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Abstract

Loss of motoneurons may underlie some of the deficits in motor function associated with CNS
injuries and diseases. We tested whether melatonin, a potent antioxidant and free radical
scavenger, would prevent motoneuron apoptosis following exposure to toxins and whether this
neuroprotection is mediated by melatonin receptors. Exposure of VSC4.1 motoneurons to either
50 μM H2O2, 25 μM glutamate (LGA), or 50 ng/ml tumor necrosis factor-alpha (TNF-α) for 24 h
caused significant increases in apoptosis, as determined by Wright staining and ApopTag assay.
Analyses of mRNA and proteins showed increased expression and activities of stress kinases and
cysteine proteases and loss of mitochondrial membrane potential during apoptosis. These insults
also caused increases in intracellular free [Ca2+] and activities of calpain and caspases. Cells
exposed to stress stimuli for 15 min were then treated with 200 nM melatonin. Post-treatment of
cells with melatonin attenuated production of reactive oxygen species (ROS) and phosphorylation
of p38, MAPK, and JNK1, prevented cell death, and maintained whole-cell membrane potential,
indicating functional neuroprotection. Melatonin receptors (MT1 and MT2) were upregulated
following treatment with melatonin. To confirm the involvement of MT1 and MT2 in providing
neuroprotection, cells were post-treated (20 min) with 10 μM luzindole (melatonin receptor
antagonist). Luzindole significantly attenuated melatonin-induced neuroprotection, suggesting that
melatonin worked, at least in part, via its receptors to prevent VSC4.1 motoneuron apoptosis.
Results suggest that neuroprotection rendered by melatonin to motoneurons is receptor mediated
and melatonin may be an effective neuroprotective agent to attenuate motoneuron death in CNS
injuries and diseases.
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Introduction

Melatonin (N-acetyl-5-methoxytryptamine), a secretory product of the pineal gland,
possesses a wide spectrum of biological effects and has been detected in many tissues [1–5].
It is highly lipophilic, which allows it to cross cell membranes easily and to reach all
subcellular compartments, including mitochondria [3–5]. Melatonin reduces oxidative stress
through its free radical scavenging effect and by indirectly increasing antioxidant enzyme
activity [6]. With respect to its therapeutic potential, melatonin modulates the immune
response [7,8], possesses anti-proliferative effects on tumor cells [8,10], and displays
cytoprotective properties in normal cells [11–13].

Melatonin prevents neuronal cell death in a large number of neurodegeneration models [12–
16]. Melatonin has low toxicity, even at very high concentrations [17]. The cytoprotective
effect of melatonin is especially interesting for three major reasons. Melatonin easily crosses
the blood-brain-barrier [18] allowing it to be administered either orally or intravenously. In
addition, the fall in nocturnal melatonin blood level that is accentuated with increasing age
parallels quite closely the appearance of chronic neurodegenerative disorders suggesting that
the lack of melatonin in the elderly may contribute to the appearance of these diseases [19].
And finally, patients treated with high doses of melatonin do not experience any harmful
side effects [20]. On the basis of these findings, melatonin has been proposed as a possible
preventive treatment against neurodegenerative disorders.

The mechanisms involved in the neuroprotection provided by melatonin, however, remain
unknown. The wide range of potential signal transducers, as well as the fact that it has non-
receptor-mediated actions, accounts for the wide spectrum of melatonin’s biological effects.
Melatonin has at least two pertussis toxin-sensitive G-coupled membrane receptors, MT1
and MT2. Melatonin is also an antagonist of the Ca2+-calmodulin complex (CaCaM) [21]
and has both direct and indirect antioxidant properties [12,22]. Melatonin regulates the
activation of several transcription factors (e.g., NF-κB, AP-1) [23,24] and activates ROR/
RZR nuclear orphan receptor [25]. Moreover, binding sites for melatonin may exist in
mitochondria [26,27] where it activates mitochondrial complexes I and IV. It also seems to
bind to inactivate the mitochondrial permeability transition pore, thus preventing
cytochrome c release and excitotoxic NMDA-induced cell death in cultures of striatal
neurons [28]. Finally, a third type of melatonin receptor (MT3), which is cytosolic [29], has
been identified in amphibia and birds, but its role in signal transduction is still unclear.
However, MT3 sites, which lead to phosphatidylinositol turnover, can simultaneously
function as quinone reductase 2.

Melatonin protects neuronal cells from injury through signal transduction pathways by the
activation of the PI3-K/Akt survival pathway [30–32]. Although previous studies have
demonstrated the neuroprotective effects of melatonin, its mechanisms have not been clearly
elucidated. Oxidative stress, glutamate-induced excitotoxicity, and tumor necrosis factor-α
(TNF-α)-induced cytotoxicity have been suggested to play a key role in most forms of
neurodegeneration, including ischemic brain damage, trauma, Alzheimer’s disease,
alcoholic degeneration, and other diseases [33].

In this report, we studied the intracellular pathways involved in neuroprotection provided by
melatonin against oxidative stress, glutamate excitotoxicity, and TNF-α toxicity in the
VSC4.1 motoneuron cell line. Our findings indicate that the neuroprotection rendered by
melatonin is mediated via its membrane receptors.
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Materials and methods

Cell culture

Ventral spinal cord 4.1 (VSC4.1) motoneurons were grown in a monolayer to subconfluence
in 75-cm2 flasks containing 10 ml of DMEM/F12 medium with 15 mM HEPES, pyridoxine,
and NaHCO3 (Sigma, St. Louis, MO), supplemented with 2% Sato’s components, 1%
penicillin, streptomycin (Gibco-Invitrogen, Grand Island, NY), and 2% heat-inactivated fetal
bovine serum (Hyclone, Logan, UT). Optimal doses of H2O2, glutamate, TNF-α (Sigma)
and melatonin (Sigma) were determined for VSC4.1 cells. Cells were treated with 50 μM
H2O2, 25 μM glutamate (LGA), and 50 ng/ml TNF-α alone and with 15 min 50 μM H2O2,
25 μM glutamate (LGA), and 50 ng/ml TNF-α treatment followed by post-treatment with
either melatonin (100 nM) or melatonin + luzindole (10 μM) (Sigma). Cells were grown in
an incubator at 37°C with 5% CO2 and full humidity. Cells were collected after 24 h
treatments.

Trypan blue dye exclusion test for residual cell viability after treatments

Following H2O2, LGA, TNF-α, melatonin, luzindole, and melatonin + luzindole treatments,
the viability of attached and detached cell populations was estimated by trypan blue dye
exclusion test. Viable cells did not take up trypan blue and maintained membrane integrity.
Dead cells with compromised cell membranes took up trypan blue. At least 500 cells were
counted in 4 different fields. The percentage of residual cell viability was calculated using
the following formula: percentage of residual cell viability = [number of trypan blue
negative cells/(number of trypan blue positive cells + number of trypan blue negative cells)]
× 100.

Electrophysiological recordings for determination of whole-cell membrane potentials

Membrane potentials were recorded by the whole-cell patch-clamp electrophysiology using
an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA) in conjunction with
AxographX software (Sydney, NSW). VSC4.1 cells on 35-mm culture dishes were perfused
at room temperature with extracellular recording solution containing 135 mM NaCl, 5 mM
KCl, 1.8 mM CaCl2, 10 mM glucose, and 5 mM HEPES (pH adjusted to 7.2 with NaOH and
osmolarity to 325 mOsM with sucrose). Patch electrodes (2.5 – 4.0 mOhms) were filled with
an internal solution containing 150 mM KCl, 2.5 mM NaCl, 4 mM Mg-ATP, 2 mM Na-
ATP, 0.3 mM Na-GTP, 5 mM Na-phosphocreatine, 10 mM HEPES (pH adjusted to 7.4 with
NaOH and osmolarity to 310 mOsM with sucrose). The liquid junction potential was 4.1
mV and corrected for in all recordings. After seal formation and breakthrough in voltage-
clamp (holding potential -60 mV), the amplifier was switched to current-clamp mode with
zero holding current, and the resulting membrane potential was recorded.

Wright staining and ApopTag assay

Cells from each treatment were collected and washed with 1xPBS, pH 7.4, and sedimented
onto the microscopic slide and fixed [34–36]. The morphological (Wright staining) and
biochemical (ApopTag assay) features of apoptosis were examined, as described previously
[34]. After Wright staining and ApopTag assay, cells were counted under the light
microscope to determine percentage of apoptosis.

Fura-2 assay for determination of intracellular free [Ca2+]

The level of intracellular free [Ca2+] was measured using the fluorescence Ca2+ indicator
fura-2/AM, as described previously [34–36]. The value of Kd, a cell-specific constant, was
determined experimentally to be 0.164 μM for the VSC4.1 motoneurons cells, using
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standards of the Calcium Calibration Buffer Kit with Magnesium (Molecular Probes,
Eugene, OR).

Analysis of mRNA expression

Extraction of total RNA, reverse transcriptase-polymerase chain reaction (RT-PCR), and
agarose gel electrophoresis were performed, as described previously [35,36]. All primers
(Table 1) for the RT-PCR experiments were designed using Oligo software (National
Biosciences, Plymouth, MN). The level of GAPDH gene expression served as an internal
control.

Antibodies

Monoclonal antibody against β-actin (Sigma) was used to standardize cytosolic protein
loading on the SDS-PAGE. Anti-cytochrome c oxidase subunit IV (COX4) antibody
(Molecular Probes, Eugene, OR) was used to standardize the mitochondrial protein levels.
COX4 is a membrane protein in the inner mitochondrial membrane and it remains in the
mitochondria regardless of activation of apoptosis. Antibodies against α-spectrin (Affiniti,
Exeter, UK) and phospho-p38 MAPK (Promega, Madison, WI) were also used. Antibodies
against MT1 and MT2 were purchased from Santa Cruz Biotech (Santa Cruz, CA). All other
primary antibodies were purchased from Santa Cruz Biotech or Calbiochem (Gibbstown,
NG). Secondary antibodies were horseradish peroxidase-conjugated goat anti-mouse IgG
(ICN Biomedicals, Aurora, OH) and horseradish peroxidase-conjugated goat anti-rabbit IgG
(ICN Biomedicals, Solon, OH).

Western blotting

The isolation of cytosolic, mitochondrial, and nuclear fractions were performed by standard
procedures [34–36]. Western blotting was performed as described previously [34–36] and
was used to analyze cytochrome c in the supernatants and pellets and CAD in nuclear
fractions. The films were scanned using Photoshop software (Adobe Systems, Seattle, WA)
and optical density (OD) of each band was determined using Quantity One software (Bio-
Rad, Hercules, CA).

Detection of reactive oxygen species and mitochondrial membrane potential

The fluorescent probe 2′,7′-dichlorofluorescin diacetate (DCF-DA) was used for the
assessment of intracellular reactive oxgen species (ROS) production in VSC4.1 cells in
different treatment conditions, as described previously [36]. Briefly, cells were seeded
(2×105 cells/well) in 6-well culture plates. On the second day afterseeding, cells were treated
with different concentrations of H2O2, LGA, and TNF-α and with melatonin or melatonin +
luzindole. Cells were then incubated at 37°C for 30 to 1440 min. After each time point (30 –
1440 min), plates were washed twice with Hank’s balanced salt solution (GIBCO-BRL,
Grand Island, NY) and loaded with 1000 μl DMEM/F12 containing 5 μM of DCF-DA. The
fluorescence intensity was measured at 530 nm after excitation at 480 nm in Spectramax
Gemini XPS (Molecular Devices, Sunnyvale, CA) and the increase in fluorescence intensity
was used to assess the generation of net intracellular ROS.

Mitochondrial potential loss was measured by using fluorescent probe JC-1. Control and
treated cells were incubated in DMEM/F12 medium containing 5 μg/ml JC-1 during
treatment from 1 h to 24 h (60 min to 1440 min). After staining, the cultures were washed
twice with PBS (pH 7.4). When excited at 488 nm, the fluorescence emission of JC-1 was
measured at wavelengths corresponding to its monomer (530 ± 15 nm) and J aggregate

(>590 nm) forms. Fluorescencewas measured in a fluorescent plate reader (Molecular

Devices, Sunnyvale, CA)
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Colorimetric assays for the measurement of caspase-8, caspase-9, and caspase-3
activities

Caspase activities in cells were measured with commercially available caspase-8 (Abcam,
Cambridge, MA), caspase-9 (Abcam), and caspase-3 assay kits (Sigma). The colorimetric
assays were based on the hydrolysis of the Ac-IETD-pNA by caspase-8, Ac-LEHD-pNA by
caspase-9, and Ac-DEVD-pNA by caspase-3, resulting in the release of the p-nitroaniline
(pNA). Proteolytic reactions were carried out in extraction buffer containing 200 μg of
cytosolic protein extract and 40 μM Ac-IETD-pNA, 40 μM Ac-LEHD-pNA, or 40 μM Ac-
DEVD-pNA. The reaction mixtures were incubated at room temperature for 2 h and the
formation of pNA was measured at 405 nm in a colorimeter. The concentration of the pNA
released from the substrate was calculated from the absorbance values. Experiments were
performed in triplicate.

Statistical analysis

Results obtained from different treatments were analyzed using StatView software (Abacus
Concepts). Data are expressed as mean ± standard error of mean (SEM) of separate

experiments (n>3) and compared by one-way analysis of variance (ANOVA) followed by

Fisher’s post-hoc test. Significant difference between control (CTL) and H2O2, LGA, TNF-

α, or all luzindole treatments were indicated by * P≤0.05 or ** P≤0.01. Significant

difference between H2O2, LGA, or TNF-α treatments and melatonin post-treatment (15 min)

+ H2O2, LGA, or TNF-α was indicated by #P<0.05 or ## P<0.01. Significant difference

between control (CTL) and melatonin treatments were indicated by • P≤0.05 or •• P≤0.01.

Results

The viability of VSC4.1 motoneurons was evaluated under a light microscope using trypan

blue dye exclusion test (Fig. 1A). Melatonin at 15 min post-treatment of cells in the presence

of H2O2, or LGA, or TNF-α maintained cell viability (Fig. 1A). In order to determine

functional neuroprotection, whole-cell membrane potentials were recorded by patch-clamp

technique in VSC4.1 cells following all treatments (Fig. 1B). Cells treated with melatonin

and luzindole alone caused no significant difference in the membrane potentials compared

with control. A majority of H2O2, LGA, TNF-α, or melatonin + luzindole-treated cells

underwent cell death, and thus, membrane potentials could not be recorded. There was no

significant difference in membrane potentials between control cells and cells exposed to

H2O2, LGA, or TNF-α and then treated with melatonin (P = 0.768), indicating similar

electrophysiological function of these cells and efficacy of melatonin in preserving neuronal

functionality.

Morphological features of apoptosis were detected following Wright staining (Fig. 2A).

Apoptotic death was confirmed based on the characteristic morphological features such as

condensation of the nucleus and cytoplasm, cytoplasmic blebbing, and the formation of

apoptotic bodies. Results obtained from Wright staining were further supported by the

ApopTag assay (Fig. 2B). Both control and melatonin-treated cells showed little or no

brown color, confirming almost absence of ApopTag-positive cells or apoptosis. All

treatment groups were examined under the light microscopy and cells were counted to

determine the percentage of apoptotic cells (Fig. 2). Compared with control cells, cells

treated with 50 μM H2O2, 25 μM LGA, 50 ng/ml TNF-α, or (H2O2 or LGA, or TNF-α) +

melatonin + luzindole (a melatonin receptor antagonist) showed an increase (P < 0.05) in

(more than 50%) apoptotic cells (Fig. 2C). At 15 min post-treatment of cells with 150 nM

melatonin, there was a decrease in 50 μM H2O2, 25 μM LGA, and 50 ng/ml TNF-α-induced

apoptosis by 3 to 4-fold, compared with treatment of cells with 50 μM H2O2, 25 μM LGA,
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and 50 ng/ml TNF-α only. Therefore, melatonin receptor antagonist luzindole prevented
melatonin-mediated protection of cells.

To ascertain whether the VSC4.1 motoneurons used in these experiments expressed
melatonin receptors (MT1 and MT2) at the mRNA and protein levels, we performed RT-
PCR using rat specific primers (Table 1) and Western blotting using specific antibodies. We
examined mRNA expression of specific genes (Fig. 3A). When the RNA samples from cells
treated with 100 nM melatonin was processed without reverse transcription, no amplified
products were detected indicating RT-PCR specificity and the absence of DNA
contamination. The level of GAPDH gene expression served as an internal control. While
our results indicated the presence of MT1 and MT2 in VSC4.1 motoneurons, the mRNA
expression level of MT1 was greater in melatonin-treated cells (Fig. 3A, B). The level of
expression of MT2 was less than level of expression of MT1. We also detected higher
expression of MT1 at the mRNA level in melatonin only treated cells than post-treatment of
cells with melatonin (Fig. 3A, B). Cells treated with H2O2, LGA, or TNF-α alone and with
each in presence of melatonin + luzindole showed significantly reduced levels of MT1 (2-
fold at both mRNA and protein levels) and MT2 (1.5-fold at mRNA levels), compared with
untreated cells. Post-treatment with melatonin restored melatonin receptor MT1 expression
at protein level in cells exposed to H2O2, LGA, or TNF-α (Fig. 3C, D), while the expression
was decreased in the presence of melatonin receptor antagonist. No significant changes were
seen in MT2 expression at the protein levels in the presence or absence of melatonin or its
receptor antagonist.

To examine the possibility of ROS inhibition by melatonin, we measured fluorescence
intensity (as a measure of ROS production) resulting from the oxidation of
dichlorofluorescin (DCF) in VSC4.1 cells in a time-dependent manner. All cytotoxic agents
promoted the oxidation of DCF in VSC4.1 cells and melatonin completely blocked increases
in ROS production (Fig. 4A). The results demonstrated that melatonin acts as a potent
antioxidant by inhibiting ROS production. Since ROS could act as important signaling
molecules for activation of mitogen-activated protein kinases (MAPKs), we determined the
expression levels of 38 kD p-p38 MAPK and 46 kD p-JNK1 kinases. Our results showed
significant increases in p38 MAPK and JNK1 phosphorylation in VSC4.1 cells after
treatments with H2O2, LGA, or TNF-α (Fig. 4B, C). Melatonin completely blocked the
increases in phosphorylation of p38 MAPK (Fig. 4C) and JNK1, indicating the involvement
of ROS in triggering the generation of phosphorylated p38 MAPK and JNK1. There was no
change in p38 MAPK under above conditions. Also, treatment with luzindole significantly
decreased the ability of melatonin effect by increasing ROS production and activation of p38
MAPK and JNK1 kinases.

In order to investigate the effect of melatonin on extrinsic pathways of apoptosis, caspase-8
activation was examined in VSC4.1 cells. Our results showed significant increase in 18 kD
caspase-8 active bands in VSC4.1 cells treated with H2O2 (P = 0.023), LGA (P = 0.013), or
TNF-α (P = 0.001) (Fig. 5A). β-Actin expression was monitored to ensure that equal
amounts of protein were loaded in each lane. Caspase-8 activation induced the proteolytic
cleavage of Bid to tBid, which could translocate from cytosol to mitochondrial membrane to
stimulate more efficient oligomerization of Bax and thereby activation of the intrinsic
apoptotic pathway. The levels of tBid were determined in mitochondrial fraction by Western
blotting and were significantly increased in cells treated with cytotoxic agents. COX4 was
used as a mitochondrial internal control. We found melatonin completely blocked caspase-8
activation and proteolytic cleavage of Bid to tBid significantly in VSC4.1 cells treated with
H2O2, LGA, or TNF-α (Fig. 5A, B) and post-treatment with luzindole significantly
decreased the melatonin action. Caspase-8 activation was significantly increased in these
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cells following treatment with cytotoxic agents. Melatonin attenuated increase in caspase-8
activity and melatonin receptor antagonist reversed the melatonin effect (Fig. 5C).

Melatonin’s interference with the intrinsic pathway of apoptosis at the mitochondrial level
was examined. Treatment of cells with H2O2, LGA, or TNF-α increased Bax but decreased
Bcl-2 expression at mRNA and protein levels (Fig. 6A, B). The Bax:Bcl-2 ratio, as
determined by Western blotting, was significantly increased following treatments (Fig. 6C).
Cells treated with H2O2, LGA, or TNF-α showed a significant (P = 0.004) 3-fold increase in
the Bax:Bcl-2 ratio, compared with control cells (Fig. 6C). Examination of mRNA
expression by RT-PCR showed that treatment with H2O2, LGA, or TNF-α increased bax
levels and decreased bcl-2 levels while GAPDH levels remained uniform in all treatments
(Fig. 6A). We used a monoclonal antibody that recognized 21 kD Baxα and 24 kD Baxβ
isoforms and another antibody that detected 26 kD Bcl-2 on the Western blots. Treatment of
VSC4.1 motoneurons with H2O2, LGA, or TNF-α increased total Bax expression (Fig. 6B),
resulting an increase in Bax:Bcl-2 ratio (Fig. 6C) to promote mitochondrial release of pro-
apoptotic factors. Melatonin treatment significantly (P = 0.013) attenuated increase in
Bax:Bcl-2 ratio, compared with cells treated with cytotoxic agents. Also, there was no
significant difference between control cells and cells exposed to H2O2, LGA, or TNF-α and
then post-treated with melatonin (P = 0.411). Melatonin treatment alone did not significantly
alter the Bax:Bcl-2 ratio (P = 0.545).

Mitochondrial swelling is often associated with the loss of mitochondrial membrane
potential (Δψm), a phenomenon readily measured after staining with the mitochondrial dye
JC-1. As expected, control cells showed a high JC-1 ratio (590 nm/530 nm) after staining of
VSC 4.1 cells with JC-1. After H2O2, LGA, or TNF-α treatment, the mean red and green
fluorescence ratios of the mitochondria dropped slowly in a biphasic way, indicating that the
Δψm had collapsed during apoptosis (Fig. 6D). This loss of membrane potential was
associated with the disappearance of 15 kD cytochrome c from the mitochondrial fraction
and its subsequent appearance in the cytosolic fraction (Fig. 6E). The expression of COX4
as an internal control was monitored in mitochondrial fraction. The mitochondrial release of
cytochrome c into the cytosol could cause activation of caspase-9 (Fig. 6E, F). We detected
an increase in active 37 kD caspase-9 fragment in VSC4.1 cells following treatment with
H2O2, LGA, or TNF-α. The cytosolic fraction was used to examine β-actin expression to
ensure that equal amount of protein was loaded in each lane. Further, colorimetric assay
using a chromogenic synthetic substrate showed significant increase in caspase-9 activity in
VSC4.1 cells after treatment with H2O2, LGA, or TNF-α (Fig. 6G). Post-treatment of
melatonin significantly blocked mitochondrial potential by preventing mitochondrial release
of cytochrome c and subsequent inhibition of caspase-9 activation. Further, treatment with
luzindole significantly decreased the ability of melatonin action.

Intracellular free [Ca2+] was determined in all treatment groups using fura-2 assay (Fig. 7A).
Cells treated for 24 h with H2O2, LGA, or TNF-α demonstrated a significant increase, more
than 2–2.5 fold (P = 0.008), in intracellular [Ca2+] level when compared with control cells.
This increase was attenuated by 70% (P = 0.009) due to post-treatment with melatonin.
Furthermore, there was no significant difference (P = 0.387) between intracellular [Ca2+]
concentrations in control cells and cells treated with H2O2, LGA, or TNF-α plus melatonin
(Fig. 7). No significant difference (P = 0.611) was seen between control cells and cells
treated with melatonin alone. The increase in Ca2+ concentration suggests the possibility of
activation of the Ca2+-dependent protease calpain in course of cell death. Thus, the levels of
calpain (Fig. 7B, C) caspse-3 (Fig. 7B, C, D) expression and activation and also their roles
in apoptosis of VSC4.1 cells were determined. Calpain and caspase-3 were overexpressed in
cells treated with cytoxic agents (Fig. 7B, C). Degradation of 270 kD α-spectrin to 145 kD
spectrin breakdown product (SBDP) and 120 kD SBDP was taken as a measure of
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proteolytic activity of calpain and caspase-3, respectively. Cells treated with H2O2, LGA, or
TNF-α produced greater amount of 145 kD SBDP and 120 kD SBDP (Fig. 7B, C),
indicating increased activities of calpain and caspase-3, respectively. A colorimetric assay
showed very significant increases in total caspase-3 activity in VSC4.1 cells after exposure
to H2O2, LGA, or TNF-α (Fig. 7D). This cytoxic agent-mediated increases in both calpain
and capase-3 activity were significantly (P ≤ 0.001) attenuated by post-treatment with
melatonin. The melatonin-mediated effects on proteolytic activities were reversed by
luzindole (Fig. 7B, C, D). Increased activity of caspase-3 also cleaved the inhibitor of
caspase-activated DNase (ICAD), causing release and translocation of caspase-activated
DNase (CAD) to the nucleus (Fig. 7E, F) to cause degradation of nuclear DNA. Post-
treatment of melatonin significantly blocked the ICAD degradation and subsequent
translocation of CAD to the nucleus. Further, treatment of luzindole significantly decreased
the ability of melatonin action. Uniform expression of β-actin served as a loading control for
cytosolic proteins. We stained one set of gel with Coomassie Blue to ensure loading of equal
amounts of nuclear proteins in all lanes (Fig. 7E).

Discussion

Melatonin is a powerful antioxidant, which scavenges the highly toxic hydroxyl radicals as
well as other species that initiate lipid peroxidation, DNA damage, and protein oxidation via
receptor-and non-receptor-mediated pathways. However, the results obtained from this study
suggest that melatonin-mediated cytoprotection via a receptor-mediated pathway is due to
inhibition of calpain and caspases-mediated proteolytic pathways involved in cell death (Fig.
1). The present results support a direct relationship between cytoprotection and inhibition of
kinases (p-p38 MAPK and p-JNK1) and protease activities (calpain and caspase-3).
Melatonin prevents ROS production, Ca 2+ influx, and cell death induced by oxidative
stress, glutamate excitotoxcity, and TNF-α toxicity in VSC4.1 motoneurons, strongly
indicating involvement of multiple mechanisms. Post-treatment with luzindole significantly
decreased the ability of melatonin to protect cells, indicating the involvement of melatonin
receptor in providing melatonin-mediated neuroprotection. Thus, these results showed that
melatonin worked via its receptors to prevent apoptosis in VSC4.1 motoneurons.

Recent findings indicate that the G protein-coupled melatonin receptors termed MT1 and
MT2 (also known as Mel1a and Mel1b, respectively) are expressed in neurons of the brain
in mammals including humans [37–42], and that these receptors mediate the physiological
actions of melatonin [43–44]. Hence, the contribution of various melatonin receptors to the
neuroprotection mechanism was analyzed. The current investigations indicate that both
melatonin receptors (MT1 and MT2) are expressed in VSC4.1 motoneurons, but MT2
expression is negligible (at protein level). The increase in expression of MT1 and MT2 at
mRNA levels in melatonin-treated cells was substantial (Fig. 3). Our studies showed that
pharmacological concentrations of melatonin are needed to protect VSC4.1 motoneurons
from H2O2, LGA, or TNF-α-induced cell death indicating that protection rendered by
melatonin might be via its receptor-mediated pathway. The neuroprotective effect of
melatonin and their receptors was further confirmed by determining the recovery of
membrane potential of these cells suggesting that melatonin restored neuronal function. This
contention is supported by the fact that luzindole, a melatonin receptor antagonist, abrogated
the neuroprotection and functionality of cells provided by melatonin.

On the basis of the present results and the previously published data, melatonin receptors
have been shown to inhibit several signal transduction cascades, including formation of
cAMP, mobilization of Ca2+, release of arachidonic acid, and synthesis of diacylglycerol
[45]. Thus, the effects of melatonin are clearly not limited to its hypothetical direct free
radical-scavenging ability and suggest that melatonin may signal through a variety of
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regulated pathways. Our observation showed that post-treatment of melatonin decreased
ROS production (Fig. 4A), which may suggest an antioxidant effect of this substance with a
possible underlying role in mitochondrial protection and anti-apoptotic signaling. Normally,
cells respond to oxidative stress injury by activation of several pathways including the
activation of stress-activated MAP kinases (SAPKs). A large number of studies [46] and our
present results demonstrate that cell injury is associated with phosphorylation of p38 MAPK
and c-Jun N-terminal kinase (JNK) (Fig. 4B, C). Post-treatment with melatonin blocks this
effect. These results suggest that melatonin protect against H2O2, LGA, or TNF-α-induced
cell death by suppressing ROS-mediated p38 MAPK and JNK-1 pathways.

In the extrinsic pathways of cell death mechanism, caspase-8 is required before
mitochondrial permeabilization and release of cytochrome c [47]. To investigate the
mechanisms involved in cell protection by melatonin that regulates initial caspase-8
activation and Bid cleavage and translocation to mitochondria during apoptosis, we first
detected the inhibition of caspase-8 and Bid cleavage in melatonin-treated cells. The
activation of caspase-8 was found to be more than 3-fold in the TNF-α-treated cells when
compared with cells exposed H2O2 or LGA (Fig. 5). These results suggested that TNF-α
processing of caspase-8 (degradation of procaspase-8 and appearance of active caspase-8)
was greater in VSC4.1 motoneurons, compared with H2O2 or LGA processing. Since
mitochondria playa key role both in maintaining cellular homeostasis and in triggering the
activation of cell death pathways, we evaluated the effect of melatonin on expression of pro-
apoptotic Bax and anti-apoptotic Bcl-2 and alterations of mitochondrial transmembrane
potential (Δψm) as well as release of cytochrome c in H2O2, LGA, or TNF-α-treated cells
[29]. Our results show that melatonin can protect apoptotic cells by inhibiting the alteration
of bax or bcl-2 at mRNA and protein levels of Bax and Bcl-2, which also indicates a
decrease in the Bax:Bcl-2 ratio (Fig. 6A, B, C). The present study also demonstrated that
melatonin prevented loss of mitochondrial membrane potential, release of mitochondrial
factors, and activation of caspase-9 (Fig. 6D, E, F), leading to the protection of cells from
damage and restored cell function. Apart from protecting cells from ROS-dependent events,
melatonin showed a variety of beneficial actions at the mitochondria level.

Abnormal Ca2+ influx in cellular compartments [34,42] causes activation of a number of
Ca2+-dependent degradative processes, which are detrimental to cell survival. Our data
suggest that melatonin suppresses the Ca2+ influx in VSC4.1 motoneurons following H2O2,
LGA, or TNF-α exposure, which consequently may prevent the activation of Ca2+ -
dependent events that are known to cause cell death. While the exact mechanism of action
for melatonin in attenuating Ca2+ influx in VSC4.1 motoneurons exposed to H2O2, LGA, or
TNF-α is not known, there are several examples in other cell types where melatonin-
mediated influence on intracellular free [Ca2+] and neuroprotection rendered by inhibition of
both mitochondrial and ER [endoplasmic reticulum] pathways [48] or direct binding to
calreticulin also has been suggested [49]. The observation that treatment with H2O2, LGA,
or TNF-α alone leads to an increase in calpain and caspase-3 activity is in agreement with
the results of previous studies [42]. We found that H2O2, LGA, or TNF-α increased the
activation of caspase-3 activity and the levels of cleavage of ICAD (DFF45) in VSC4.1
cells. ICAD is a caspase-3 substrate that has to be cleaved before apoptotic internucleosomal
DNA fragmentation can proceed. CAD (DFF40) remains inactive while bound to ICAD;
however, caspase-3 cleaves ICAD at two sites, thereby releasing this endonuclease, which is
then thanslocated to nucleus to cleave DNA [36]. From our own observations, decreases in
calpain and caspase-3 activititis correlate well with reduction in the Bax:Bcl-2 ratio. Pro-
apoptotic Bax is upstream of the caspases in the mitochondria-mediated apoptotic death
pathway. These findings, taken together, support that melatonin-mediated cytoprotection is
due, in part, to inhibition of the mitochondrial apoptotic pathway as reported earlier [42].
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Our results indicate that melatonin post-treatment inhibits oxidative damage, glutamate
excitotoxicity, and TNF-α mediated VSC4.1 cell death. Further, melatonin post-treatment
can be associated with an increase in MT1 and MT2 expression. The results reported here
also showed that the inhibitory effects of melatonin on VSC4.1 cells were prevented by
luzindole, suggesting the neuroprotective effect was produced by activation of MT1 and
MT2 receptors. This seems to argue in favor of a receptor-mediated effect of melatonin for
rendering neuroprotection. Our results indicate that the cytoprotective effects of melatonin
may be in part due to reduction of Ca2+ influx and activation of calpain and caspase-3
following oxidative stress and glutamate exitotoxicity and. Thus, our data suggest that the
multi-active agent melatonin may have a significant role in neuroprotection in mutifactorial
CNS injuries and diseases. In conclusion, we present substantial evidence that antioxidant
properties of melatonin are involved in its neuroprotective effect against oxidative damage,
glutamate excitotoxicity and TNF-α toxicity in VSC 4.1 cells and thus melatonin can be
used as a potential therapeutic agent for the treatment of CNS injuries and various
neurodegenerative diseases.
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Fig. 1.

Post-treatment with melatonin prevented cell death and preserved functionality. (A) Post-
treatment with melatonin prevented H2O2, LGA, or TNF-α mediated decrease in VSC4.1
cell viability. The trypan blue dye exclusion assay was used to assess cell viability in
VSC4.1 cells. (B) Measurement of whole-cell membrane potential in VSC4.1 cells
following treatments. Twelve treatment groups: control (CTL); 150 nM melatonin (24 h); 10
μM luzindole (24 h); 50 μM H2O2 (24 h); 50 μM H2O2 (24 h) + (15 min post-treat)
melatonin; 50 μM H2O2 (24 h) + (15 min post-treat) melatonin + (20 min post-treat)
luzindole; 25 μM LGA (24 h); 25 μM LGA (24 h) + post-treatment (15 min) of melatonin;
25 μM LGA (24 h) + (15 min post-treat) melatonin + (20 min post-treat) luzindole; 50 ng/ml
TNF-α (24 h); 50 ng/ml TNF-α (24 h) + (15 min post-treat) melatonin; 50 ng/ml TNF-α (24
h) + (15 min post-treat) melatonin + (20 min post-treat) luzindole.
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Fig. 2.

Post-treatment with melatonin prevented apoptotic death of VSC4.1 cells exposed to H2O2,
LGA, or TNF-α. (A) Photomicrographs showing representative cells from each treatment
group followingg Wright staining. The arrows indicate apoptotic cells. (B)
Photomicrographs showing representative cells from each treatment group following
ApopTag assay. (C) Bar graphs indicating the percentage of apoptotic cells in each group
(based on Wright staining). Twelve treatment groups: control (CTL); 150 nM melatonin (24
h); 10 μM luzindole (24 h); 50 μM H2O2 (24 h); 50 μM H2O2 (24 h) + (15 min post-treat)
melatonin; 50 μM H2O2 (24 h) + (15 min post-treat) melatonin + (20 min post-treat)
luzindole; 25 μM LGA (24 h); 25 μM LGA (24 h) + post-treatment (15 min) of melatonin;
25 μM LGA (24 h) + (15 min post-treat) melatonin + (20 min post-treat) luzindole; 50 ng/ml
TNF-α (24 h); 50 ng/ml TNF-α (24 h) + (15 min post-treat) melatonin; 50 ng/ml TNF-α (24
h) + (15 min post-treat) melatonin + (20 min post-treat) luzindole.
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Fig. 3.

RT-PCR and Western blotting for determing expression of melatonin receptors in VSC4.1
cells. (A) Representative pictures to show levels of melatonin receptor 1 (MT1) and
melatonin receptor 2 (MT2), and GAPDH at mRNA levels (RT-PCR). (B) Bar graphs to
indicate the percentage of change in MT1 and MT2 expression relative to control (CTL) at
mRNA level. (C) Representative pictures to show levels of MT1 and MT2, and β-Actin at
protein levels (Western blotting). Twelve treatment groups: control (CTL); 150 nM
melatonin (24 h); 10 μM luzindole (24 h); 50 μM H2O2 (24 h); 50 μM H2O2 (24 h) + (15
min post-treat) melatonin; 50 μM H2O2 (24 h) + (15 min post-treat) melatonin + (20 min
post-treat) luzindole; 25 μM LGA (24 h); 25 μM LGA (24 h) + post-treatment (15 min) of
melatonin; 25 μM LGA (24 h) + (15 min post-treat) melatonin + (20 min post-treat)
luzindole; 50 ng/ml TNF-α (24 h); 50 ng/ml TNF-α (24 h) + (15 min post-treat) melatonin;
50 ng/ml TNF-α (24 h) + (15 min post-treat) melatonin + (20 min post-treat) luzindole.
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Fig. 4.

Determination of ROS production, p38 MAPK and JNK1 phosphorylation in VSC4.1 cells.
(A) Inhibition of ROS production. Treatments (0, 30, 60, 90, 120, 150, 180, and 1440 min)
in the presence of 5 μM 2,7-dichlorofluorescin diacetate (DCF-DA). (B) Western blotting to
show levels of p-p38 MAPK, p38 MAPK, p-JNK-1 and β-actin. (C) Densitometric analysis
showing percent change in optical density of the p-p38 MAPK and p-JNK-1 bands. Twelve
treatment groups d: control (CTL); 150 nM melatonin (24 h); 10 μM luzindole (24 h); 50
μM H2O2 (24 h); 50 μM H2O2 (24 h) + (15 min post-treat) melatonin; 50 μM H2O2 (24 h) +
(15 min post-treat) melatonin + (20 min post-treat) luzindole; 25 μM LGA (24 h); 25 μM
LGA (24 h) + post-treatment (15 min) of melatonin; 25 μM LGA (24 h) + (15 min post-
treat) melatonin + (20 min post-treat) luzindole; 50 ng/ml TNF-α (24 h); 50 ng/ml TNF-α
(24 h) + (15 min post-treat) melatonin; 50 ng/ml TNF-α (24 h) + (15 min post-treat)
melatonin + (20 min post-treat) luzindole.
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Fig. 5.

Determination of caspase-8 activation and Bid cleavage. (A) Western blotting to show levels
of caspase-8, β-actin, tBid, and COX4. (B) Densitometric analysis to show percent change in
optical density of the caspase-8 and tBid bands. (C) Colorimetric determination of caspase-8
activity. Twelve treatment groups: control (CTL); 150 nM melatonin (24 h); 10 μM
luzindole (24 h); 50 μM H2O2 (24 h); 50 μM H2O2 (24 h) + (15 min post-treat) melatonin;
50 μM H2O2 (24 h) + (15 min post-treat) melatonin + (20 min post-treat) luzindole; 25 μM
LGA (24 h); 25 μM LGA (24 h) + post-treatment (15 min) of melatonin; 25 μM LGA (24 h)
+ (15 min post-treat) melatonin + (20 min post-treat) luzindole; 50 ng/ml TNF-α (24 h); 50
ng/ml TNF-α (24 h) + (15 min post-treat) melatonin; 50 ng/ml TNF-α (24 h) + (15 min post-
treat) melatonin + (20 min post-treat) luzindole.
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Fig. 6.

Examination of components involved in mitochondrial pathway of apoptosis in VSC4.1
cells. Alterations in Bax and Bcl-2 expression at mRNA and protein levels. Representative
pictures to show Bax, Bcl-2, and GAPDH at (A) mRNA levels (RT-PCR) and (B) protein
levels (Western blotting). (C) Densitometric analysis show the Bax:Bcl-2 ratio. (D) JC-1
ratio (590 nm/530 nm) in cells after the treatments for different times (30, 60, 120, 180, 240,
300, 360, 420, 480, 540, 600, 660, and 1440 min). (E) Western blotting for cytochrome c,
COX4, caspase-9, and β-actin. (F) Densitometric analysis to show percent change in optical
density of the mitochondrial and cytosolic 15 kD cytochrome c and 39 kD active caspase-9.
(G) Determination of caspase-9 activity using a colorimetric assay. Twelve treatment
groups: control (CTL); 150 nM melatonin (24 h); 10 μM luzindole (24 h); 50 μM H2O2 (24
h); 50 μM H2O2 (24 h) + (15 min post-treat) melatonin; 50 μM H2O2 (24 h) + (15 min post-
treat) melatonin + (20 min post-treat) luzindole; 25 μM LGA (24 h); 25 μM LGA (24 h) +
post-treatment (15 min) of melatonin; 25 μM LGA (24 h) + (15 min post-treat) melatonin +
(20 min post-treat) luzindole; 50 ng/ml TNF-α (24 h); 50 ng/ml TNF-α (24 h) + (15 min
post-treat) melatonin; 50 ng/ml TNF-α (24 h) + (15 min post-treat) melatonin + (20 min
post-treat) luzindole.
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Fig. 7.

Examination of increase in intracellular free [Ca2+], activation of calpain and caspase-3, and
CAD. (A) Determination of intracellular free [Ca2+]. (B) Western blotting to show levels of
calpain, spectrin breakdown product (SBDP), and active caspase-3. (C) Densitometric
analysis to document percent change in optical density of 80 kD calpain, 145 kD SBDP, 120
kD SBDP, and 20 kD caspase-3. (C) Determination of caspase-3 activity by a colorimetric
assay. (E) Western blotting to show levels of ICAD, CAD, and β-actin. (F) Densitometric
analysis to show percent change in optical density of the 45 kD ICAD, and 40 kD CAD.
Twelve treatment groups:control (CTL); 150 nM melatonin (24 h); 10 μM luzindole (24 h);
50 μM H2O2 (24 h); 50 μM H2O2 (24 h) + (15 min post-treat) melatonin; 50 μM H2O2 (24
h) + (15 min post-treat) melatonin + (20 min post-treat) luzindole; 25 μM LGA (24 h); 25
μM LGA (24 h) + post-treatment (15 min) of melatonin; 25 μM LGA (24 h) + (15 min post-
treat) melatonin + (20 min post-treat) luzindole; 50 ng/ml TNF-α (24 h); 50 ng/ml TNF-α
(24 h) + (15 min post-treat) melatonin; 50 ng/ml TNF-α (24 h) + (15 min post-treat)
melatonin + (20 min post-treat) luzindole. Das et al. (JPI-OM-10-09-0154)
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Table 1

Primers used in RT-PCR for amplification of mRNA of specific genes

Gene Primer sequences Product size (bp)

GAPDH Forward: 5′-TTC ACC ACC ATG GAG AAG GC-3′
Reverse: 5′-GGC ATG GAC TGT GGT CAT GA -3′

237

MT1 Forward: 5′-TGC TAC ATT TGC CAC AGT CTC-3′
Reverse: 5′-GAC CTA TGA AGT TGA GTG GGG-3′

397

MT2 Forward: 5′-TAC ATC AGC CTC ATC TGG CTT-3′
Reverse: 5′-CAC AAA CAC TGC GAA CAT GGT-3′

297

bax Forward: 5′-GCA GAG AGG ATG GCT GGG GAG A-3′
Reverse: 5′-TCC AGA CAA GCA GCC GCT CAC G-3′

352

bcl-2 Forward: 5′-GGA TGA CTT CTC TCG TCG CTA C-3′
Reverse:5′-TGC AGA TGC CGG TTC AG-3′

255
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