysis is performed on
single or multiple tissue sections to obtain quantitative information,
such as numbers of cells or other objects (linear measurements, or total
area of positive staining after application of a cellular marker such as an
immunohistochemical stain).

Ten sections per animal were selected for quantitative analyses of
SOD1, SOD2, Beclin-1, MT1, MT2 immunoreactivity and superoxide
anion fluorescence intensity in the PCL. With a previous method
(Sugawara et al., 2002), the density of all immunoreactive structures
and superoxide anion fluorescence intensity were evaluated on the
basis of an optical density (OD), which was obtained after the trans-
formation of the mean gray level using the formula: OD = log (256/
mean gray level). After subtracting density of the background, ratio of
the OD of the image file was calibrated using Adobe Photoshop 8.0 and
analyzed as percent of relative optical density (ROD) compared with
the sham-group, which was designated as 100% in NIH Image 1.59.

In addition, according to our previous method (Lee et al., 2017), we
scanned results of western blotting, and carried out densitometric
analyses for quantification of the bands using Scion Image software
(Scion Corp., Frederick, MD). The expression rates of the target proteins
were normalized through the corresponding expression rates of B-actin.

2.11. Statistical analysis

Sample size was at least seven rats per group with an alpha error of
0.05 and a power of > 80%, and the sample size was calculated with
power calculator (UCLA Department of Statistics, http://www.stat.ubc.
ca/~rollin/stats/ssize). All data are presented as mean = S.E.M. A
multiple-sample comparison was applied for testing differences be-
tween groups (ANOVA and the Tukey multiple range test as post hoc
test using the criterion of the least significant differences). Statistical
significance was considered at p < 0.05.

3. Results
3.1. Physiologic variables and survival rate after CA/CPR

Asphyxial CA/CPR was confirmed by isoeletric ECG, MAP and SpO,
(Fig. 1A, B). The ECG, SpO, and MAP were changed as expected ac-
cording to the experimental protocol.

Survival rate (P < 0.05) of the rats was determined by Kaplan-
Meier analysis 2 days after asphyxial CA/CPR, as shown in Fig. 1C. In
the vehicle-sham and melatonin-sham groups, the survival rate was
100%. However, survival rate in the vehicle-CA group was 33.3%, and
survival rate in the melatonin-CA group was 46.7%.

3.2. Purkinje cell death caused by asphyxial CA/CPR

3.2.1. CV-positive (CV*)

We examined the neuronal death of Purkinje cells in the cerebellar
vermis after asphyxial CA/CPR using CV histochemistry (Fig. 2A). In
the vehicle-sham group, CV* cells were found throughout the cere-
bellar vermis. In particular, CV* cells in the Purkinje cell layer, which
are named Purkinje cells (cell body diameter > 30 um), were relatively
large and round in shape (Fig. 2A). In the vehicle-CA group, the mor-
phology of CV ™" Purkinje cells was not changed 12 h after asphyxial CA/
CPR (Fig. 2A). However, CV ™" Purkinje cells were significantly damaged
1 day after asphyxial CA/CPR. The damaged CV* Purkinje cells were
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Fig. 1. Physiologic variables and survival rate after asphyxial CA/CPR.

(A) Electrocardiogram (ECG) from a representative animal at base line (BL), asphyxia induction (AI), CA and return of spontaneous circulation (ROSC) in the vehicle-
CA group. Pulseless electrical activity is shown during CA, although it is often visible during CA. (B) Mean arterial pressure (MAP) and SpO, levels during CA, CPR
and ROSC. (C) Cumulative survival rate (log-rank test, p < 0.05) using Kaplan-Meier analyses in each group for 2 days after asphyxial CA/CPR.

darkened and shrunken (Fig. 2A). Two days after asphyxial CA/CPR, 3.2.2. Calbindin D-28kDa™ and F-J B* cells

CV* Purkinje cells were hardly detected (Fig. 2A). To examine Purkinje cell death after asphyxial CA/CPR, sections of
the cerebellar vermis were labeled with anti-calbindin D-28 kDa (a
general marker for Purkinje cells) immunohistochemistry and F-J B (a
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A Fig. 2. Protection against Purkinje
Sham _ _12h ___ 1d 2d e o e o

(A) CV staining for Purkinje cell de-
generation in the cerebellum of the
vehicle-CA group at sham, 12h, 1 day
and 2days after asphyxial CA/CPR.
GCL, granular cell layer; MCL, mole-
cular cell layer; Purkinje cell layer;
PCL. Scale bar = 800 and 50 um. (B
and C) Calbindin D-28kDa im-
munohistochemistry (B) and F-J B
histofluorescence staining (C) in the
cerebellum of the vehicle- and mela-
tonin-CA groups at sham, 12h, 1 day
and 2days after asphyxial CA/CPR.
Scale bar = 50 um. (D) Quantitative
graph of numbers of calbindin D-
28kDa™ and F-J B™ cells in the PCL.
The bars are reported as
means = SEM (n =7, *p < 0.05 vs.
vehicle-sham group; *p < 0.05 vs.
vehicle-CA group).
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fluorescent marker for neuronal degeneration) histofluorescence
staining (Fig. 2B-D). In the vehicle-sham and vehicle-CA groups, Pur-
kinje cells were well stained with calbindin D-28 kDa (Fig. 2B, D), and
no F-J B* cells were found (Fig. 2C, D). We did not find significant
change in numbers of calbindin D-28 kDa* Purkinje cells at 12 h post-
CA/CPR (Fig. 2B, D); however, at this point in time, many F-J B cells
were observed (Fig. 2C, D). At 1day after asphyxial CA/CPR, the
number of calbindin D-28 kDa* Purkinje cells was slightly deceased
(Fig. 2B, D), and the number of F-J B cells was significantly increased
(Fig. 2C, D). Two days after asphyxial CA/CPR, a significant loss of
calbindin D-28 kDa* Purkinje cells (7.9% of the vehicle-sham group)
was shown, and the number of F-J B* cells was decreased compared to
that at 1 day post-CA/CPR (Fig. 2B-D).

3.3. Protection of asphyxial CA/CPR-induced Purkinje cell death by
melatonin

3.3.1. Calbindin D-28kDa™ and F-J B* cells

In the melatonin-sham group, the distribution of calbindin D-
28 kDa™ Purkinje cells was similar to that in the vehicle-sham group
(Fig. 2B, D), and no F-J B* cells were found (Fig. 2C, D). In the mel-
atonin-CA group, abundant calbindin D-28 kDa™* Purkinje cells were
found, and F-J B™ cells were rarely shown. Namely, Purkinje cells were
well protected by melatonin: calbindin D-28 kDa™ Purkinje cells were
86.8% of the vehicle-sham group, and F-J BT cells were 7.9% of the
vehicle-CA group at 2 days after asphyxial CA/CPR (Fig. 2B-D).

3.4. Abolishment of melatonin-mediated neuroprotection by MT2 receptor
inhibition

3.4.1. Levels and immunoreactivities of melatonin receptors
An important component of melatonin action resides in the presence
of its MT1 and MT2 receptors. In western blotting, relative expressions

A

Sham M1,M2 receptor

Experimental Neurology 320 (2019) 112983

of melatonin receptors were evaluated between the vehicle-sham and
melatonin-sham groups (Fig. 3A). Levels of MT2 in both groups were
higher than MT1 levels. In immunohistochemistry, MT1 im-
munoreactivity was very weak in all layers of the vehicle-sham group
(Fig. 3B). However, strong MT2 immunoreactivity was shown in Pur-
kinje cells of the vehicle-sham group (Fig. 3B).

3.4.2. Calbindin D-28kDa™ and F-J B* cells

In the PDOT-sham and the PDOT +melatonin-sham groups, the
distribution of calbindin D-28 kDa* Purkinje cells was similar to that in
the vehicle-sham group (Fig. 3C), and no F-J B* Purkinje cells were
found (Fig. 3D). In addition, the PDOT-CA and the PDOT + melatonin-
CA groups showed that change patterns of calbindin D-28 kDa* and F-J
B Purkinje cells after asphyxial CA/CPR were similar to those in the
vehicle-CA group (Fig. 3C, D).

3.5. Attenuation of asphyxial CA/CPR-induced activation of autophagy by
melatonin via MT2 receptor

3.5.1. Beclin-1, Atg7 and LC3 protein levels

The western analysis revealed that expressions of Beclin-1, Atg7 and
ratio of LC3-II/LC3-I protein were significantly increased at 12 h after
asphyxial CA/CPR compared to the vehicle-sham groups and peaked
1 day after asphyxial CA/CPR. However, these proteins levels were
significantly decreased 2 days after asphyxial CA/CPR (Fig. 4A). In the
melatonin-sham group, expressions of Beclin-1, Atg7 and ratio of LC3-
II/LC3-1 protein were similar to those in the vehicle-sham group
(Fig. 4A). In the melatonin-CA groups, expressions of Beclin-1, Atg7 and
ratio of LC3-II/LC3-I protein were not significantly altered (Fig. 4A). In
addition, in the PDOT + melatonin-sham group, expressions of Beclin-1,
Atg7 and ratio of LC3-II/LC3-I protein were similar to those in the
vehicle-sham group (Fig. 4A). PDOT treatment into the melatonin-CA
group showed that expressions of Beclin-1, Atg7 and ratio of LC3-II/
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Fig. 3. Attenuation of Purkinje cell death caused by asphyxial CA/CPR by melatonin via MT2 receptor.

(A) Western blotting of melatonin receptors levels from the cerebellar vermis of the vehicle-sham and melatonin-sham groups. Protein expression is normalized to [3-
actin. The bars are reported as means + SEM (n = 7, *p < 0.05 vs. MT1). (B) Immunohistochemistry for MT1 and MT2 in the cerebellar vermis of the vehicle-sham
and melatonin-sham groups. GCL, granular cell layer; MCL, molecular cell layer; PCL, Purkinje cell layer. Scale bar = 50 pm. (C and D) Calbindin D-28 kDa im-
munohistochemistry (C) and F-J B histofluorescence staining (D) in the cerebellum of the PDOT- and PDOT + melatonin-CA groups at sham, 12h and 2 days after

asphyxial CA/CPR. Scale bar = 50 um.
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(A) Western blot analyses of Beclin-1, Atg7, and ratio of LC3-II/LC3-I protein levels in the vehicle-CA and melatonin-CA and melatonin+PDOT-CA groups after
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vehicle-CA group; p < 0.05 vs melatonin-CA group). (B) Immunohistochemistry of Beclin-1 in the vehicle-CA and melatonin-CA and melatonin/PDOT-CA groups at
sham, 12h, 1 day and 2 days after CA/CPR. GCL, granular cell layer; MCL, molecular layer; PCL, Purkinje cell layer. Scale bar = 50 pm. A ratio of the ROD was
calibrated as % compared to the vehicle-sham group designated as 100%. The bars are reported as means = SEM (n = 7, *p < 0.05 vs. vehicle-sham group;
#p < 0.05 vs. vehicle-CA group; 'p < 0.05 vs. melatonin-CA group). (C) Ultrastructural changes in Purkinje cells in the vehicle-CA and melatonin-CA groups at
sham, 1 day and 2 days after asphyxial CA/CPR. N, nucleus. Scale bar = 1 pm.
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LC3-I protein were significantly increased compared to the melatonin-
CA group (Fig. 4A).

3.5.2. Beclin-1 immunoreactivity

Beclin-1 immunoreactivity in the vehicle-sham group was weakly
observed in Purkinje cells (Fig. 4B). In the vehicle-CA group, Beclin-1
immunoreactivity was intensely increased in Purkinje cells at 12h
(Fig. 4B) and peaked 1 day after asphyxial CA/CPR (Fig. 4B). There-
after, Beclin-1 immunoreactivity was markedly decreased 2 days after
asphyxial CA/CPR (Fig. 4B). In the melatonin-sham group, Beclin-1
immunoreactivity in Purkinje cells was similar to that in the vehicle-
sham group (Fig. 4B). In the melatonin-CA groups, Beclin-1 im-
munoreactivity in Purkinje cells was slightly increased 12h and 1 day
after asphyxial CA/CPR and not significantly altered 2 days after as-
phyxial CA/CPR compared to the vehicle-CA group (Fig. 4B). In the
PDOT + melatonin-sham group, Beclin-1 immunoreactivity in Purkinje
cells was similar to that in the vehicle-sham group (Fig. 4B). However,
in the PDOT + melatonin-CA groups, its change pattern was similar to
that in the vehicle-CA group (Fig. 4B).

3.5.3. Electron microscopic examination

In the vehicle-sham group, Purkinje cells showed typical morpho-
logical features of normal cell (Fig. 4C). They had few or no autophagic
vesicles in their cytoplasm (Fig. 4C). However, in the vehicle-CA
groups, autophagic vesicles were significantly accumulated in the
perikaryon of Purkinje cell at 1 day after asphyxial CA/CPR, and the
size and complexity of the autophagic vesicles was significantly higher
than that in the vehicle-sham group (Fig. 4C). Two days after asphyxial
CA/CPR, most Purkinje cells exhibited many vacuolated appearances in
their cytoplasm (Fig. 4C). In addition, their cytoplasm was very pale
and had scanty or damaged organelles (Fig. 4C). Furthermore, nuclear
membranes were disrupted (Fig. 4C). In the melatonin-sham group, the
ultrastructure of cerebellar Purkinje cells was similar to that in the
vehicle-sham group (Fig. 4C). In the melatonin-CA group, cytoplasm
and organelles of Purkinje cells were hardly damaged at 1 and 2 days
after asphyxial CA/CPR (Fig. 4C). In addition, numbers of autophagic
vesicles in Purkinje cells were significantly decreased compared to the
vehicle-CA group (Fig. 4C).

3.6. Attenuation of asphyxial CA/CPR-induced oxidative stress by
melatonin via MT2 receptor

3.6.1. DHE fluorescence

In the vehicle-sham group, O, level by DHE fluorescence was very
weakly detected in Purkinje cells (Fig. S5A). In the vehicle-CA group,
O,- production was significantly increased in Purkinje cells 12h
(Fig. 5A) and peaked 1day after asphyxial CA/CPR. Thereafter, Oo-
production was significantly decreased 2 days after asphyxial CA/CPR
(Fig. 5A). In the melatonin-sham group, O, level in Purkinje cells was
similar to that in the vehicle-sham group (Fig. 5A). In the melatonin-CA
group, O, level was significantly low compared with that of the cor-
responding vehicle-CA group (Fig. 5A). In the PDOT-sham group, Ox-
level in Purkinje cells was similar to that in the vehicle-sham (Fig. 5A).
In the PDOT + melatonin-CA group, O»- production was intensely in-
creased in Purkinje cells 12h and 1 day after asphyxial CA/CPR, and,
2 days after asphyxial CA/CPR, O,- level in Purkinje cells was sig-
nificantly decreased (Fig. 5A).

3.6.2. Levels of antioxidant enzymes

Levels of SOD1 and SOD2 protein in the vehicle-CA group were
gradually and significantly decreased from 12 h and peaked 2 days after
asphyxial CA/CPR compared to those in the vehicle-sham group
(Fig. 5B). In the melatonin-CA group, SOD1 and SOD2 protein levels
were not significantly altered at any times after asphyxial CA/CPR
(Fig. 5B). Change patterns of SOD1 and SOD2 protein levels in the
PDOT + melatonin-CA group were similar to those in the vehicle-CA
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groups (Fig. 5B). However, CAT protein levels in all groups were not
significantly changed after asphyxial CA/CPR (Fig. 5B). Levels of GPx-1
protein in the vehicle-CA group were gradually and significantly de-
creased from 1day and peaked 2days after asphyxial CA/CPR com-
pared to the vehicle-sham group. In the melatonin-CA and PDOT +-
melatonin-CA groups, the change pattern of GPx-1 protein levels was
similar to that in the vehicle-CA group (Fig. 5B).

3.6.3. Immunoreactivities of antioxidant enzymes

Immunoreactivities of SOD1 and SOD2 were detected in Purkinje
cells in the vehicle-sham group (Fig. 6A, B). In the vehicle-CA groups,
SOD1 and SOD2 immunoreactivities in Purkinje cells were gradually
and significantly decreased with time from 12 h after asphyxial CA/CPR
and hardly observed 2 days after asphyxial CA/CPR (Fig. 6A, B). In the
melatonin-sham group, SOD1 and SOD2 immunoreactivities in Purkinje
cells were similar to those in the vehicle-sham group (Fig. 6A, B). In the
melatonin-CA group, SOD1 and SOD2 immunoreactivities were not
changed (Fig. 6A, B). In the PDOT/melatonin-sham group, SOD1 and
SOD2 immunoreactivities were similar to those in the vehicle-sham
group (Fig. 6A, B). In the PDOT + melatonin-CA group, their change
patterns were similar to those in the vehicle-CA group (Fig. 6A, B).

4. Discussion

In the central nervous system, specific brain areas are selectively
damaged, even after a brief ischemic episode, and this topographical
heterogeneity is described as “selective vulnerability of the brain”. The
hippocampus is well known for being one of the most vulnerable re-
gions of the brain to ischemia. Specifically, neuronal death in the hip-
pocampal CA1l region occurs with a delayed onset of 3-4 days after
ischemia-reperfusion, described as “delayed neuronal death” (Kirino,
1982). Purkinje cells are also one of the most sensitive cells to cerebral
ischemia (Paine et al., 2012; Welsh et al., 2002), relatively little is
known about when Purkinje cells are damaged by ischemia. In addition,
the time course of Purkinje cell death induced by ischemia-reperfusion
is inconsistent according to models of ischemia-reperfusion (i.e., tgCI
and CA/CPR), duration of transient ischemia, and/or animal species
used. First, damage by asphyxial CA/CPR might be different from da-
mage by tgCl. Compared with tgCI induced by traditional occlusion of
main arteries to the brain (common carotid and vertebral arteries),
asphyxial CA/CPR completely stops blood flow to entire organisms,
producing a concurrent trauma to the hindbrain. In this study, we
utilized a rat model of asphyxial CA/CPR, which developed whole body
ischemia-reperfusion injury (Paine et al., 2012). Although this tech-
nique relies on chemical paralysis and cessation of ventilation to induce
circulatory arrest, this technique is reliable and reproducible. Second,
the degeneration of Purkinje cells showed a slightly delayed time course
of 4days after CA/CPR in humans(Horn and Schlote, 1992). Welsh
et al. (2002) reporetd that the death of Purkinje cells were killed up to
47% by 10.5min of global brain ischemia in rats. Brasko et al. de-
monstrated that over 60% of Purkinje cells were lost in 7 days following
a 10 min of CA in rats (Brasko et al., 1995). Recently, Quillinan et al.
(2015) reported that about 24% of Purkinje cells were killed between 1
and 7 days after 8 min CA in mice. In this study, we found that Purkinje
cells were quickly killed following a 5 min of asphyxial CA and about
92.1% of Purkinje cells were lost at 2 days after the CA. Our results
indicate that Purkinje cell death in a rat model of asphyxial CA/CPR
occurs with a more rapid time course than that in other animal models.

Previous works have demonstrated that melatonin exhibits neuro-
protective effects against ischemic brain injury (Cervantes et al., 2008;
Lee et al., 2010). Moreover, our previous study showed that melatonin
provided significant protection against hippocampal neuronal cell da-
mage in a rat model of chronic cerebral hypoperfusion (Lee et al.,
2016). To date, there are hardly any studies reporting effects of mela-
tonin against Purkinje cell death caused by asphyxial CA/CPR. Here, we
observed that the melatonin-treated rats exhibited a significant
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Fig. 5. Effect of melatonin on asphyxial CA/CPR-induced oxidative stress via MT2.

(A) Oxidative fluorescent staining for DHE in the cerebellar vermis of the vehicle-CA, melatonin-CA and PDOT + melatonin-CA groups at sham, 12 h, 1 day and 2 days
after asphyxial CA/CPR. GCL, granular cell layer; MCL, molecular cell layer; PCL, Purkinje cell layer. Scale bar = 50 um. A ratio of the ROD was calibrated as %, with
the vehicle-sham group designated as 100%. The bars are reported as means + SEM (n = 7, *p < 0.05 vs. vehicle-sham group; *p < 0.05 vs. vehicle-CA group;
p < 0.05 vs. melatonin-CA group). (B) Western analyses of SOD1, SOD2, CAT and GPx proteins in the vehicle-CA, melatonin-CA and PDOT + melatonin-CA groups.
Protein expressions are normalized to B-actin. The bars are reported as means = SEM (n = 7, *p < 0.05 vs. vehicle-sham group; *p < 0.05 vs. vehicle-CA group;

p < 0.05 vs. melatonin-CA group).

decrease in Purkinje cell death following asphyxial CA/CPR. Among
actions of melatonin, a previous study has shown that melatonin elicits
protective effects against ischemia/reperfusion injury by attenuating
free radical production through MT2 (Yu et al., 2014). Chern et al.
(2012) have also reported that melatonin ameliorates neural function in
mice with ischemic-stroke by promoting endogenous neurogenesis and
preservation of BBB integrity through MT2. In addition, it has been
reported that the activation of MT2 in the hippocampal CAl region
following melatonin treatment is associated with neuroprotective ef-
fects against tgCI in gerbils (Lee et al., 2010). In this study, the ex-
pression of MT2 was observed in Purkinje cells, and protective effect of
melatonin was reversed by treatment with PDOT, which is a selective
MT2 antagonist, indicating that the protective effect of melatonin might

be due to the action of MT2 receptor.

In ischemic cerebral injury, the activation of autophagy has been
considered a double-edged sword with pro-survival or pro-death po-
tential against ischemic cerebral injury (Wei et al., 2012). However,
excessive activation of autophagy could induce cell death after re-
perfusion due to degeneration of too many organelles and proteins
(Koike et al., 2008; Wen et al., 2008). Thus, the role of autophagy in
neuronal death/survival remains to be defined under ischemic condi-
tions of asphyxial CA/CPR. In addition, no studies have investigated the
role of melatonin in the regulation of autophagy against Purkinje cell
death caused by asphyxial CA/CPR. Therefore, to determine whether
asphyxial CA/CPR activates excessive autophagy-like process in Pur-
kinje cells, we performed both biochemical and morphological
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Fig. 6. Effect of melatonin on immunoreactivities of antioxidant enzymes after asphyxial CA/CPR.

(A and B) Immunohistochemistry for SOD1 (A) and SOD2 (B) in the vehicle-CA, melatonin-CA and PDOT + melatonin-CA groups at sham, 12 h, 1 day and 2 days after
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with the vehicle-sham group designated as 100%. The bars indicate the means = SEM (n = 7, *p < 0.05 vs. vehicle-sham group; “p < 0.05 vs. vehicle-CA group;

p < 0.05 vs. melatonin-CA group).

assessments, combined with various autophagy-related markers (Be-
clin-1, Atg7 and LC3). Beclin-1, which is the homolog of yeast autop-
hagy gene 6, is a component of phosphatidylinositol type III 3-kinase
complex that requires autophagosome formation (Yu et al., 2014).
Based on its role, enhanced Beclin-1 expression has been used as a
marker to estimate dynamic changes in the activation of autophagy
(Kihara et al., 2001; Qu et al., 2003). Some reports have shown that
cerebral ischemia induces the upregulation of Beclin-1 expression and
autophagy-like cell death (Liu et al., 2012; Rami et al., 2008). In ad-
dition, Autophagy proceeds via a complex interplay of autophagy-re-
lated genes (Atg), with Atg7 representing a central component
(Mizushima et al., 1998). A major player in the regulation of autophagy
Atg7 is the ubiquitin El-like enzyme that controls the critical step of
converting Atg8/LC3-I to LC3-II through covalent attachment of phos-
phatidylethanolamine (Ichimura et al., 2000). In the current study, we
showed that upregulations of Beclin-1 and Atg7 were detected in the
cerebellum from 12 h to 1 day after asphyxial CA/CPR. Also, a dramatic
elevation of Beclin-1 immunoreactivity was observed in Purkinje cells
following asphyxial CA/CPR, especially in its immunohistochemical
study. Rami et al. (2008) showed a dramatic upregulation of LC3-II in
the rat brain following cerebral ischemia and suggested that the acti-
vation of autophagy was induced by brain ischemic injury. In the
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present study, the expression of LC3-I in the cerebellum during the
period of asphyxial CA/CPR injury showed no significant upregulation.
Moderate LC3-II expression bands were detected in the sham cere-
bellum, and the expression of LC3-II increased at 12h and peaked at
1 day after asphyxial CA/CPR. Interestingly, the time courses and levels
of Beclin-1 and Atg7 expressions correlated well with the increase of
LC3-II to LC3-I ratios. Furthermore, the conversion from LC3-I to LC3-II
might be closely correlated with autophagosome formation (Liu et al.,
2010). The most traditional method to monitor autophagy utilizes
electron microscopy. As results, autophagosomes enclosing cellular
cargo can be easily distinguished from other cellular membranous
compartments by using electron microscopy. However, in comparison
to autophagosomes, distinction between autolysosomes and other
membranous compartments is very difficult because autolysosomes
have a single limiting membrane and contain cytoplasmic materials at
various stages of degradation. It is important to note that vacuoles
containing no or little inside materials are not autophagic structures
(phagophores, autophagosomes and autolysosomes) (Eskelinen, 2005;
Tsvetkov et al., 2010). Although electron microscopy has emerged as a
useful tool to study autophagy, this method requires specialized skills.
In this study, we counted autophagic vesicles in the cytoplasm of Pur-
kinje cell for autophagic organelles, because autophagosome fuses with
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lysosome possessing hydrolases to generate autophagolysosome. Under
a TEM, Purkinje cells at 1 day after asphyxial CA/CPR were observed in
increased structures of autophagic and lysosomal bodies with cyto-
plasmic material and enhanced electron density in this study. This
finding indicates that autophagy is significantly increased in Purkinje
cells that are degenerating as a product of asphyxial CA/CPR. There-
fore, we suggest that autophagy could play a death-promoting role in
Purkinje cells caused by asphyxial CA/CPR. Recent publications have
confirmed that melatonin plays a role in the regulation of autophagy in
ischemia/reperfusion injury (Feng et al., 2017; Zheng et al., 2014). In
the present study, immunohistochemistry and western blot approaches
showed that neuroprotective effect of melatonin was achieved by dra-
matic depletion of expressions of endogenous autophagic proteins
(Beclin-1, Atg7 and LC3-II/LC3-I ratio). These results are supported by
TEM images that showed that melatonin attenuated increased numbers
of autophagic vacuoles, which correlate with our western blot results.
Furthermore, PDOT treatment significantly concealed the protective
effect of melatonin against autophagy-like process of Purkinje cell
caused by asphyxial CA/CPR. Based on the results, we strongly suggest
that melatonin plays an important role in preventing autophagy-like
death of Purkinje cells caused by asphyxial CA/CPR via MT2.

The accumulation of ROS causes macromolecular damage, such as
DNA oxidation and lipid peroxidation, leading to cellular damage and
death (Allen and Bayraktutan, 2009). In the present study, melatonin
treatment exhibited a significant decrease in the intensity and expres-
sion percentage of oxidized hydroethidine in the Purkinje cells induced
by asphyxial CA/CPR. This result is consistent with previous studies
reporting that melatonin is capable of modulating oxidative stress by
reducing ROS in various ischemic studies (Chern et al., 2012; Ozacmak
et al., 2009). In addition, exogenous treatment of melatonin induced
the increased mRNA levels of SOD1, SOD2, CAT and GPx-1 in the
cerebral and cerebellar cortex of aluminum-exposed rats (Esparza et al.,
2005). Mayo et al. (2002) have reported that melatonin shows pro-
tection against cell death following 6-OHDA treatments and prevents a
reduction in gene expressions of SOD1 and SOD2. In this study, SOD1
and SOD2 immunoreactivities in the Purkinje cells were significantly
decreased from 12h to 2days after asphyxial CA/CPR. In the mela-
tonin-CA group, however, their immunoreactivities did not decrease
until 2days after asphyxial CA/CPR. In addition, change patterns of
SOD1 and SOD2 proteins were generally similar to their im-
munohistochemical changes. On the other hand, immunoreactivities of
CAT and GPx were not detected in the Purkinje cells (data not shown),
and their protein levels were not significantly changed following as-
phyxial CA/CPR. Previous study has suggested that the accumulation of
ROS plays a vital role in the stimulation of autophagy under ischemia/
reperfusion injury (Hariharan et al., 2011). In vitro studies also show
that O,’~ is involved in regulating autophagy, and this pathway is al-
tered by SOD2 (Chen et al., 2009; Chen et al., 2007). Indeed, previous
studies have shown that inhibitors of mitochondrial complex I and
complex II induce autophagic cell death through increased O, ™ pro-
duction in transformed cell line HEK 293, and that overexpressing
SOD2 blocks autophagy (Chen and Gibson, 2008; Chen et al., 2007).
This is reversed by knocking down SOD2 via siRNA and potentiates cell
death through increased Oy~ production and induction of autophagy
(Chen et al., 2007). This is supported by papers that show that the loss
of SOD2 augments autophagy in the kidney following ischemia/re-
perfusion injury (Parajuli and MacMillan-Crow, 2013). Interestingly,
we observed in this study that melatonin dramatically enhanced ex-
pressions of SODs in Purkinje cells caused by asphyxial CA/CPR, and
this effect was cancelled by PDOT, indicating that the protective effect
of melatonin might be due to the action of MT2 receptor.

In conclusion, this study is the first evaluation of Purkinje cell death
via activation of autophagy using a rat model of asphyxial CA/CPR,
showing that melatonin prevented autophagy-like death of Purkinje
cells through a MT2 receptor. Furthermore, our present results de-
monstrated protective mechanisms of melatonin against autophagy-like
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death of Purkinje cells were achieved by dramatically reducing ROS, as
well as, enhancing SOD1 and SOD2 protein expressions, which were
dependent on MT2. Considering melatonin's high efficacy, these bene-
ficial properties make melatonin suitable as a potential treatment
against CA injury.
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