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Abstract: Mitochondrial membrane potential regulation through the mitochondrial permeability
transition pore (mPTP) is reportedly involved in the ischemic postconditioning (PostC) phenomenon.
Melatonin is an endogenous hormone that regulates circadian rhythms. Its neuroprotective effects
via mitochondrial melatonin receptors (MTs) have recently attracted attention. However, details of
the neuroprotective mechanisms associated with PostC have not been clarified. Using hippocam-
pal CA1 pyramidal cells from C57BL mice, we studied the involvement of MTs and the mPTP in
melatonin-induced PostC mechanisms similar to those of ischemic PostC. We measured changes in
spontaneous excitatory postsynaptic currents (sEPSCs), intracellular calcium concentration, mito-
chondrial membrane potential, and N-methyl-D-aspartate receptor (NMDAR) currents after ischemic
challenge, using the whole-cell patch-clamp technique. Melatonin significantly suppressed increases
in sEPSCs and intracellular calcium concentrations. The NMDAR currents were significantly sup-
pressed by melatonin and the MT agonist, ramelteon. However, this suppressive effect was abol-
ished by the mPTP inhibitor, cyclosporine A, and the MT antagonist, luzindole. Furthermore, both
melatonin and ramelteon potentiated depolarization of mitochondrial membrane potentials, and
luzindole suppressed depolarization of mitochondrial membrane potentials. This study suggests
that melatonin-induced PostC via MTs suppressed the NMDAR that was induced by partial depolar-
ization of mitochondrial membrane potential by opening the mPTP, reducing excessive release of
glutamate and inducing neuroprotection against ischemia-reperfusion injury.

Keywords: ischemic postconditioning; melatonin receptor; NMDA receptor; mitochondrial permeability
transition pore

1. Introduction

The phenomenon of acquiring ischemic tolerance by intermittent ischemic stress be-
fore fatal ischemia is called ischemic preconditioning and has been shown to have marked
neuroprotective effects on cerebral ischemia-reperfusion injury [1–3]. However, the clinical
application of ischemic preconditioning to acute ischemic strokes (AIS) is not realistic
unless the onset of an AIS can be predicted. Intermittent ischemic loading after severe is-
chemia has also been shown to inhibit ischemia-reperfusion injury, which is called ischemic
postconditioning (PostC) [4,5]. Since the timing of reperfusion after an AIS is clinically
recognizable, the concept of PostC may be applicable as a new therapeutic tool in addition
to intravenous plasminogen activator (tPA) treatment and mechanical thrombectomy. One
of the key cellular processes involved in ischemia-reperfusion injuries in the brain is a
disruption of the N-methyl-D-aspartate receptor (NMDAR). That is, excessive activation
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of the NMDAR leads to an excessive increase in cytoplasmic Ca2+ concentrations and
activation of proteins such as caspases and endonucleases [6]. Another important factor in-
volved in the ischemia-reperfusion injury is the mitochondrial permeability transition pore
(mPTP). Although the mPTP regulates mitochondrial function, the opening of the mPTP
leads to eventual cell death, apoptosis, or necrosis [7]. The ischemia-reperfusion injury
induced excessive calcium accumulation, ROS production, and ATP depletion, leading to
the opening of the mPTP, which is a key event in cell death caused by ischemia-reperfusion
injury [8,9]. Therefore, the mPTP is indispensable in elucidating the mechanism of neu-
roprotection against ischemia-reperfusion injury. We have previously reported that the
opening of mitochondrial ATP-dependent potassium (mito-KATP) channels is involved in
the inhibitory effect of ischemic PostC on the synaptic over-release of glutamate, and that
ischemic PostC suppresses Ca2+ influx into the cytoplasm by reducing NMDAR-mediated
currents through the opening of the mPTP. We also found that the depolarization of the
mitochondrial membrane potential by opening the mito-KATP channel is central to the
mechanism of ischemic PostC in the neuroprotection against anoxic injury [10,11]. Previous
animal studies have shown that diazoxide, a mito-KATP channel opener, has a neuroprotec-
tive effect against cerebral infarction [10–14]; however, there are problems with the clinical
use of diazoxide for cerebral infarction due to adverse effect, such as hyperglycemia, heart
failure, and edema [15]. Because of these properties, diazoxide is not an ideal drug for the
treatment for AIS.

Melatonin is an endogenous hormone that regulates circadian rhythms and has mul-
tifaceted effects such as anti-oxidation, anti-inflammation, anti-apoptosis, and reduction
of autophagic cell death [16–20], as well as being very safe to administer to the human
body [21]. The melatonin receptors (MTs) are located in the brain plasma membranes
and in the outer mitochondrial membranes [22]. In fact, the neuroprotective effects of
melatonin have already been reported [23]. Melatonin rapidly activates various signaling
cascades through the MTs and exerts various effects. Of the three subtypes of MTs (MT1,
MT2, and MT3), only MT1 and MT2 are expressed in mammals [16]. In recent years, the
neuroprotective effects of melatonin have been shown to be at least partially due to the acti-
vation of MT1 and MT2 in the ischemic brain [24]. The MT activation induces a variety of
signaling cascades, in turn inducing neuroprotective effects by reducing ischemia-induced
inflammation, oxidative stress, and mitochondrial dysfunction [25]. These findings suggest
the potential for application as a new therapeutic approach in the treatment of ischemic
strokes [26]. However, there are few reports of melatonin-induced PostC in neurons [27],
and the mechanism of melatonin-induced PostC in neurons is still unclear. Previous studies
have not examined the involvement of the mPTP, Ca2+ dynamics, NMDAR behavior, or
glutamate changes in the mechanism of melatonin-induced PostC [27].

In order to examine the efficacy and detailed mechanism of melatonin-induced PostC,
we analyzed changes in spontaneous excitatory postsynaptic currents (sEPSCs), NMDAR
currents, cytosolic Ca2+ concentrations, and mitochondrial membrane potentials under
melatonin-induced PostC in the hippocampal cornu ammonis (CA1) pyramidal neurons
using the whole-cell patch-clamp technique.

2. Results

In this study, we examined the effect of melatonin-induced PostC after cerebral is-
chemia using the same oxygen–glucose deprivation model as used in previous experi-
ments [10,11]. We randomly assigned mouse hippocampal slices to the following groups
(Figure 1) and examined the following items.
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Figure 1. Diagram showing time schedules for ischemia and drug administration in each perfusion 
protocol. In each protocol, electrophysiological recording started collecting data 5 min before the 
start of ischemia and lasted up to 20 min after the reperfusion. The black band indicates the perfu-
sion period during ischemia. White bands indicate perfusion with artificial cerebrospinal fluid. Red, 
blue, green, and yellow bands indicate administrations of melatonin, ramelteon, luzindole, and cy-
closporine A in artificial cerebrospinal fluid, respectively. Con—control; Mel—melatonin; Ram—
ramelteon; Luz—luzindole; CsA—cyclosporine A. 

2.1. Melatonin-Induced PostC Suppresses the Surge of sEPSCs 
In order to verify whether melatonin-induced PostC can indicate neuroprotective ef-

fects in the whole-cell recording experiment, we first examined whether the melatonin 
group could suppress the surge of sEPSCs caused by ischemia-reperfusion in the control 
group. The frequency of sEPSCs gradually increased during the second half of the ische-
mia-perfusion period at 7.5 min of ischemic load, sharply increased after reperfusion, then 
gradually decreased [10]. To determine the optimal concentration of melatonin in this ex-
perimental setting, three different concentrations of melatonin were perfused after 7.5 min 
of ischemia: low (10 μM; n = 5); medium (100 μM; n = 5); and high (1 mM; n = 5). Melatonin-
induced PostC suppressed this rapid increase in sEPSCs frequencies (Figure 2A,B). The 
maximum effect of melatonin on the suppression of sEPSCs was observed at 100 μM (Fig-
ure 2A,B). The percentage of cumulative sEPSCs at 20 min of melatonin-induced PostC 
group (Mel, n = 5) after the onset of ischemic perfusion were significantly lower than that 
of the control group (Con, n = 5) (Mel, 9.29 ± 1.95 × 103%; Con, 25.4 ± 2.82 × 103%, p < 0.01) 
(Figure 2C). 

  

Figure 1. Diagram showing time schedules for ischemia and drug administration in each perfusion
protocol. In each protocol, electrophysiological recording started collecting data 5 min before the start
of ischemia and lasted up to 20 min after the reperfusion. The black band indicates the perfusion
period during ischemia. White bands indicate perfusion with artificial cerebrospinal fluid. Red,
blue, green, and yellow bands indicate administrations of melatonin, ramelteon, luzindole, and
cyclosporine A in artificial cerebrospinal fluid, respectively. Con—control; Mel—melatonin; Ram—
ramelteon; Luz—luzindole; CsA—cyclosporine A.

2.1. Melatonin-Induced PostC Suppresses the Surge of sEPSCs

In order to verify whether melatonin-induced PostC can indicate neuroprotective
effects in the whole-cell recording experiment, we first examined whether the melatonin
group could suppress the surge of sEPSCs caused by ischemia-reperfusion in the control
group. The frequency of sEPSCs gradually increased during the second half of the ischemia-
perfusion period at 7.5 min of ischemic load, sharply increased after reperfusion, then
gradually decreased [10]. To determine the optimal concentration of melatonin in this
experimental setting, three different concentrations of melatonin were perfused after 7.5 min
of ischemia: low (10 µM; n = 5); medium (100 µM; n = 5); and high (1 mM; n = 5). Melatonin-
induced PostC suppressed this rapid increase in sEPSCs frequencies (Figure 2A,B). The
maximum effect of melatonin on the suppression of sEPSCs was observed at 100 µM
(Figure 2A,B). The percentage of cumulative sEPSCs at 20 min of melatonin-induced PostC
group (Mel, n = 5) after the onset of ischemic perfusion were significantly lower than that of
the control group (Con, n = 5) (Mel, 9.29 ± 1.95 × 103%; Con, 25.4 ± 2.82 × 103%, p < 0.01)
(Figure 2C).
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Figure 2. (A) Representative traces of spontaneous excitatory postsynaptic currents (sEPSCs) for 
control (upper) and melatonin (lower) groups (100 μM) during pre-ischemic, ischemic and reperfu-
sion periods. In each trace, sEPSCs caused by synaptic glutamate releases are seen as transient 
downward deflections (inward currents). For both control and melatonin groups, occurrences of 
sEPSCs began to increase approximately 7 min after ischemic perfusion. In traces of the control 
group, an explosive increase in frequencies of sEPSCs were observed 2 min after reperfusion. In 
contrast, for the melatonin group, increased occurrences of sEPSCs quickly receded to pre-ischemic 
levels after reperfusion. (B) Time course of cumulative sEPSCs that occurred in control and melato-
nin-induced PostC groups. Cumulative sEPSCs that occurred were expressed as a percentage of the 
total number of sEPSCs occurring in the 5 min prior to ischemia under low (10 μM), medium (100 
μM), and high (1 mM) concentrations of melatonin perfusion. In each group, the majority of sEPSCs 
occurred in the first 5 min after reperfusion. The timeline in the graph set to 0 min at the start for 
the ischemic load. In each group, the cumulative sEPSCs at 0 min of timeline were set as 100%. (C) 
Each vertical rectangle and error bar indicate percent cumulative sEPSCs that occurred at 20 min 
after onset of ischemic perfusion (12.5 min after reperfusion) and standard error of the mean (SEM), 
respectively. Asterisks indicate significant difference in t-test (** p < 0.01). Con—control; Mel—mel-
atonin. 

2.2. Melatonin-Induced PostC Reduces the Number of Dead Hippocampal CA1 Neurons 
According to a previous report [10], the number of dead cells were counted using 

two different dyes at two different time points—to exclude the effect of cells dying during 
the slice preparation process and to evaluate only cells dying due to ischemic load (Figure 
3A). We found that there were significantly fewer dead cells after ischemia in the melato-
nin-induced PostC group than in the control group (Mel, n = 11, 86 ± 2.65/mm CA1; Con, 
n = 11, 138 ± 5.94/mm CA1, p < 0.01) (Figure 3B). This finding indicated that melatonin-
induced neuroprotection mediated by PostC acts within 20 min after ischemia-reperfusion 
injury. 
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Figure 2. (A) Representative traces of spontaneous excitatory postsynaptic currents (sEPSCs) for
control (upper) and melatonin (lower) groups (100 µM) during pre-ischemic, ischemic and reperfusion
periods. In each trace, sEPSCs caused by synaptic glutamate releases are seen as transient downward
deflections (inward currents). For both control and melatonin groups, occurrences of sEPSCs began
to increase approximately 7 min after ischemic perfusion. In traces of the control group, an explosive
increase in frequencies of sEPSCs were observed 2 min after reperfusion. In contrast, for the melatonin
group, increased occurrences of sEPSCs quickly receded to pre-ischemic levels after reperfusion.
(B) Time course of cumulative sEPSCs that occurred in control and melatonin-induced PostC groups.
Cumulative sEPSCs that occurred were expressed as a percentage of the total number of sEPSCs
occurring in the 5 min prior to ischemia under low (10 µM), medium (100 µM), and high (1 mM)
concentrations of melatonin perfusion. In each group, the majority of sEPSCs occurred in the first
5 min after reperfusion. The timeline in the graph set to 0 min at the start for the ischemic load. In
each group, the cumulative sEPSCs at 0 min of timeline were set as 100%. (C) Each vertical rectangle
and error bar indicate percent cumulative sEPSCs that occurred at 20 min after onset of ischemic
perfusion (12.5 min after reperfusion) and standard error of the mean (SEM), respectively. Asterisks
indicate significant difference in t-test (** p < 0.01). Con—control; Mel—melatonin.

2.2. Melatonin-Induced PostC Reduces the Number of Dead Hippocampal CA1 Neurons

According to a previous report [10], the number of dead cells were counted using two
different dyes at two different time points—to exclude the effect of cells dying during the
slice preparation process and to evaluate only cells dying due to ischemic load (Figure 3A).
We found that there were significantly fewer dead cells after ischemia in the melatonin-
induced PostC group than in the control group (Mel, n = 11, 86 ± 2.65/mm CA1; Con, n = 11,
138 ± 5.94/mm CA1, p < 0.01) (Figure 3B). This finding indicated that melatonin-induced
neuroprotection mediated by PostC acts within 20 min after ischemia-reperfusion injury.

Int. J. Mol. Sci. 2022, 23, x  5 of 17 
 

 

 
Figure 3. Comparison between control and melatonin-induced PostC groups for the number of dead 
neurons due to ischemic injury in the hippocampal CA1 region. (A) Microscopic view of the CA1 
region shows the nuclei of dead cells in the control and melatonin-induced PostC groups, respec-
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Figure 3. Comparison between control and melatonin-induced PostC groups for the number of dead
neurons due to ischemic injury in the hippocampal CA1 region. (A) Microscopic view of the CA1
region shows the nuclei of dead cells in the control and melatonin-induced PostC groups, respectively.
Magenta cells stained with both propidium iodide and SYTOX-blue were considered dead before
electrophysiological recordings; blue cells stained with SYTOX-blue alone were considered dead due
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to ischemia-reperfusion injury. Scale bars = 50 µm. (B) The number of dead neurons per 1 mm of
CA1 region. The number of dead neurons was significantly lower in the melatonin-induced PostC
group according to t-testing (** p < 0.01). Con—control; Mel—melatonin.

2.3. Melatonin-Induced PostC Silences NMDAR Currents after Reperfusion

When NMDA was applied to CA1 pyramidal cells with a puff, an inward current
consisting of a fast-falling phase and a slow-decaying phase persisted for several seconds
(Figure 4A). In both ischemia and chemical PostC, NMDAR currents decreased in the early
stage of perfusion. The change in multiples of Amps units of NMDAR current amplitude
between 10 and 20 min after reperfusion was compared between control, melatonin, the MT
agonist, ramelteon (Ram), the MT antagonist, luzindole (Luz) + melatonin, and the mPTP
inhibitor, cyclosporine A (CsA), + melatonin groups. NMDA-induced currents in the early
stage of reperfusion were greatly reduced in the melatonin group (n = 10) compared to the
control group (n = 10) (Con, 1.07 ± 0.0824 vs. Mel, −0.622 ± 0.0532, p < 0.01) (Figure 4B).
In the ramelteon group (n = 10), NMDA-induced currents were reduced compared to
the control group (Control, 1.07 ± 0.0824 vs. Ram, 0.653 ± 0.0403, p < 0.01) (Figure 4B).
Furthermore, in the melatonin group, NMDA-induced currents were decreased compared
to the luzindole and melatonin group (n = 9) and melatonin and CsA group (n = 9) (Mel,
0.622 ± 0.0532 vs. Luz + Mel, 1.11 ± 0.0679, p < 0.01; Mel, 0.622 ± 0.0532 vs. CsA + Mel,
1.09 ± 0.127, p < 0.01) (Figure 4B). These results indicate that melatonin-induced PostC
suppresses NMDAR activity in the early stage of reperfusion and that the effect is mediated
by MTs. In addition, CsA abolishes the inhibitory effect of melatonin on NMDAR activity.
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Figure 4. Effect of post-ischemic treatment and post-anoxic melatonin administration on N-methyl-
D-aspartate (NMDA)-induced currents recorded from voltage-clamped hippocampal pyramidal 

Figure 4. Effect of post-ischemic treatment and post-anoxic melatonin administration on N-methyl-
D-aspartate (NMDA)-induced currents recorded from voltage-clamped hippocampal pyramidal
neurons. (A) Typical traces of NMDA-induced currents prior to anoxia, at the end of anoxia, and
after 5 min of anoxia in the Control, Mel, Ram, Mel + Luz, and Mel + CsA groups. Inward currents
are represented by downward deflection. In the Mel group, NMDA-induced currents decreased
and no change in waveform was seen after 5 min of anoxia. The control group showed no obvious
change in NMDA-induced current. (B) Bar graph showing the change in mean peak amplitude of
NMDA-induced current from 10 min to 20 min after anoxia in the control group, Mel group, Ram
group, Mel + Luz group, and Mel + CsA group. Values are shown as currents in multiples of Amps
units change relative to mean peak amplitude during the 5 min prior to anoxia. Asterisks indicate
significant differences in Tukey–Kramer multiple comparisons test (** p < 0.01). NMDA—N-methyl-D-
aspartate; Con—control; Mel—melatonin; Ram—ramelteon; Luz—luzindole; CsA—cyclosporine A.

2.4. Postconditioning Suppresses Cytosolic Ca2+ Increase

To evaluate the involvement of cytosolic Ca2+ in the neuroprotection afforded by
melatonin-induced PostC, we examined changes in cytosolic Ca2+ in the control and
melatonin-induced PostC groups. During the anoxic period, the Fura-2 ratio gradually
increased, indicating an increase in cytosolic Ca2+ (Figure 5A,B). Cytosolic Ca2+ continued
to increase until 5 min after anoxia, then gradually decreased (Figure 5B). The change
in the Fura-2 ratio between 5 and 10 min after anoxia was analyzed between groups. In
the melatonin-induced PostC group (n = 9), the rate of change in the Fura-2 ratio was
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significantly lower than that in the control group (n = 14) (Con, 16.7 ± 3.33% vs. Mel,
6.74 ± 2.04%, p < 0.05) (Figure 5C). These results indicate that melatonin-induced PostC
inhibits the elevation of cytosolic Ca2+ in the early stage of reperfusion.
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Figure 5. Effect of melatonin-induced PostC on cytosolic Ca2+ concentration after ischemia-
reperfusion. (A) Representative microphotographs showing changes in Fura-2 emissions result-
ing from excitation at 340 and 380 nm for the control group. The elevation in the Fura-2 ratio
(340/380 ratio) represents an increase in cytosolic Ca2+ concentration. Scale bars = 10 µm. (B) Course
of changes in the Fura-2 ratio during pre-anoxic, anoxic, and reperfusion periods. Percentages are
relative to the mean value observed during the 5 min of the pre-anoxic period. The red horizontal bar
indicates the ischemic period. The timeline in the graph is set to 0 min at the start for the ischemic
load. The increase in intracellular Ca2+ concentration after reperfusion is significantly inhibited
by melatonin-induced PostC (p < 0.05). The yellow band represents the period used for statistical
analysis. (C) Each vertical rectangle and error bar indicate percentage change in the Fura-2 ratio
during 5–10 min after 7.5 min of ischemia (yellow band in (B)) and SEM, respectively. Asterisks
indicate significant difference in t-test (* p < 0.05). Con—control; Mel—melatonin.

2.5. Mitochondria Temporarily Depolarize during Melatonin-Induced PostC

Changes in mitochondrial membrane potential were examined in the control, mela-
tonin, ramelteon, and luzindole + melatonin groups. The green/red ratio, which represents
depolarization of the mitochondrial membrane potential and obtained via JC1 fluorescence,
began to increase 5 min after the start of the ischemic load and continued to increase until
3 min after the start of reperfusion (until 2 min after the start of reperfusion in the ramelteon
group), then decreased in all four groups (Figure 6A). The rate of change in the green/red
ratio between 7.5 and 12.5 min after the start of reperfusion was compared among the
four groups. The green/red ratio in the melatonin group (n = 6) and ramelteon group
(n = 5) was significantly higher than that in the control group (n = 6) (Con, 0.915 ± 1.3%
vs. Mel, 12.2 ± 2.06%, p < 0.05; Con, 0.915 ± 1.3% vs. Ram, 6.22 ± 0.554%, p < 0.05), and
the green/red ratio in the melatonin group (n = 6) was significantly higher than in the
luzindole + melatonin group (n = 5) (Mel, 12.2 ± 2.06% vs. Luz + Mel, 0.711 ± 1.05%,
p < 0.05) (Figure 6B). These results indicate that the mitochondrial membrane potential
was more depolarized in the melatonin group than in the control group in the early stage
of reperfusion. These results also suggested that the change in mitochondrial membrane
potential after reperfusion was due to MT-mediated recruitment.
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Figure 6. Changes in mitochondrial membrane potential as estimated from JC1 fluorescence during
pre-ischemia, ischemic, and reperfusion periods. (A) Representative microphotographs of JC1 fluo-
rescence in a slice of hippocampus: Left: infrared differential interference contrast image; Middle:
green fluorescent image excited at 477 nm; Right: red fluorescent image excited at 548 nm. Scale
bars = 10 µm. (B) Course of changes in mitochondrial membrane potential estimated with JC1
fluorescence during pre-anoxia, anoxia, and reperfusion periods. Percentages are relative to the mean
value observed during the 5 min pre-anoxic period. The red horizontal bar indicates the ischemic
period. The timeline in the graph set to 0 min at the start for the ischemic load. The yellow band
represents the period used for statistical analysis. (C) Bar graph of percentage change in the JC1
green/red ratio, median data from the 7.5–12.5 min reperfusion period (yellow band in (B)). Asterisks
indicate significant differences in Games–Howell multiple comparisons test (* p < 0.05). Con—control;
Mel—melatonin; Ram—ramelteon; Luz—luzindole.

3. Discussion

The present study showed the neuroprotective effect of melatonin-induced PostC
against ischemia-reperfusion injuries in mouse hippocampal CA1 cells, using an electro-
physiological approach. Melatonin reduced a surge of synaptic glutamate release and
neuronal cell death after ischemia-reperfusion. The melatonin-induced PostC strongly
suppressed the increase in the intracellular Ca2+ concentration under anoxic conditions
by downregulating the NMDARs. Both the mPTP inhibitor (CsA) and the MT blocker
(luzindole) abolished melatonin-induced PostC. Furthermore, both melatonin and the
melatonin agonist depolarized the mitochondrial inner membrane potential in the early
phase of ischemia-reperfusion. These results suggest that MTs play an important role in
neuroprotection after ischemia-reperfusion injury mediated by PostC mechanisms.

3.1. Melatonin-Induced PostC Reduces Excessive Accumulation of Extracellular Glutamate

During brain ischemia and ischemia-reperfusion, an excessive release of glutamate is
observed, triggering neuronal death [28–30]. The excess glutamate release results in over-
activation of NMDARs and leads to a Ca2+ overload inside the neurons. This intracellular
Ca2+ overload triggers a range of downstream pro-death signaling events such as calpain
activation, reactive oxygen species (ROS) generation, and mitochondrial damage, resulting
in cell necrosis or apoptosis [31–33]. Therefore, inhibiting the excessive release of glutamate
after ischemia-reperfusion is important for neuroprotection against ischemia-reperfusion
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injury. Yokoyama et al. reported that ischemic PostC suppressed the surge of glutamate
release during the immediate–early reperfusion period after ischemic insult and described
the opening of the mito-KATP channels as being essential for suppressing the surge in
released glutamate [10]. Herrera et al. reported that melatonin prevents glutamate-induced
oxytosis in the HT22 mouse hippocampal cell line through an antioxidant effect, specifically
targeting the mitochondria [34]. In the present study, melatonin suppressed the surge of
glutamate during the early reperfusion period after ischemia and reduced the histological
neuronal cell death. These results indicate that the administration of melatonin after
ischemia-reperfusion suppressed an excessive release of glutamate and reduced neuronal
death following ischemia-reperfusion injury. The clearance of the extracellular glutamate is
important for maintaining a low extracellular glutamate concentration and the homeostasis
of the central nervous system. This process is largely mediated by two types of glutamate
transporters which are mainly expressed in astrocytes, excitatory amino acid transporter
(EAAT)-1/glutamate-aspartate transporter (GLAST), and EAAT-2/glutamate transporter-1
(GLT-1) [34,35]. Although glutamate transporters play an important role in regulating
the synaptic glutamate concentration in cerebral ischemia, some studies showed that the
expression of GLT-1 was decreased in the early period of ischemia [36,37]. Whether the
glutamate transporters play a neuroprotective or neurodegenerative role in regulating
glutamate levels in the synaptic cleft during cerebral ischemia is still controversial, as it
has been suggested that the role of glutamate transporters may vary depending on the
timing, extent, and location of cerebral ischemia [38]. It is unclear how melatonin acts on
the glutamine transporter during cerebral ischemia, and further research is needed.

3.2. Melatonin Suppresses Influx of Extracellular Ca2+ by Downregulating NMDARs
after Ischemia

Ischemic stress in neurons leads to the accumulation of intracellular Ca2+ [31]. This
increase in cytosolic calcium is transmitted to the mitochondrial matrix via a Ca2+ channel,
the mitochondrial Ca2+ uniporter (MCU) [39], located on the inner mitochondrial mem-
brane. Excessive increases in the matrix Ca2+ alter the permeability of the mitochondrial
membranes, impairing their ability to generate ATP and causing a release of pro-apoptotic
factors [31,40,41]. Mitochondrial dysfunctions due to calcium overloads are important in
the process of ischemia-induced cell death [42,43]. In the present study, we observed that
the intracellular Ca2+ started to increase after ischemia-reperfusion, not during ischemia,
and remained at higher levels than in the pre-ischemia period for 20 min. However, we
found that melatonin-induced PostC suppressed these increases in intracellular Ca2+ after
ischemia-reperfusion. The NMDARs play a dominant role in mediating the glutamate-
induced lethal Ca2+ influx [44]. We have previously reported that the NMDAR functions
as the primal gate for the Ca2+ influx during the early reperfusion period [11]. In the
present study, we found that the melatonin-induced PostC reduced the amplitude of the
whole-cell inward current induced by the NMDAR puff after ischemic stress. These results
suggest that melatonin acts on the NMDARs through an intracellular mechanism to reduce
NMDAR conductivity, thereby disrupting the positive feedback loop of the Ca2+ influx
and preventing the increase in the intracellular Ca2+ concentration that persists after an
ischemic insult. Escames et al. reported that two major actions of melatonin may be directly
related to the suppression of the NMDAR-mediated excitation without involving MTs:
(i) the reduction of neuronal nitric oxide (NO) synthase activity and thus reduction of NO
production and (ii) the regulation of the redox site of the NMDARs [45]. In contrast, the
present study proved that the MT antagonist, luzindole, inhibited the effect of melatonin-
induced PostC on NMDAR down-regulation, suggesting that NMDAR down-regulation
can be mediated via MTs. Furthermore, CsA, an mPTP inhibitor, reduced the NMDAR
activity. It is reported that the mPTP is involved in the down-regulation of NMDARs [6].
Taken together, in addition to the direct effect of melatonin on NMDARs, the function of the
mPTP via MTs may play an important role in the mechanism of NMDAR down-regulation
in melatonin-induced PostC.
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3.3. Melatonin Leads to Neuroprotection by Putting mPTP into Low-Conductance Mode

The mPTP is associated with both apoptosis and necrosis, and also plays an impor-
tant role in the regulation of mitochondrial functions by regulating the mitochondrial
membrane potential, calcium homeostasis, ROS production, and ATP production [46–49].
Mitochondrial dysfunction is an underlying cause of ischemia-reperfusion injury. Ischemia-
reperfusion injury induces greatly increasing ROS generation and calcium overload, even-
tually triggering the opening of the mPTP [8,9]. The opening of the mPTP results in the free
passage of low molecular mass solutes (<1500 Da) and mitochondrial apoptotic protein, cy-
tochrome c, across the inner mitochondrial membrane [9,50,51]. Under these conditions, the
mitochondrial membrane potential is dissipated, leading to ATP hydrolysis by the reversal
of the F0F1-ATP synthase and the consequent cellular energy depletion, eventually resulting
in cell death [9]. Recent studies have suggested that the F0F1-ATP synthase C subunit of
mitochondria is a major component of the mPTP [52]. Cyclophilin (Cyp) D blinds the lateral
stalk of the F0F1-ATP synthase and positively regulates the pore opening [53,54]. It should
be noted that CypD is a mitochondrial receptor in CsA, and although CsA can desensitize
the mPTP via CypD, it does not always inhibit the mPTP from opening [55,56]. However,
in experimental animals, the administration of CsA decreases cerebral infarct volume by
inhibiting the mPTP from opening [57]. Furthermore, inhibition of the mPTP reportedly
provides neuroprotection against cerebral ischemia [58,59]. The exact mechanism of mPTP
regulation against ischemia-reperfusion injury has remained unclear. In our experiments,
the inhibition of mPTP opening after administration of CsA cancelled the effects of the
melatonin-induced PostC, leading to an increase of NMDAR currents after reperfusion.
This result appears to differ from other previous findings [57] but is consistent with our
previous report [11]. Okahara et al. reported that both the mPTP opening and inflammation
are necessary to improve the neurological outcomes after cerebral ischemia-reperfusion in-
jury on experiments using cyclophilin D and CC chemokine receptor 2-knockout mice [60].
Hawrysh et al. reported the mechanism of tolerance against anoxia in turtle neurons,
finding that anoxia activates mito-KATP channels, leading to matrix depolarization and
triggering the transient opening of the mPTP and Ca2+ release via the mPTP, and ultimately
silencing the NMDARs in turtle neurons [6]. Such findings are consistent with the present
results. Although a high-conductance-mode opening allows the passage of ions that leads
to cell death, the mPTP also exhibits a transient, low-conductance-mode opening that
contributes to Ca2+ homeostasis and the regulation of mitochondrial function [61]. These
results suggested that melatonin may induce the opening of a low-conductive mPTP. As
a result, Ca2+ can be released from the mitochondria matrix via the mPTP, eventually
inducing down-regulation of the NMDAR.

3.4. Role of Melatonin Receptors in Melatonin-Induced PostC

Various lines of evidence have been reported on the neuroprotective effects of mela-
tonin against cerebral ischemia [23,26,62,63]. Although MTs are a major target of melatonin,
whether melatonin prevents damage caused by cerebral ischemia via the MT remains
controversial. The exact mechanisms underlying the neuroprotective effects of melatonin
are unknown but might be attributed to its radical scavenging and antioxidant prop-
erties [64,65]. Kilic et al. reported that the neuroprotective effect of melatonin is not
MT-mediated, as the effects of melatonin on infarct volume and edema reduction in the
middle cerebral artery occlusion model did not differ significantly between wild-type and
MT1/MT2-knockout mice [66]. However, Shaida et al. suggested that the direct inhi-
bition of the mPTP by melatonin may essentially contribute to its anti-apoptotic effects
in transient brain ischemia [67]. In the present study, melatonin reduced the NMDAR-
induced current following ischemia-reperfusion insult, and luzindole (when combined
with melatonin) abolished the neuroprotective effect. In addition, luzindole significantly
decreased the mitochondrial membrane potential after ischemia-reperfusion. Furthermore,
the MT agonist, ramelteon, induced mitochondrial membrane potential depolarization
after ischemia-reperfusion, similar to melatonin. Since ramelteon itself does not have



Int. J. Mol. Sci. 2022, 23, 3822 10 of 16

the radical scavenging and antioxidant effect that melatonin has [68], our results suggest
that melatonin-induced PostC mainly acts on the mPTP via MTs. A recent report proved
that melatonin-mediated neuroprotection results from the binding of melatonin to the
mitochondrial MT [22]. Wu et al. reported that the neuroprotective effect of ramelteon
may be attributed to its agonism on MTs, and its inhibition of autophagy in ischemic
brains in mice via the MCAO model [27]. These reports suggest that MTs are required for
melatonin-induced neuroprotection against ischemia-reperfusion and support our findings.
On the other hand, there was a slight difference in the effect of mitochondrial depolar-
ization between melatonin and ramelteon in this experiment. This may be related to the
non-MT-mediated effects of melatonin. Further studies are needed to elucidate the exact
mechanism of how melatonin acts on the mPTP to induce the neuroprotective effect against
ischemia-reperfusion injury.

3.5. Conductance Control of mPTP and Melatonin-Induced PostC Mechanism

The methods for regulating the mPTP opening in low-conductance mode and high-
conductance mode are mainly the mitochondrial Ca2+ and the inner mitochondrial mem-
brane potential (∆Φ) [61]. The long-lasting opening of the mPTP in high-conductance
mode allows for the passage of ions, including Ca2+, leading to the dissipation of ∆Φ and
eventually resulting in cell death. On the other hand, the mPTP can exhibit opening in
low-conductance mode that contributes to Ca2+ homeostasis and the regulation of mito-
chondrial function [48]. The switch between modes is imposed by ∆Φ, with the threshold
value being controlled by mitochondrial Ca2+ [69]. In the present study, melatonin de-
polarized the ∆Φ after ischemia-reperfusion injury. This suggests that anoxia stops the
proton pump and inhibits rapid recovery from the depolarized state to the matrix-negative
membrane potential. This result is similar to our previous findings on ischemic PostC [11].
We hypothesize that melatonin acts on the mPTP via MTs and protects the mPTP from
high-conductance mode. The MCU may play an important role in this function. Although
the ischemia-reperfusion injury results in high levels of cytosolic Ca2+, mitochondrial Ca2+

is assumed to be equivalent to the cytosolic concentration because the driving force for
Ca2+ by ∆Φ is lost. When the pO2 and glucose concentrations increase to normal levels
during reperfusion, mitochondrial respiration begins, polarizing the inner membrane and
generating ATP. As the negative potential of the matrix is restored, Ca2+ is taken up through
the MCU. At this point, the cell membrane is depolarized, and glutamate is accumulated
extracellularly due to the ischemic reperfusion injury. The Ca2+ is recruited into the cell via
NMDAR and continues to be transferred to the mitochondrial matrix by the driving force
of the ∆Φ. Finally, the mPTP is thought to open to release excess Ca2+ in the mitochondrial
matrix. The melatonin-induced PostC leads to the depolarization of the ∆Φ, reducing the
driving force for Ca2+ by the ∆Φ to the mitochondrial matrix and thereby avoiding exces-
sive accumulation of Ca2+ in the matrix. This in turn prevents the mPTP from opening in
high-conductance mode, resulting in the down-regulation of NMDAR and the suppression
of the glutamate surge. This may lead to neuroprotection.

The present study was limited to the very early phase after ischemia-reperfusion,
observing only the first 20 min after ischemia-reperfusion. Before melatonin can be applied
clinically to the acute phase of cerebral infarction, the timing of administration and the
longer-term course after cerebral infarction need to be confirmed using in vivo experiments.
In the present study, we indicated that MTs are involved in melatonin-induced PostC, but
we may not be able to show enough direct evidence to elucidate how the MTs are involved
in the neuroprotective mechanism. One possibility is that the MTs lead to the opening
of the mito-KATP channel, which has been reported in rat hearts [68]. However, it is still
unclear how the MTs open the mito-KATP channel, and further studies are needed.
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4. Materials and Methods
4.1. Preparation of Mouse Hippocampal Slices

All experimental procedures were approved by the Animal Care and Use Committee
of the Nara Medical University (approval no. 12599) and were performed in accordance
with the Guidelines for the Proper Conduct of Animal Experiments. Wild mice 4- to
8-weeks-old C57BL/6J (65 males), weighing 18–24 g were used for the experiments. Mice
were maintained on a 12:12 h light cycle and had free access to food and water. Mice were
anesthetized with isoflurane (0.05 v/v, given by inhalation), then killed by decapitation.
The brains were quickly removed and immersed in ice-cold solution (composition: sucrose
230 mM, KCl 2.5 mM, NaHCO3 25 mM, NaH2PO4 1.25 mM, CaCl2 0.5 mM, MgSO4 10 mM,
and D-glucose 10 mM) then heated with 95% O2/5% CO2. By means of a linear slicer
(PRO7; DOSAKA EM, Kyoto, Japan), horizontal slices of the hippocampal formation and
adjacent cortex were cut in the above solution at a thickness of 350 µm. Slices were then
incubated in standard artificial cerebrospinal fluid (aCSF) (composition: NaCl 125 mM,
KCl 2.5 mM, NaHCO3 25 mM, NaH2PO4 1.25 mM, CaCl2 2.0 mM, MgCl2 1.0 mM, and
D-glucose 10 mM) and bubbled with the same gas mixture for at least 1 h at 32 ◦C. Cells
were then kept in aCSF at 27 ◦C.

4.2. Patch-Clamp Recording

Individual slices were placed in an 800 µL recording chamber that was continually
perfused with gas-saturated aCSF at a flow rate of 2.0 mL/min. The temperature was kept
between 31–33 ◦C by a controlled heater attached to the inlet. The recording chamber was
mounted on a BX50WI vertical microscope (Olympus, Tokyo, Japan) fitted with an infrared
differential interference microscope and epifluorescence imaging equipment. Recordings
of whole-cell voltage-clamps were performed from visually confirmed CA1 pyramidal cell
somas using an EPC-9 patch-clamp amplifier (Heka, Lambrecht/Pfalz, Germany). The
holding potential was set at −70 mV. Patch pipettes were made of thick-walled borosilicate
glass capillaries and filled with an internal solution containing Cs-gluconate (141 mM),
CsCl (4.0 mM), MgCl2 (2.0 mM), HEPES (10.0 mM), Mg-ATP (2.0 mM), Na-GTP (0.3 mM),
and EGTA (0.2 mM) (pH 7.25), and filled with an internal solution containing CsOH.
For analyzing EPSCs, a solution containing K-gluconate (141 mM), KCl (4.0 mM), MgCl2
(2.0 mM), HEPES (10.0 mM), Mg-ATP (2.0 mM), Na-GTP (0.3 mM), EGTA (0.2 mM) (pH 7.25)
and KOH was used. The resistance of the pipette was 2.5–3.5 MΩ. If the access resistance
exceeded 20 MΩ, whole-cell recordings were rejected. To isolate glutamatergic EPSCs, all
recordings were made in aCSF supplemented with the GABAA and GABAB antagonist
picrotoxin (50 µM).

4.3. Simulating Ischemia and Pharmacological Postconditioning in Hippocampal Slices

Severe cerebral ischemia was simulated by exposing hippocampal slices to a solution
in which glucose and oxygen were replaced by sucrose and nitrogen. After 7.5 min of
ischemia, reperfusion was performed for 20 min [10,11]. Pharmacological PostC was
initiated after 7.5 min of ischemia, and hippocampal slices were reperfused with melatonin
for 20 min [10,11]. Melatonin, ramelteon, luzindole, CsA, and picrotoxin were purchased
from Sigma-Aldrich (St. Louis, MO, USA).

4.4. Perfusion Protocols

Slices of mouse hippocampus were randomly assigned to one of the 5 following
groups. Each group underwent a baseline period of 5 min of normoxia, 7.5 min of is-
chemia, and 20 min of reperfusion, respectively. After the ischemic insult and with the
onset of reperfusion, the different experimental groups underwent the following protocols
(Figure 1): (1) control group (Con), slices were perfused with aCSF for 20 min; (2) melatonin
group (Mel), slices were perfused with aCSF containing 100 µM of melatonin for 20 min;
(3) ramelteon group (Ram), slices were perfused with aCSF containing 100 µM of the MT
agonist, ramelteon, for 20 min; (4) luzindole and melatonin group (Luz + Mel), slices were
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perfused with aCSF containing melatonin in combination with the MT antagonist, luzindole
(100 µM), for 20 min; (5) CsA and melatonin group (CsA + Mel), slices were perfused with
aCSF containing melatonin in combination with the mPTP inhibitor, CsA (2 µM), for 20 min.
The doses of ramelteon and luzindole were aligned with those of melatonin [68]. The dose
of CsA was the same as in our previous study [11].

4.5. Recording of Whole-Cell Current Responses to NMDA Application

To assess the sensitivity of NMDARs, whole-cell current responses to NMDA appli-
cation were recorded. NMDA (5 µM) was puffed to the cell body for 80–160 ms with a
micropipette similar to that used for whole-cell recordings. Low gas pressure was applied
(nitrogen, 4–6 psi) to the puff micropipette, and gas pressure was kept constant throughout
the recording. To suppress Mg2+ blocking of NMDAR channels, the neuron was voltage-
clamped to a holding potential of −55 mV during the pre- (1 s) and post-stimulation period
(6 s). Experiments were performed over 32.5 min (up to 20 min after reperfusion), with
NMDAR currents recorded every 30 s.

4.6. Fluorometric Evaluation of Cytosolic Ca2+ Changes

To assess Ca2+ changes in cytoplasm, 15 µmol/L of Fura-2 (DOJINDO, Kumamoto,
Japan) was added to the pipette solution and the Fura-2 fluorescence signal of whole-cell
voltage-clamped pyramidal neurons was measured. Fura-2 was excited every 10 s at
340 nm and 380 nm using a fast-switching multi-wavelength illumination system (Lambda
DG-4; Sutter Instruments, Novato, CA, USA). Fluorescence emission was long-pass filtered
at 510 nm, and a 500 nm dichroic mirror was used. A × 40 water immersion objective lens
(LUMPlanFI/IR, Olympus, Tokyo, Japan) and a CCD camera (CoolSNAP EZ; Photometrics,
Tucson, AZ, USA) were used to acquire images. Illumination and image acquisition were
regulated by MetaMorph software (Molecular Devices, San Jose, CA, USA). The region of
interest (ROI) was defined as a circular area (5 µm in diameter) with maximum fluorescence
intensity located near the center of the somatic cell. The ratio of mean fluorescence intensity
(340 nm excitation/380 nm excitation) in the ROI was computed.

4.7. Fluorometric Evaluation of Mitochondrial Membrane Potential

To evaluate mitochondrial membrane potential, JC1 (Cayman Chemical, Ann Arbor,
MI, USA), a fluorescent dye for which the emission wavelength changes depending on
the membrane potential, was loaded into the cytoplasm via a patch pipette. The patch
pipette was filled at the tip with an internal solution containing no dye and returned with
an internal solution containing dye (2.0 µM) quickly before use. The J-aggregated state (red
fluorescence) of JC1 was excited at 548 nm using a 580 nm dichroic mirror and fluoresced
at 590 nm with a long-pass filter. The monomeric state (green fluorescence) of JC1 was
excited at 477 nm using a 500 nm dichroic mirror and fluoresced with a bandpass filter at
515–565 nm. Fluorescence measurements were performed at 30 s intervals using the same
apparatus as Fura-2. As red fluorescence was eccentrically distributed around the nucleus
and was often crescent-shaped, the ROI was defined as a hand-drawn polygonal area
covering the region of high red fluorescence. The ratio of the mean fluorescence intensity
(green/red) in the ROI was computed.

4.8. Cell Staining

To investigate the effects of melatonin on pharmacological PostC, dead cells in hip-
pocampal slices after ischemic injury were visualized using propidium iodide and SYTOX
-blue as membrane-impermeant fluorescent dyes for nuclear staining. Slices were incubated
in aCSF containing 3 µM propidium iodide for 15 min starting 45 min prior to induction
of the ischemic state. Slices were loaded with ischemic insult for 7.5 min, reperfused with
aCSF for 20 min, then transferred to the incubation chamber. We compared the number of
dead cells due to ischemic stress between slices treated with melatonin during ischemia-
reperfusion (melatonin group) and slices reperfused with aCSF alone (control group). After
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incubation with aCSF for 3 h at 32 ◦C, slices were stained with 6 µM SYTOX-blue. Dead cells
were examined under confocal microscopy (C2plus; Nikon, Tokyo, Japan). To detect dead
cells prior to ischemia, propidium iodide was excited at 561 nm and the red fluorescence
emission was bandpass filtered from 552 to 617 nm. SYTOX-blue was excited at 408 nm
and the blue fluorescence emission was bandpass filtered from 417 to 477 nm. The number
of dead cells showing only blue fluorescence in the CA1 region was counted.

4.9. Statistical Analysis

Data are presented as mean ± standard error of the mean. The Shapiro–Wilk test
was used to test for normal distribution, and all results showed a normal distribution.
Levene’s test was used to test for equal variances. Statistical testing involved Student’s
t-test or Welch’s t-test, as appropriate. For studies employing multiple testing, we used one-
way analysis of variance. Significant effects were further tested with a post-hoc multiple
comparison test (Tukey–Kramer method or Games–Howell’s method, as appropriate).
Significance was set at the level of p < 0.05.

5. Conclusions

Our findings demonstrate that melatonin-induced PostC inhibits the influx of Ca2+

into cytoplasm by decreasing NMDAR activity that is mediated through MTs. The de-
polarization of the mitochondrial inner membrane after an ischemia-reperfusion appears
to play an important role in melatonin-induced PostC through low-conductance mPTP
opening. Melatonin has the potential to become a future therapeutic agent for acute-phase
ischemic strokes.
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apoptotic effects of melatonin on hemolytic hyperbilirubinemia-induced oxidative brain damage. J. Pineal Res. 2016, 60, 74–83.
[CrossRef]

20. Roohbakhsh, A.; Shamsizadeh, A.; Hayes, A.W.; Reiter, R.J.; Karimi, G. Melatonin as an endogenous regulator of diseases: The
role of autophagy. Pharmacol. Res. 2018, 133, 265–276. [CrossRef] [PubMed]

21. Andersen, L.P.H.; Gögenur, I.; Rosenberg, J.; Reiter, R.J. The Safety of Melatonin in Humans. Clin. Drug Investig. 2016, 36, 169–175.
[CrossRef]

22. Suofu, Y.; Li, W.; Jean-Alphonse, F.G.; Jia, J.; Khattar, N.K.; Li, J.; Baranov, S.V.; Leronni, D.; Mihalik, A.C.; He, Y.; et al. Dual role of
mitochondria in producing melatonin and driving GPCR signaling to block cytochrome c release. Proc. Natl. Acad. Sci. USA 2017,
114, E7997–E8006. [CrossRef] [PubMed]

23. Tan, H.Y.; Ng, K.Y.; Koh, R.Y.; Chye, S.M. Pharmacological Effects of Melatonin as Neuroprotectant in Rodent Model: A Review
on the Current Biological Evidence. Cell. Mol. Neurobiol. 2020, 40, 25–51. [CrossRef] [PubMed]

24. Liu, J.; Clough, S.J.; Hutchinson, A.J.; Adamah-Biassi, E.B.; Popovska-Gorevski, M.; Dubocovich, M.L. MT1 and MT2 Melatonin
Receptors: A Therapeutic Perspective. Annu. Rev. Pharmacol. Toxicol. 2016, 56, 361–383. [CrossRef]

25. Ma, Z.; Xin, Z.; Di, W.; Yan, X.; Li, X.; Reiter, R.J.; Yang, Y. Melatonin and mitochondrial function during ischemia/reperfusion
injury. Cell. Mol. Life Sci. 2017, 74, 3989–3998. [CrossRef] [PubMed]

26. Zhao, Z.; Lu, C.; Li, T.; Wang, W.; Ye, W.; Zeng, R.; Ni, L.; Lai, Z.; Wang, X.; Liu, C. The protective effect of melatonin on brain
ischemia and reperfusion in rats and humans: In vivo assessment and a randomized controlled trial. J. Pineal Res. 2018, 65, e12521.
[CrossRef] [PubMed]

27. Wu, X.L.; Lu, S.S.; Liu, M.R.; Tang, W.D.; Chen, J.Z.; Zheng, Y.R.; Ahsan, A.; Cao, M.; Jiang, L.; Hu, W.W.; et al. Melatonin receptor
agonist ramelteon attenuates mouse acute and chronic ischemic brain injury. Acta Pharmacol. Sin. 2020, 41, 1016–1024. [CrossRef]
[PubMed]

28. Bonova, P.; Burda, J.; Danielisova, V.; Nemethova, M.; Gottlieb, M. Delayed post-conditioning reduces post-ischemic glutamate
level and improves protein synthesis in brain. Neurochem. Int. 2013, 62, 854–860. [CrossRef] [PubMed]

29. Dávalos, A.; Castillo, J.; Serena, J.; Noya, M. Duration of glutamate release after acute ischemic stroke. Stroke 1997, 28, 708–710.
[CrossRef] [PubMed]

30. Soria, F.N.; Pérez-Samartín, A.; Martin, A.; Gona, K.B.; Llop, J.; Szczupak, B.; Chara, J.C.; Matute, C.; Domercq, M. Extrasynaptic
glutamate release through cystine/glutamate antiporter contributes to ischemic damage. J. Clin. Investig. 2014, 124, 3645–3655.
[CrossRef]

31. Kristián, T.; Siesjö, B.K. Calcium in ischemic cell death. Stroke 1998, 29, 705–718. [CrossRef] [PubMed]

http://doi.org/10.1161/CIRCRESAHA.112.265942
http://www.ncbi.nlm.nih.gov/pubmed/23065346
http://doi.org/10.1007/s00395-009-0004-8
http://www.ncbi.nlm.nih.gov/pubmed/19242640
http://doi.org/10.1074/jbc.M115.700385
http://www.ncbi.nlm.nih.gov/pubmed/26679998
http://doi.org/10.1371/journal.pone.0215104
http://doi.org/10.1007/s10571-020-00996-y
http://www.ncbi.nlm.nih.gov/pubmed/33159622
http://doi.org/10.1016/S0003-4975(01)03192-7
http://doi.org/10.1016/j.neulet.2005.06.036
http://www.ncbi.nlm.nih.gov/pubmed/16026930
http://doi.org/10.1016/j.neulet.2006.04.001
http://www.ncbi.nlm.nih.gov/pubmed/16678347
http://doi.org/10.1001/jama.1976.03260290033022
http://doi.org/10.1016/j.neuchi.2015.03.002
http://doi.org/10.1016/j.neuro.2016.09.002
http://www.ncbi.nlm.nih.gov/pubmed/27620136
http://doi.org/10.1016/j.pneurobio.2015.02.001
http://www.ncbi.nlm.nih.gov/pubmed/25697044
http://doi.org/10.1111/jpi.12292
http://doi.org/10.1016/j.phrs.2018.01.022
http://www.ncbi.nlm.nih.gov/pubmed/29408249
http://doi.org/10.1007/s40261-015-0368-5
http://doi.org/10.1073/pnas.1705768114
http://www.ncbi.nlm.nih.gov/pubmed/28874589
http://doi.org/10.1007/s10571-019-00724-1
http://www.ncbi.nlm.nih.gov/pubmed/31435851
http://doi.org/10.1146/annurev-pharmtox-010814-124742
http://doi.org/10.1007/s00018-017-2618-6
http://www.ncbi.nlm.nih.gov/pubmed/28795196
http://doi.org/10.1111/jpi.12521
http://www.ncbi.nlm.nih.gov/pubmed/30098076
http://doi.org/10.1038/s41401-020-0361-2
http://www.ncbi.nlm.nih.gov/pubmed/32107468
http://doi.org/10.1016/j.neuint.2013.02.019
http://www.ncbi.nlm.nih.gov/pubmed/23454191
http://doi.org/10.1161/01.STR.28.4.708
http://www.ncbi.nlm.nih.gov/pubmed/9099183
http://doi.org/10.1172/JCI71886
http://doi.org/10.1161/01.STR.29.3.705
http://www.ncbi.nlm.nih.gov/pubmed/9506616


Int. J. Mol. Sci. 2022, 23, 3822 15 of 16

32. Lau, A.; Tymianski, M. Glutamate receptors, neurotoxicity and neurodegeneration. Pflug. Arch. Eur. J. Physiol. 2010, 460, 525–542.
[CrossRef]

33. Curcio, M.; Salazar, I.L.; Mele, M.; Canzoniero, L.M.T.; Duarte, C.B. Calpains and neuronal damage in the ischemic brain: The
swiss knife in synaptic injury. Prog. Neurobiol. 2016, 143, 1–35. [CrossRef] [PubMed]

34. Eulenburg, V.; Gomeza, J. Neurotransmitter transporters expressed in glial cells as regulators of synapse function. Brain Res. Rev.
2010, 63, 103–112. [CrossRef]

35. Lehre, K.P.; Danbolt, N.C. The number of glutamate transport subtype molecules at glutamatergic synapses: Chemical and
stereological quantification in young adult rat brain. J. Neurosci. 1998, 18, 8751–8757. [CrossRef] [PubMed]

36. Torp, R.; Lekieffre, D.; Levy, L.M.; Haug, F.M.; Danbolt, N.C.; Meldrum, B.S.; Ottersen, O.P. Reduced postischemic expression of a
glial glutamate transporter, GLT1, in the rat hippocampus. Exp. Brain Res. 1995, 103, 51–58. [CrossRef] [PubMed]

37. Harvey, B.K.; Airavaara, M.; Hinzman, J.; Wires, E.M.; Chiocco, M.J.; Howard, D.B.; Shen, H.; Gerhardt, G.; Hoffer, B.J.; Wang, Y.
Targeted over-expression of glutamate transporter 1 (GLT-1) reduces ischemic brain injury in a rat model of stroke. PLoS ONE
2011, 6, e22135. [CrossRef] [PubMed]

38. Zhang, L.N.; Hao, L.; Guo, Y.S.; Wang, H.Y.; Li, L.L.; Liu, L.Z.; Li, W. Bin Are glutamate transporters neuroprotective or
neurodegenerative during cerebral ischemia? J. Mol. Med. 2019, 97, 281–289. [CrossRef]

39. Kirichok, Y.; Krapivinsky, G.; Clapham, D.E. The mitochondrial calcium uniporter is a highly selective ion channel. Nature 2004,
427, 360–364. [CrossRef] [PubMed]

40. Zhu, X.; Yao, Y.; Guo, M.; Li, J.; Yang, P.; Xu, H.; Lin, D. Sevoflurane increases intracellular calcium to induce mitochondrial injury
and neuroapoptosis. Toxicol. Lett. 2021, 336, 11–20. [CrossRef] [PubMed]

41. Cui, Y.; Pan, M.; Ma, J.; Song, X.; Cao, W.; Zhang, P. Recent progress in the use of mitochondrial membrane permeability transition
pore in mitochondrial dysfunction-related disease therapies. Mol. Cell. Biochem. 2021, 476, 493–506. [CrossRef] [PubMed]

42. Starkov, A.A.; Chinopoulos, C.; Fiskum, G. Mitochondrial calcium and oxidative stress as mediators of ischemic brain injury. Cell
Calcium 2004, 36, 257–264. [CrossRef] [PubMed]

43. Gouriou, Y.; Demaurex, N.; Bijlenga, P.; De Marchi, U. Mitochondrial calcium handling during ischemia-induced cell death in
neurons. Biochimie 2011, 93, 2060–2067. [CrossRef] [PubMed]

44. Choi, D.W. Ionic dependence of glutamate neurotoxicity. J. Neurosci. 1987, 7, 369–379. [CrossRef]
45. Escames, G.; León, J.; López, L.C.; Acuña-Castroviejo, D. Mechanisms of N-methyl-D-aspartate receptor inhibition by melatonin

in the rat striatum. J. Neuroendocrinol. 2004, 16, 929–935. [CrossRef] [PubMed]
46. Szabo, I.; Bernardi, P.; Zoratti, M. Modulation of the mitochondrial megachannel by divalent cations and protons. J. Biol. Chem.

1992, 267, 2940–2946. [CrossRef]
47. Rasola, A.; Bernardi, P. The mitochondrial permeability transition pore and its involvement in cell death and in disease

pathogenesis. Apoptosis 2007, 12, 815–833. [CrossRef] [PubMed]
48. Giorgio, V.; Von Stockum, S.; Antoniel, M.; Fabbro, A.; Fogolari, F.; Forte, M.; Glick, G.D.; Petronilli, V.; Zoratti, M.; Szabó, I.; et al.

Dimers of mitochondrial ATP synthase form the permeability transition pore. Proc. Natl. Acad. Sci. USA 2013, 110, 5887–5892.
[CrossRef] [PubMed]

49. Pérez, M.J.; Quintanilla, R.A. Development or disease: Duality of the mitochondrial permeability transition pore. Dev. Biol. 2017,
426, 1–7. [CrossRef]

50. Li, S.; Wang, T.; Zhai, L.; Ge, K.; Zhao, J.; Cong, W.; Guo, Y. Picroside II Exerts a Neuroprotective Effect by Inhibiting mPTP
Permeability and EndoG Release after Cerebral Ischemia/Reperfusion Injury in Rats. J. Mol. Neurosci. 2018, 64, 144–155.
[CrossRef]

51. Ow, Y.L.P.; Green, D.R.; Hao, Z.; Mak, T.W. Cytochrome c: Functions beyond respiration. Nat. Rev. Mol. Cell Biol. 2008, 9, 532–542.
[CrossRef]

52. Neginskaya, M.A.; Solesio, M.E.; Berezhnaya, E.V.; Amodeo, G.F.; Mnatsakanyan, N.; Jonas, E.A.; Pavlov, E. V ATP Synthase
C-Subunit-Deficient Mitochondria Have a Small Cyclosporine A-Sensitive Channel, but Lack the Permeability Transition Pore.
Cell Rep. 2019, 26, 11–17.e2. [CrossRef] [PubMed]

53. Giorgio, V.; Bisetto, E.; Soriano, M.E.; Dabbeni-Sala, F.; Basso, E.; Petronilli, V.; Forte, M.A.; Bernardi, P.; Lippe, G. Cyclophilin
D modulates mitochondrial F0F1-ATP synthase by interacting with the lateral stalk of the complex. J. Biol. Chem. 2009, 284,
33982–33988. [CrossRef] [PubMed]

54. Chinopoulos, C.; Konràd, C.; Kiss, G.; Metelkin, E.; Töröcsik, B.; Zhang, S.F.; Starkov, A.A. Modulation of F0F1-ATP synthase
activity by cyclophilin D regulates matrix adenine nucleotide levels. FEBS J. 2011, 278, 1112–1125. [CrossRef]

55. Bernardi, P. The mitochondrial permeability transition pore: A mystery solved? Front. Physiol. 2013, 4, 95. [CrossRef] [PubMed]
56. Giorgio, V.; Soriano, M.E.; Basso, E.; Bisetto, E.; Lippe, G.; Forte, M.A.; Bernardi, P. Cyclophilin D in mitochondrial pathophysiology.

Biochim. Biophys. Acta-Bioenerg. 2010, 1797, 1113–1118. [CrossRef] [PubMed]
57. Nighoghossian, N.; Ovize, M.; Mewton, N.; Ong, E.; Cho, T.H. Cyclosporine A, a Potential Therapy of Ischemic Reperfusion

Injury. A Common History for Heart and Brain. Cerebrovasc. Dis. 2016, 42, 309–318. [CrossRef]
58. Sun, J.; Luan, Q.; Dong, H.; Song, W.; Xie, K.; Hou, L.; Xiong, L. Inhibition of mitochondrial permeability transition pore opening

contributes to the neuroprotective effects of ischemic postconditioning in rats. Brain Res. 2012, 1436, 101–110. [CrossRef]
59. Wang, H.; Chen, S.; Zhang, Y.; Xu, H.; Sun, H. Electroacupuncture ameliorates neuronal injury by Pink1/Parkin-mediated

mitophagy clearance in cerebral ischemia-reperfusion. Nitric Oxide-Biol. Chem. 2019, 91, 23–34. [CrossRef] [PubMed]

http://doi.org/10.1007/s00424-010-0809-1
http://doi.org/10.1016/j.pneurobio.2016.06.001
http://www.ncbi.nlm.nih.gov/pubmed/27283248
http://doi.org/10.1016/j.brainresrev.2010.01.003
http://doi.org/10.1523/JNEUROSCI.18-21-08751.1998
http://www.ncbi.nlm.nih.gov/pubmed/9786982
http://doi.org/10.1007/BF00241964
http://www.ncbi.nlm.nih.gov/pubmed/7615037
http://doi.org/10.1371/journal.pone.0022135
http://www.ncbi.nlm.nih.gov/pubmed/21853027
http://doi.org/10.1007/s00109-019-01745-5
http://doi.org/10.1038/nature02246
http://www.ncbi.nlm.nih.gov/pubmed/14737170
http://doi.org/10.1016/j.toxlet.2020.11.002
http://www.ncbi.nlm.nih.gov/pubmed/33171207
http://doi.org/10.1007/s11010-020-03926-0
http://www.ncbi.nlm.nih.gov/pubmed/33000352
http://doi.org/10.1016/j.ceca.2004.02.012
http://www.ncbi.nlm.nih.gov/pubmed/15261481
http://doi.org/10.1016/j.biochi.2011.08.001
http://www.ncbi.nlm.nih.gov/pubmed/21846486
http://doi.org/10.1523/JNEUROSCI.07-02-00369.1987
http://doi.org/10.1111/j.1365-2826.2004.01250.x
http://www.ncbi.nlm.nih.gov/pubmed/15584934
http://doi.org/10.1016/S0021-9258(19)50677-9
http://doi.org/10.1007/s10495-007-0723-y
http://www.ncbi.nlm.nih.gov/pubmed/17294078
http://doi.org/10.1073/pnas.1217823110
http://www.ncbi.nlm.nih.gov/pubmed/23530243
http://doi.org/10.1016/j.ydbio.2017.04.018
http://doi.org/10.1007/s12031-017-1012-z
http://doi.org/10.1038/nrm2434
http://doi.org/10.1016/j.celrep.2018.12.033
http://www.ncbi.nlm.nih.gov/pubmed/30605668
http://doi.org/10.1074/jbc.M109.020115
http://www.ncbi.nlm.nih.gov/pubmed/19801635
http://doi.org/10.1111/j.1742-4658.2011.08026.x
http://doi.org/10.3389/fphys.2013.00095
http://www.ncbi.nlm.nih.gov/pubmed/23675351
http://doi.org/10.1016/j.bbabio.2009.12.006
http://www.ncbi.nlm.nih.gov/pubmed/20026006
http://doi.org/10.1159/000446850
http://doi.org/10.1016/j.brainres.2011.11.055
http://doi.org/10.1016/j.niox.2019.07.004
http://www.ncbi.nlm.nih.gov/pubmed/31323277


Int. J. Mol. Sci. 2022, 23, 3822 16 of 16

60. Okahara, A.; Koga, J.; Matoba, T.; Fujiwara, M.; Tokutome, M.; Ikeda, G.; Nakano, K.; Tachibana, M.; Ago, T.; Kitazono, T.; et al.
Simultaneous targeting of mitochondria and monocytes enhances neuroprotection against ischemia–reperfusion injury. Sci. Rep.
2020, 10, 14435. [CrossRef] [PubMed]

61. Wacquier, B.; Combettes, L.; Dupont, G. Dual dynamics of mitochondrial permeability transition pore opening. Sci. Rep. 2020, 10,
3924. [CrossRef] [PubMed]

62. Cervantes, M.; Moralí, G.; Letechipía-Vallejo, G. Melatonin and ischemia-reperfusion injury of the brain. J. Pineal Res. 2008, 45,
1–7. [CrossRef]

63. Paterniti, I.; Cordaro, M.; Esposito, E.; Cuzzocrea, S. The antioxidative property of melatonin against brain ischemia. Expert Rev.
Neurother. 2016, 16, 841–848. [CrossRef] [PubMed]

64. Cho, S.; Joh, T.H.; Baik, H.H.; Dibinis, C.; Volpe, B.T. Melatonin administration protects CA1 hippocampal neurons after transient
forebrain ischemia in rats. Brain Res. 1997, 755, 335–338. [CrossRef]

65. Tan, D.X.; Manchester, L.C.; Reiter, R.J.; Qi, W.B.; Karbownik, M.; Calvoa, J.R. Significance of melatonin in antioxidative defense
system: Reactions and products. Neurosignals 2000, 9, 137–159. [CrossRef] [PubMed]

66. Kilic, U.; Yilmaz, B.; Ugur, M.; Yüksel, A.; Reiter, R.J.; Hermann, D.M.; Kilic, E. Evidence that membrane-bound G protein-coupled
melatonin receptors MT1 and MT2 are not involved in the neuroprotective effects of melatonin in focal cerebral ischemia. J. Pineal
Res. 2012, 52, 228–235. [CrossRef]

67. Andrabi, S.A.; Sayeed, I.; Siemen, D.; Wolf, G.; Horn, T.F.W. Direct inhibition of the mitochondrial permeability transition pore: A
possible mechanism responsible for anti-apoptotic effects of melatonin. FASEB J. 2004, 18, 869–871. [CrossRef] [PubMed]

68. Stroethoff, M.; Behmenburg, F.; Spittler, K.; Raupach, A.; Heinen, A.; Hollmann, M.W.; Huhn, R.; Mathes, A. Activation of
melatonin receptors by ramelteon induces cardioprotection by postconditioning in the rat heart. Anesth. Analg. 2018, 126,
2112–2115. [CrossRef] [PubMed]

69. Bazil, J.N.; Buzzard, G.T.; Rundell, A.E. A bioenergetic model of the mitochondrial population undergoing permeability transition.
J. Theor. Biol. 2010, 265, 672–690. [CrossRef]

http://doi.org/10.1038/s41598-020-71326-x
http://www.ncbi.nlm.nih.gov/pubmed/32879367
http://doi.org/10.1038/s41598-020-60177-1
http://www.ncbi.nlm.nih.gov/pubmed/32127570
http://doi.org/10.1111/j.1600-079X.2007.00551.x
http://doi.org/10.1080/14737175.2016.1182020
http://www.ncbi.nlm.nih.gov/pubmed/27108742
http://doi.org/10.1016/S0006-8993(97)00188-1
http://doi.org/10.1159/000014635
http://www.ncbi.nlm.nih.gov/pubmed/10899700
http://doi.org/10.1111/j.1600-079X.2011.00932.x
http://doi.org/10.1096/fj.03-1031fje
http://www.ncbi.nlm.nih.gov/pubmed/15033929
http://doi.org/10.1213/ANE.0000000000002625
http://www.ncbi.nlm.nih.gov/pubmed/29381514
http://doi.org/10.1016/j.jtbi.2010.06.001

	Introduction 
	Results 
	Melatonin-Induced PostC Suppresses the Surge of sEPSCs 
	Melatonin-Induced PostC Reduces the Number of Dead Hippocampal CA1 Neurons 
	Melatonin-Induced PostC Silences NMDAR Currents after Reperfusion 
	Postconditioning Suppresses Cytosolic Ca2+ Increase 
	Mitochondria Temporarily Depolarize during Melatonin-Induced PostC 

	Discussion 
	Melatonin-Induced PostC Reduces Excessive Accumulation of Extracellular Glutamate 
	Melatonin Suppresses Influx of Extracellular Ca2+ by Downregulating NMDARs after Ischemia 
	Melatonin Leads to Neuroprotection by Putting mPTP into Low-Conductance Mode 
	Role of Melatonin Receptors in Melatonin-Induced PostC 
	Conductance Control of mPTP and Melatonin-Induced PostC Mechanism 

	Materials and Methods 
	Preparation of Mouse Hippocampal Slices 
	Patch-Clamp Recording 
	Simulating Ischemia and Pharmacological Postconditioning in Hippocampal Slices 
	Perfusion Protocols 
	Recording of Whole-Cell Current Responses to NMDA Application 
	Fluorometric Evaluation of Cytosolic Ca2+ Changes 
	Fluorometric Evaluation of Mitochondrial Membrane Potential 
	Cell Staining 
	Statistical Analysis 

	Conclusions 
	References

