
Page 1/21

Contralateral hemisphere as a lifeguard which is
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Abstract
Successful functional recovery from stroke is crucial in the rehabilitation of patients and mainly depends
on several ischemia-induced processes, including cell survival and apoptosis. Melatonin is an interesting
candidate for secondary stroke prevention due to its effect on signaling pathways. Therefore, we
investigated the coordination of ipsilateral and contralateral hemispheres to evaluate delayed post-acute
effect of melatonin on recovery of the cell survival and apoptosis after stroke. Melatonin was
administered (4 mg/kg/day) intraperitoneally for 45 days, starting 3-day after 30-min of middle cerebral
artery occlusion. The genes and proteins related to the cell survival and apoptosis were investigated by
immuno�uorescence, western blotting and RT-PCR techniques after behavioral experiments. Melatonin
produced delayed neurological recovery by improving motor coordination, which was also re�ected by
enhanced neuronal survival and reduced apoptosis in the post-acute phase of stroke in both contralateral
and ipsilateral hemispheres. The increase of NGF, Nrp1, c-jun; activation of AKT; and dephosphorylation
of ERK and JNK at the 55th day showed that cell survival and apoptosis signaling molecules compete to
contribute to the remodeling of brain. Furthermore, an increase in the CREB and Atf-1 expressions
suggested the melatonin's strong reformative effect on neuronal regeneration. The contralateral
hemisphere was more active at the latter stages of the molecular and functional regeneration which
provides a further proof of principle about melatonin's action on the promotion of brain plasticity and
recovery after stroke.

Introduction
Melatonin (N-acetyl-5-methoxytryptamine) is a powerful neuroprotectant due to its anti-apoptotic [1], anti-
in�ammatory [2], antioxidative [3], and analgesic properties [4]. Therefore, previous investigations have
shown that melatonin may be a bene�cial molecule against neurodegenerative diseases [5, 6] and
cognitive disorders [7, 8]. Studies have also indicated that melatonin protects the brain against focal
cerebral ischemia in rodents [9–13]. It is thought that the protective and regenerative effects of melatonin
may be due to its antioxidant functions and strong activation of pro-survival signaling pathways [14, 15].

Melatonin has been widely known to reduce programmed cell death with its antioxidant properties [16,
17]. In addition, melatonin protects the survival and differentiation of cerebellar neurons [18]. The anti-
apoptotic effect of pharmacological melatonin treatments has also been shown in vivo, especially in our
previous studies [14, 19–22]. Besides its prophylactic effects, we have determined that treatment with
melatonin 24 hours after stroke shows acute neuroprotective effects. To make melatonin more suitable
for clinical use, we have examined its cooperative interaction with memantine, which has found usage in
Alzheimer’s disease and epilepsy treatment and inhibits overexpression of NMDA receptor, and a
thrombolytic recombinant tissue plasminogen activator (rt-PA) that has a role in brain ischemia
pathophysiology [23]. In addition to these studies, we also noted that melatonin shows its neuroprotective
effects through a mechanism independent of its membrane receptors because in the absence of MT1
and MT2 no unfavorable effect of melatonin was found on ischemic brain injury [24].
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While melatonin’s bene�cial effects have been documented in many studies, no study has veri�ed the
restorative effects of delayed melatonin treatment to enhance the cellular survival signaling pathways to
improve functional outcomes during the stroke recovery period. In one of our previous studies, we noted
that melatonin enhanced neurogenesis with functional recovery, even when applied 1 day after stroke for
29 days [25]. In the present study, we examined how melatonin in�uences cell survival and apoptosis
rather than neurogenesis when administered intraperitoneally starting later (3 days after 30 min of middle
cerebral artery occlusion), for a longer exposure time (45 days) in the post-acute ischemic brain.

Materials And Methods

Animal groups
Two groups of male C57BL/6 mice (21–25 g) with a total number of 52, that underwent 30-min of left-
sided middle cerebral artery occlusion (MCAO) only or MCAO plus melatonin were sacri�ced at four
different post-ischemic times (3, 14, 30, and 55 days) (n = 6–10 animals/group). No randomization was
performed to allocate subjects in the study and no sample calculation was performed before the
experiment.

All procedures were approved by the Animal Care and Use Committee of Yeditepe University (06/09/2011 
− 206) and complied with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory
Animals.

Induction of ischemia
The 30-min stroke model which causes apoptotic cell death in the striatum was achieved by left MCAO
under anesthesia as described previously [25]. Focal ischemia was induced using an intraluminal
�lament technique by ligating the left common and external carotid arteries. After 30-min, the coated
thread was withdrawn to initiate reperfusion and animals were placed into their home cages [26]. The
cerebral blood �ow was recorded by laser Doppler �ow (LDF).

Application of intraperitoneal melatonin
To evaluate the regenerative/restorative effect of melatonin rather than its neuroprotective effect,
melatonin treatment was started three days after surgery because this time is accepted that acute
pathophysiological changes are completed [25, 27, 28]. At 72 h post-ischemia, mini-osmotic pumps (Alzet
2006, USA) �lled with 10% ethanol (vehicle) or melatonin (4 mg/kg/day) [24] were implanted
intraperitoneally for 45 days.

Behavioral test
The grip strength test consists of a spring balance coupled with a Newtonmeter (Medio-Line Spring Scale,
metric, 300 g, Pesola AG, Switzerland) that is attached to a triangular steel wire, which the animal
instinctively grasps. When pulled by the tail, the animal exerts force on the steel wire [25]. Grip strength
was evaluated at the right paretic forepaw; the left non-paretic forepaw being wrapped with adhesive
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tape. Grip strength was evaluated �ve times in each test, for which mean values were calculated. From
these data, percentage values (post-ischemic versus pre-ischemic) were computed.

The rotarod consists of an accelerating drum, which allows the assessment of motor coordination skills.
The time at which the animal falls off the drum is evaluated. Measurements were performed �ve times
and their mean values were computed, from which percentage values (post-ischemic versus pre-
ischemic) were calculated by a blind observer.

Conventional histochemical studies
Ten days after behavioral experiments, animals were decapitated and their brain tissue were cut on a
cryostat into 20 µm coronal sections from the level of the bregma [26]. To observe ischemic hemisphere
cresyl violet staining was performed. After that, three consecutive sections from each animal were �xed in
4% paraformaldehyde and pretreated for antigen retrieval with citrate buffer. After blocking with 10%
normal goat serum brain sections were incubated overnight with monoclonal mouse anti-NeuN antibody
(Chemicon, USA) that was detected with Cy3-conjugated secondary antibody (Jackson ImmunoResearch,
UK). Sections counterstained with 4’-6-diamidino-2-phenylindole (DAPI) were evaluated under a
�uorescence microscope (Olympus BX41, UK). Surviving neurons were analyzed in a blinded way by
counting the numbers of cells/pro�les in six regions of interest (ROIs) (62500 µm2 each) per striatum.
Then percentage of NeuN positive cells were analyzed by calculating the ratio of cells in ipsilesional
striatum to contralesional one [29, 30].

For detection ofDNA fragmentation, TUNEL staining was performed to �xed coronal sections [31]. Brie�y,
after labeling with terminal deoxynucleotidyl transferase mix (Roche, Switzerland), sections were stained
with streptavidin-FITC, counterstained with DAPI and evaluated by counting DNA fragmented cells in nine
ROIs (62500 µm2 each) in the whole ischemic striatum under a �uorescence microscope by a blind
observer [29].

Gene expression studies
After trans-cardiac perfusion with PBS, the samples of the striatum and prefrontal cortex both ipsilateral
and contralateral to the stroke were collected and homogenized to isolate total RNA with TRIzol and
PureLink RNA mini kit (Thermo Fischer Scienti�c, USA) (n = 6–10 animals/group). After determination of
the isolated RNA amount by Qubit �uorometry, complementary DNA was synthesized (Applied
Biosystems, USA) and real time polymerase chain reaction (RT-PCR) was performed with the appropriate
thermal cycles in a Fast RT-PCR system (Applied Biosystems, USA) for seven different genes that are
usually studied in brain ischemia [32–34] together with two housekeeping genes, glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and 18S rRNA. The studied genes were neuropilin-1 (Nrp1), cyclin-
dependent kinase inhibitor 1A (Cdkn1a), nerve growth factor (NGF), insulin growth factor-1 (IGF1), jun
proto-oncogene (c-jun), phosphatase and tensin homolog (PTEN), and caspase 3 (Casp3) as cell survival
genes. Gene cards were analyzed using the threshold cycle (CT) relative quanti�cation method according
to the mean values of triplicate analysis within each group.
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Protein expression studies with western blot analysis
Striatal samples were homogenized with lysis buffer (1 M Tris-HCl, 5 M NaCl, Triton-X-100, 0.5 M EDTA,
protease inhibitor cocktail (#20–201, Millipore) and centrifuged at 4 °C. The collected supernatants that
were pooled (n = 6–10 animals/group) were used for sodium dodecylsulfate-polyacrylamide gel
electrophoresis [27]. Equal amounts of protein which were determined with Qubit Fluorometer 2.0
(#Q32866; Invitrogen) were diluted in sample buffer, boiled, and loaded onto 4–12% Bis-Tris
polyacrylamide gels (#NP0321BOX; Invitrogen). Proteins were transferred onto PVDF membranes with gel
transfer system (Thermo Fischer Scienti�c, USA). Membranes were incubated in blocking solution and
immersed with primary antibodies: phospho-Akt (Cell Signaling Technology, USA), Akt (LifeSpan Bio,
USA), phospho-p44/42 (ERK) (Cell Signaling Technology, USA), p44/42 (ERK) (Cell Signaling Technology,
USA), phospho-SAPK/JNK (Cell Signaling Technology, USA), SAPK/JNK (Cell Signaling Technology, USA),
CREB (Millipore, USA), p38 (Millipore, USA), and p53 (Cell Signaling Technology, USA) each diluted in 5%
milk powder in 0.1% Tween 20/0.1 M Tris buffer. Then, membranes were incubated in peroxidase-coupled
secondary antibodies they detected with the Fusion FX7 system (Vilber Lourmat, France). Protein loading
was controlled with a monoclonal mouse antibody against β-actin (Cell Signaling Technology, USA) in the
same membrane after using stripping buffer. Blots were performed at least three times. Protein levels
were analyzed densitometrically using ImageJ (National Institute of Health, USA).

Data analysis and statistics
All values are given as mean ± S.D. For gene expression studies, ΔCt values are used for statistical
analysis. In the behavioral tests, repeated measures of ANOVA were applied. One-way ANOVA followed by
the Tukey HSD post-hoc tests or by the unpaired two-tailed t-test were used for statistical analysis of
immuno�uorescence data. Lastly, Western blot data was analyzed by 3-way ANOVA using day, group and
the hemisphere of brain as independent variable (SPSS 18.0, Germany). p ≤ 0.05 was accepted as
statistically signi�cant.

Results
To observe the induction of ischemia, LDF recordings were performed and a decrease of LDF during
intraluminal MCA thread occlusion and an increase in the LDF value during reperfusion were noted
(Fig. 1A). In addition, cresyl violet stained sections were used to observe the ischemic hemisphere
(Fig. 1A). According to the repeated measure of ANOVA, there was a signi�cant day effect in the motor
coordination (F = 11.617, p < 0.001) and grip strength test (F = 53.499, p < 0.001). Signi�cant reductions in
motor force and coordination skills were noticed in animals subjected to 30-min of MCAO. At the third day
of ischemia, there was a decline in the grip strength test in both groups compared to pre-ischemic values
while there was no signi�cant difference between-groups. In the following days, melatonin treatment
ameliorated grip strength of animals producing a signi�cant increase at day 45 compared to the control
group (p < 0.05) (Fig. 1B). Motor coordination of animals receiving melatonin increased in the post-
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ischemic period reaching statistically signi�cant values at day 45 compared to vehicle-treated ischemic
animals’ performance approaching to the baseline levels (p < 0.05) (Fig. 1C).

To assess how melatonin affects neuronal survival, immunohistochemistry against the neuronal marker
NeuN was analyzed. Following 14 days after induction of ischemia, the percentage of surviving neurons
in the ipsilateral hemisphere (IH) to the contralateral hemisphere (CH) continuously declined. After that
period, a slow increase in neuronal survival was observed. Notably, this increase in neuronal survival was
dramatically higher in mice receiving melatonin at day 55 (p < 0.05) (Fig. 2). The number of TUNEL-
positive cells in the ischemic striatum, as revealed by TUNEL staining, was signi�cantly reduced at the
14th day and at the 55th day in melatonin-treated animals compared with vehicle-treated controls
according to the unpaired two-tailed t-test (Fig. 3).

The expression of Cdkn1a-p21, and IGF1 genes was signi�cantly increased in the ipsilateral prefrontal
cortex but signi�cantly decreased in the contralateral striatum by melatonin treatment at the 3rd day of
ischemia. In addition, an increase in the expression of IGF1 in the ipsilateral striatum and NGF in the
contralateral striatum was observed that 55th day. At the 14th day, melatonin administration signi�cantly
reduced the expression of Nrp1 and IGF1 in ipsilateral striatum but increased IGF1expression levels in the
contralateral prefrontal cortex. The observed change in the expression of the Cdkn1a gene at the 3rd day
was also observed at the 14th day of ischemia. Indeed, a higher expression level was observed for the
PTEN gene in both the contralateral and ipsilateral striatum at the 14th day of ischemia. At the 30th day
of ischemia, melatonin treatment signi�cantly reduced the expression of c-jun in both the cortex and
striatum of the IH. In the CH, only the expression of IGF1 in the striatum was noted upon melatonin
consumption at the 30th day of ischemia. Interestingly, the expression of the genes related to cell survival
(Nrp1, NGF, c-jun, PTEN, and Casp3) signi�cantly increased in the contralateral striatum, while their
expression except that of Casp3, signi�cantly decreased in the contralateral prefrontal cortex with
melatonin administration at the 55th day of ischemia. In addition, at the 55th day, the expression of c-jun
and PTEN signi�cantly decreased in the ipsilateral striatum (Fig. 4).

The concentrations of proteins related to cell survival (AKT/ERK/JNK pathway) were signi�cantly altered
with melatonin therapy (Fig. 5A). There was a day (F = 670.24, p ≤ 0.001), treatment (F = 24.34, p ≤ 
0.001), and brain hemisphere (IH vs CH) (F = 14.26, p = 0.001) effect in the phosphorylation of AKT. The
post-hoc test showed that the ratio of phosphorylated AKT to total AKT in the CH was signi�cantly
downregulated at day 3 (p ≤ 0.001). However, at day 55, melatonin treatment signi�cantly increased the
pAKT/AKT ratio in the CH compared to control animals (p = 0.044) (Fig. 5B). In addition, there was a day
(F = 47.47, p ≤ 0.001), and brain hemisphere (IH vs CH) (F = 185.47, p < 0.001) effect in the
phosphorylation of ERK-1. However, the treatment effect was insigni�cant (F = 0.30, p = 0.590). ERK-1
phosphorylation was upregulated at day 30 and downregulated at day 3 in the CH upon melatonin
administration (Fig. 5C). On the other hand, a signi�cant day (F = 52.91, p < 0.001), brain region (F = 
353.31, p < 0.001) and treatment effect (F = 60.49, p < 0.001) were observed on the phosphorylation of
ERK-2. In the CH, a signi�cant decrease in the ERK2 phosphorylation due to melatonin administration was
observed at the 3rd and 30th days (Fig. 5D). In addition, JNK phosphorylation was also affected by
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recovery time (F = 108.08, p < 0.001 for JNK-1 and F = 26.59, p < 0.001 for JNK-2) and melatonin
administration (F = 5.67, p = 0.023 for JNK-1 and F = 6.09, p = 0.019 for JNK-2). While there was no region
effect in the JNK-1 expression, the region effect on the JNK-2 expression was signi�cant (F = 41.46, p < 
0.001). The expression of phosphorylated JNK-1 was signi�cantly higher upon melatonin administration
both in the IH and CH at the 14th day compared to control subjects (Fig. 5E). In the CH, the expression of
phosphorylated JNK-1 was signi�cantly decreased at both the 3rd and 55th days (Fig. 5E). Furthermore,
the phosphorylation of JNK-2 was signi�cantly upregulated at the 14th and 30th days in the IH and was
signi�cantly downregulated at the 3rd, 14th, and 55th days in the CH (Fig. 5F).

Melatonin treatment affected the cell cycle regulators to control cell proliferation and cellular
transcription factors (Fig. 6A). Melatonin administration signi�cantly reduced the expression of
phosphorylated p38 at days 3, 14, and 30 in both IH and CH (Fig. 6B). Furthermore, in the IH, p53
expression was reduced at the 3rd and 14th days upon melatonin treatment. At days 30 and 55, p53
signi�cantly increased in the melatonin-administered mice. In the CH, p53 expression was signi�cantly
lower at the 3rd day (Fig. 6C).

According to 3-way ANOVA, there was a signi�cant day (F = 54.13, p < 0.001, F = 63.01, p < 0.001,
respectively), region (F = 8.82, p = 0.006, F = 40.66, p < 0.001, respectively), and treatment (F = 11.07, p = 
0.002, F = 73.81, p < 0.001, respectively) effects on the expression of CREB and Atf-1 proteins. These blots
revealed that CREB protein was signi�cantly decreased at the 3rd day and increased at the 30th and 55th
days in the IH. In the CH, the concentration of CREB was signi�cantly lower at days 3, 14 and 30 and
signi�cantly higher at the 55th day in melatonin-treated mice (Fig. 6D). Atf-1 expression in the melatonin
group was signi�cantly reduced at the 3rd day in the CH and signi�cantly increased at the 30th and 55th
days in the IH and at the 14th and 55th days in the CH (Fig. 6E).

Discussion
To promote recovery in stroke patients, it has been a major challenge to develop effective therapeutics for
inhibiting apoptosis and increasing cell survival after the latent period of brain ischemia. Previous studies
showed that melatonin promotes neurological recovery beyond the acute stroke phase, and it may open
new perspectives for post-acute therapies [10, 34]. Herein, we have shown that post-acute delivery of
melatonin, initiated as late as 72 h after focal cerebral ischemia, promotes neurological recovery in mice
submitted to transient intraluminal MCAO by mechanisms involving cell survival and apoptosis.

A continued loss of surviving neurons takes place in the ipsilesional striatum of vehicle-treated mice
submitted to transient intraluminal MCAO, which was reduced by melatonin in our study. The
amelioration of the number of lost neurons in the ischemic hemisphere (IH) reached a noteworthy level at
the 55th day of melatonin administration suggesting that melatonin protected the brain against delayed
neuronal death at the post-ischemic period. Our observations are in line with previous studies [28, 35],
which reported an increase in the ipsilesional striatum in ischemic mice that was antagonized by some
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neuroprotective molecules for stroke treatment, such as adult neural precursor cells and erythropoietin, in
the latter stages of the post-ischemic period.

The effect of melatonin on surviving neurons during the post-ischemic period was also observed in the
genes related to cell survival. The increase in expression of NGF mRNA by melatonin at the 3rd and 55th
days in the contralateral striatum may suggest the neuroprotective activity of melatonin by induction of
NGF in both acute and post-acute stroke recovery in the IH after validation with protein levels. NGF has a
role in stroke recovery due to its reducing effect on the occurrence of delayed neuronal death by
regeneration of dendrites of affected neurons [36, 37] or induction of anti-apoptotic Bcl-2 protein
expression and inhibition of pro-apoptotic Bax protein expression [38]. In a previous study, it was found
that CREB protein, a cell survival promoter, is involved in the neuroprotective mechanisms of NGF during
brain ischemia [39]. Parallel to the gene expression level of NGF increase at the latter stages of ischemia
(day 55), CREB/Atf-1 expression increased in both the contralateral hemisphere (CH) and IH by melatonin.
The phosphorylation of CREB activates the immediate early genes for the regeneration processes. For
that reason, the increase in the expression of CREB/Atf-1 during the post-acute period of stroke recovery
proved melatonin's strong reformative effect on neuronal regeneration through the activation of the
PI3K/Akt pathway to phosphorylate CREB [40]. Concurrently, we observed that melatonin increased Akt
activation on the 55th day in the CH as observed by other investigators in the acute phase of stroke
recovery [22, 41]. Like the Akt pathway, the ERK-1/2 pathway has been implicated in the neuroprotective
effects of melatonin as observed in other growth factors [11, 42]. ERK-1/2 acts as a transcriptional
regulator activating downstream targets acting as cell death executioners in injured neurons [43] whereas
Akt stabilizes mitochondrial function by phosphorylating Bad which then releases Bcl-XL inside
mitochondria for cell survival [44]. In addition, the SAPK/JNK1-2 pathway regulates cell survival,
apoptosis and proliferation. According to our results, suppression of JNK and activation of AKT points
the studies in the post-ischemic brain which showed that the level of activated ERK1/2 and JNKs is
reported to rapidly increase [45, 46], and inhibition of ERK1/2 or JNKs suppresses neuronal injury after
transient or permanent MCAO in the rat [47, 48]. Therefore, melatonin provides a neuroprotective effect
against the detrimental role of ERK1/2 and JNK1/2 signaling by suppressing them during post-acute
ischemic periods. In addition, the phosphatase PTEN, a tumor suppressor gene, controls the
phosphorylation and activation of the survival kinases Akt and ERK1/2 by deactivating these pathways
via downstream effectors [49, 50]. The decrease in the PTEN mRNA in the ipsilateral striatum at the 55th
day by melatonin may suggest nerve regeneration as noted previously [51, 52]. Furthermore, reports have
shown several molecules that inhibit the activation of p38/MAPK to improve the outcome of ischemic
brain injury by downregulating apoptosis signaling [24, 53, 54]. Herein, the expression of p38 decreased
with melatonin at the �rst 30 post-ischemic days in both hemispheres, suggesting the inactivation of pro-
apoptotic transcription factors and immediate early genes mediating apoptosis [24, 55, 56]. Another
growth factor IGF1, whose expression is bene�cial for stroke recovery [57], increased in the IH at the acute
phase of stroke and in the CH at the latter stages of stroke upon melatonin administration. Induction of
growth factor expression and neurogenesis by melatonin might be a positive adaptation for e�cient
repair and plasticity in the event of an ischemic insult.
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Short ischemic episodes, as induced by MCAO of less than one hour may cause disseminated neuronal
injury via activation of apoptotic programs [27]. A delayed neuroprotective effect of melatonin was also
observed in the form of inhibition of apoptotic cell injury, evidenced by the level of DNA fragmentation at
the 14th and 55th days. In addition, the expression of Nrp1 gene, encoding a receptor for a chemo-
repulsive axon guidance factor (Sema3A) was signi�cantly altered by melatonin. The Nrp1/Sema3A
complex repels regenerating axons from entering the damaged territory and ultimately causing neuronal
death during brain reperfusion following ischemia [58, 59]. The decrease in the expression of the Nrp1
gene in the IH at the 14th day with melatonin may be a neuroprotective strategy to block the
Nrp1/Sema3A interaction, decreasing the severity of neuronal death and enhancing neuronal
survival/regeneration in ischemic brains. However, we observed a dramatic increase in the expression of
Nrp1 in the contralateral striatum at the 55th day with melatonin. As we measured a decrease in
apoptotic death by TUNEL staining during that period, these �ndings suggest that the increase in Nrp1
mRNA expression in the contralateral striatum is insu�cient to induce neuronal death possibly because
of untranslated mRNA molecules. However, a previous study showed that an alternative neuropilin ligand
VEGF164, which competes Sema3A, promotes the survival of migrating neurons by coactivating the ERK
and AKT signaling pathways through Nrp1 [60]. Further experiments are necessary to validate these
results.

The Cdkn1a gene encodes the p21 protein which regulates cell cycle progression at G1 by binding and
inhibiting the activity of Cdk2 [61]. The increased mRNA expression of Cdkn1a in the ipsilateral cortex
and decreased expression in the contralateral striatum by melatonin suggested its strength in the
regeneration of damaged tissue at the latter stages of recovery. The expression of p21 is tightly
controlled by the tumor suppressor protein p53 [62] which plays a role in cell cycle arrest to induce
apoptosis when DNA damage occurs. Melatonin decreased the expression of p53 in the �rst 14 days in
the IH to compensate for rapid cell death in that period. We also investigated the expression of the c-jun
gene which is activated through double phosphorylation by the JNK pathway. In the IH, the expression of
c-jun mRNA decreased at the 30th and 55th days, which may suggest an increase in apoptosis at the
latter stages because the decrease in c-jun expression can be related to the increase in p53 expression
and those cells exhibit cell cycle defects. One of the functions of cell cycle arrest proteins is activating
DNA repair proteins when DNA has sustained damage. Therefore, the increased p53 protein concentration
in the latter stages of post-ischemia suggests melatonin's restorative effect on the damaged neurons.
Moreover, the cleavage of p21 protein by caspases leads to abolishment of its interaction with
proliferation cell nuclear antigen, resulting in interference with DNA repair and execution of apoptosis
following caspase activation [63, 64]. The expression of the Casp3 gene was increased by melatonin, but
the expression of this gene decreased at the 14th day in the IH upon melatonin administration as seen in
previous studies [10, 31, 65]. Taguchi et al. [66] proposed that secondary neurodegeneration in the vicinity
of the lesion may be relevant for stroke recovery. Therefore, the increase in apoptosis at the 55th day
without DNA fragmentation may be necessary for reorganization of the regenerating neurons in the IH.

In summary, we observed that delayed-melatonin administration has a role in the reorganization of the
brain by increasing cell survival and inhibiting apoptosis both near and far from the stroke lesion as an
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acute therapy, while the mechanisms of cell survival and apoptosis compete with each other in the post-
acute therapy to effect functional recovery in the post-ischemic period. In particular, the contralateral
hemisphere is more active at the latter stages of the regeneration period in terms of molecular and
functional recovery (Fig. 7).
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Figure 1

A) A representative laser Doppler �ow (LDF) recordings during and after 30 min of intraluminal middle
cerebral artery (MCA) occlusion and a representative cresyl violet stained section (at the 3rd day) showing
ipsilateral and contralateral hemispheres in a mice. B) Delivery of melatonin from day 3 to day 45 of post-
ischemia at 4 mg/kg/day promotes post-ischemic neurological recovery obtained from coordination
skills evaluated by RotaRod tests. Data are mean values ± S.D. *p<0.05 compared with vehicle-treated
ischemic mice. n=6 for vehicle group, n=7 for melatonin group. PO = Post-Operation.
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Figure 2

Delivery of melatonin increases post-ischemic neuronal survival which was obtained by
immuno�uorescence of NeuN (red) positive cells (DAPI (blue) for nuclear staining in ischemic mice
treated with vehicle or melatonin (4 mg/kg/day) starting at 3-day post-ischemia. Data are mean values ± 
SD. *p<0.05 compared with vehicle-treated ischemic mice. PO = Post-Operation. n=6 for vehicle group,
n=7 for melatonin group. Scale bar indicates 100 μm.
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Figure 3

Melatonin decreases disseminated cell death evaluated by terminal transferase biotinylated-dUTP nick
end labelling (TUNEL; green �uorescence). Representative microphotographs for TUNEL staining showing
DNA-fragmented cells in the striatum are also presented. Data are mean values ± SD. *p<0.05 compared
with vehicle-treated ischemic mice. PO = Post-Operation. n=6 for vehicle group, n=7 for melatonin group.
Scale bar indicates 50 μm.
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Figure 4

Temporospatial analysis of expression of genes related cell survival and apoptosis in the ipsilateral and
contralateral hemisphere by semi-quantitative RT-PCR analysis in the striatum and cortex at days 3, 14,
30, and 55 post-ischemia. Asterisk (*) shows 2 or more of fold change compared to ischemic control
group. n=6 for vehicle group, n=7 for melatonin group

Figure 5

Delayed-melatonin delivery stimulates post-ischemic cell survival and apoptosis Western blots (A) with
protein lysates of ipsilateral and contralateral ischemic brains of control and melatonin treated mice to
determine the levels of phosphorylated proteins (B) AKT, (C) ERK-1, (D) ERK-2, (E) JNK-1, and (F) JNK-2 at
days 3, 14, 30, and 55 post-ischemia. Data are mean values ± SD. *p < 0.05 compared with ischemic
vehicle. n=6 for vehicle group, n=7 for melatonin group
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Figure 6

Delayed-melatonin delivery stimulates post-ischemic cell survival and apoptosis Western blots (A) with
protein lysates of ipsilateral and contralateral ischemic brains of control and melatonin treated mice to
determine the levels of phosphorylated proteins (B) AKT, (C) ERK-1, (D) ERK-2, (E) JNK-1, and (F) JNK-2 at
days 3, 14, 30, and 55 post-ischemia. Data are mean values ± SD. *p < 0.05 compared with ischemic
vehicle. n=6 for vehicle group, n=7 for melatonin group
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Figure 7

Delayed-melatonin delivery regulates of Akt and MAPK signaling pathways at the 55th day of delayed-
melatonin treatments following ischemic-stroke. In the ipsilateral hemisphere, delayed-melatonin
administration activates JNK to stimulate CREB and Atf-1 and inhibit p53 for decreasing apoptosis and
increasing cell survival. To support the alterations in the ipsilateral hemisphere, in the contralateral
hemisphere, delayed-melatonin administration activates AKT signaling to stimulate CREB-dependent
expressions of genes-related cell survival and apoptosis. In addition, in the contralateral hemisphere,
melatonin administration inhibits MAPK (ERK and JNK) signaling pathway to protect further neuronal
injury.
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