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ABSTRACT

Recent studies suggest ex vivo modeling of neuronal injury is a robust approach for the
mechanistic study of neurodegeneration. Melatonin, an indolamine, is a versatile molecule with
antioxidative, antiapoptotic, neuroprotective, and anti-inflammatory properties. While melatonin
has been studied as a therapeutic agent for spinal cord injury (SCI) related neuronal cell loss, its
actions in organotypic slice cultures approximating SCI effects are less well understood. The
actions of melatonin were therefore examined following exposure of cultured rat spinal cord slices
to glutamate excitotoxicity. Exposure to glutamate (500 pM) for 4 hours induced neuronal
degeneration that was prevented by 0.5 uM melatonin (applied immediately or 4 hours following
glutamate exposure). Decreased internucleosomal DNA fragmentation, Bax:Bcl-2 and
calpain:calpastatin ratios, caspase 8, 9 and 3 activities in slice cultures were measured following
melatonin treatment. Melatonin receptor (MTR1, MTR2) mRNA levels were increased in the
melatonin treated spinal cord slices. To confirm melatonin receptor-mediated protection, slice
cultures were treated with 10 or 25 uM luzindole (melatonin receptor antagonist) at 0 and 4 hours,
respectively, after glutamate exposure. Luzindole significantly decreased the ability of melatonin
to prevent cell death in the sliced culture model. These results suggest melatonin receptors may
provide a pathway for therapeutic applications to prevent penumbral neuron loss following SCI.
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INTRODUCTION

Spinal cord injury (SCI) can cause severe disability, neurological incapacitation, and even
death. Following the initial spinal cord parenchymal damage, secondary processes including
inflammation, glial scar formation, ischemia and oxidative stress contribute to neuronal cell death
in adjacent tissues (penumbra) just outside the primary injury site (umbra) hours to days after the
initial insult (1, 2). Neuronal death in this setting is associated with glutamate excitotoxity and
increases in free intracellular calcium levels (3, 4). Intracellular calcium levels are typically well
controlled by the neuron, such that calcium fluxes during cell depolarization last only a few
seconds to minutes, with no pernicious cellular effects. When intracellular calcium levels
significantly exceed the normal range, pro-apoptotic proteases such as calcium activated neutral
proteinase (calpain) and caspases are overactivated (5). Calpain (a non-lysosomal cysteine
protease) selectively cleaves cytoskeletal proteins and myelin proteins without extensive
degradation; it also activates pro-apoptotic factors including calcineurin, caspase-3, -8, -9 and Bax
(6-10). The ubiquitous classic isoforms p- and m-calpain require 3-50 pumol/L and 400-800
pmol/L calcium concentrations, respectively, for half-maximal activity in vitro (11). Mouse p-
calpain knockout models survive with defective platelet function, but the m-calpain knockout is
lethal with disruption of embryogenesis (12). Moreover, in the presence of increased intracellular
calcium levels, calpain activity is poorly regulated by the endogenous inhibitor, calpastatin (13).
Neurons exposed to toxins in vitro, and those near the injury site in rodent SCI models, exhibit
increased calpain activity; however, apoptosis in these neurons is significantly reduced in the
presence of administered calpain inhibitors (5, 14-18).

To prevent these cascading events following such injuries, multiple calpain inhibitors and anti-
inflammatory agents have been tested following SCI. One such agent, melatonin, reduces both
inflammation and glutamate-mediated intracellular calcium influx (19-21). As an indoleamineg,
melatonin (N-acetyl-5-methoxytryptamine) is naturally produced from tryptophan in the pineal
gland and other mammalian tissues. Beyond known effects on the sleep cycle, melatonin reduces
lipid peroxidation under numerous environmental conditions. In addition to being a direct free
radical scavenger, it also stimulates other antioxidants such as glutathione reductase, superoxide
dismutase, peroxidase and catalase (19, 20, 22, 23). Likewise, melatonin has been found to reduce
apoptosis in the central nervous system following injury (24). Melatonin’s neuroprotective effects
following traumatic SCI and ischemic injury likely involve, at least in part, an interaction with its
membrane receptors since the neuroprotective effects are substantially decreased when these
receptors are blocked.

The purpose of the present study was to determine whether melatonin is protective against
glutamate toxicity, a commonly used agent that simulates the excitotoxicity and oxidative stress
that occurs in ageing or injured neurons. Utilizing slice cultures of rodent spinal cord, we found
melatonin to be protective against glutamate-induced cytotoxicity. Moreover, this protection was
enhanced by inhibition of calpain and caspase activities. The use of a melatonin receptor
antagonist, luzindole, blocked melatonin’s protective effects. These data suggest that melatonin’s
membrane receptors play a central role in mediating neuroprotection in the central nervous system
following cytotoxic injury.
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2. MATERIALS AND METHODS

2.1. Slice culture preparation.

Spinal cord slices were prepared from 5-7-day old Wistar rats using a modified method as
described (25). After anesthetizing the newborn rats with Vetbutal (pentobarbital; Sigma-Aldrich,
St. Louis, MO), they were ice-cooled, placed into 70% alcohol solution and decapitated with
scissors; the trunk was quickly removed and placed on the operating table. The vertebral column
was cut from the dorsal side with a scalpel. The spinal canal was opened, and the limbs were fixed
to the table with syringe needles. Using a scalpel blade, the spinal roots were carefully incised, and
the spinal cord was dissected. The spinal cord was removed with two metal microspatulas, and it
was immersed in ice-cold HBSS (Gibco, Dublin, Ireland). To obtain the slices, the cord was placed
on the Mcllwain tissue chopper and cut into 400 um slices and 1.5-2.0 cm long slices. The slices
were transferred onto the Millicell-CM (MilliporeSigma, Burlington, MA) membranes and three-
four slices on each were used. The Millicell-CM membranes containing the spinal cord slices were
maintained in 6-well plates that were preequilibrated with 1 mL of culture medium (pH 7.2, 50%
DMEM, 10 mM HEPES, 25% HBSS), 25% horse serum (Gibco, Dublin, Ireland), 2 mmol/L L-
glutamine, 5 mg/mL glucose, 1% amphotericine B, and 0.4% penicillin-streptomycin. The cultures
were maintained in a regular, 25% horse serum medium to be gradually replaced (from DIV 4th
until 7th) by SF, defined-solution-based medium. The SF medium contained DMEM/F12, 10 mM
HEPES, 25% HBSS, 2 mmol/L L-glutamine, 5 mg/mL glucose, 1% amphotericin B and 0.4%
penicillin-streptomycin, N2A (1 : 10; Gibco, Dublin, Ireland), and B27 (1 : 100; Gibco, Dublin,
Ireland) supplements. The cultures were maintained in humid conditions with 5% CO. at 36°C for
4-5 weeks. Slices were exposed to: (a) 500 uM L-glutamic acid (LGA) plus 0.5 pM melatonin
with or without 25 pM Luzindole for 4 hours, and then incubated in LGA-free medium for 48
hours; and (b) 500 uM L-glutamic acid (LGA) for 4 hours, and then incubated in LGA-free
medium for 48 hours in the presence of 0.5 uM melatonin with or without 25 uM Luzindole to
examine the biochemical features of cell death.

2.2. Analysis of DNA Fragmentation.

Genomic DNA fragmentation was then analyzed after treatments by agarose gel electrophoresis
of DNA isolated from spinal cord tissue, as reported previously (26). Gels were stained with
ethidium bromide (1 pg/ml), destained in water, and photographed on a UV (303 nm)
transilluminator using Alpha Innotech (San Leandro, CA).

2.3. Analysis of MRNA Expression.
Extraction of total RNA, reverse transcription-polymerase chain reaction (RT-PCR), and
agarose gel electrophoresis were performed as described previously (27). All primers for the RT-

PCR experiments were designed using Oligo software (National Biosciences, Plymouth, Minn).
The level of B-actin gene expression served as an internal control (Table 1).
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2.4. Caspase-8, -9 and -3 Colorimetric Assays.

Measurement of caspase-3, caspase-8 and caspase-9 activity was performed using a
commercially available Caspase Assay Kit (Sigma-Aldrich, St. Louis, MO).

2.5. Statistical Analysis.

Results obtained from different treatments were analyzed using StatView software (Abacus
Concepts, Berkeley, Calif). Data were expressed as mean standard deviation (SD) of separate
experiments (n=3) and compared by 1-way analysis of variance (ANOVA) followed by the Fisher
post hoc test. Significant differences between control (Con) and LGA or luzindole treatments were
indicated by * P<0.05 or ** P<0.01. Significant difference between LGA and melatonin post-
treatment + LGA was indicated by #P<0.05. Significant difference between control and melatonin
treatments was indicated by ¢ P<0.05 or «» P<0.01.

Table I. Sequences and sizes of primers used for reverse transcriptase polymerase chain
reaction (RT-PCR).

Gene Primer sequences Product size (bp)

B-actin F: 5-TAC AAC CTC CTT GCA GCT CC-3' 630

R:5-GGA TCT TCATGA GGT AGT CTG TC-3'

MT1 F: 5-GAA GCT CAG GAA CTC AGG GAA-3' 251

R: 5-AAC GGT TCA TAG CGATCC CC-3'

MT2 F: 5-TGC GGA ACG CAG GTAATT TG-3' 167

R: 5-CCA ATG ACA CTC AGG CCC AT-3'

m-calpain F: 5-GGG CAG ACC AAC ATC CAC CTC AGC AAA AAC-3' 404

R: 5-GTC TCGATG CTG AAG CCATCT GAC TTG AT-3'

Calpastatin F: 5-AGT AGT TCT GGA CCC AAT G-3' 230

R:56-CCC CAG TAG ACT TCT CTT TC-3'

Bax F: 5-GCA GGG AGG ATG GCT GGG GAG A-3' 352

R:5-TCC AGA CAA GCA GCC GCT CAC G-3'

Bcl-2 F: 5-GGATGA CTT CTCTCG TCG CTA C-3' 255

R:5-TGC AGATGC CGG TTC AG-3'

3. RESULTS

Slice cultures from rat spinal cords were evaluated after a 4-hour exposure to 500 uM of L-
glutamate (LGA). Melatonin (0.5 uM) was applied immediately following LGA treatment or after
4 hours. Genomic DNA fragmentation was then analyzed 4 hours after LGA treatment by agarose
gel electrophoresis of DNA isolated from spinal cord tissue (Figure 1). Slice cultures exposed to
LGA showed significantly increased DNA fragmentation as compared to controls. LGA-induced
DNA fragmentation appeared to be internucleosomal, and it was attenuated by treatment with
melatonin. Interestingly, melatonin-mediated inhibition of DNA fragmentation was abrogated by
melatonin receptor antagonist, luzindole (LGA+melatonin+luzindole), both at 0 and 4 hours post-
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LGA. Taken together, LGA-induced DNA fragmentation in organotypic slice cultures is prevented
by the addition of melatonin, and this action is mediated via melatonin membrane receptors.
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Fig. 1. Effects of melatonin on internucleosomal DNA fragmentation.

Genomic DNA fragmentation after melatonin, luzindole, and L-glutamate (LGA) treatment by
agarose gel electrophoresis of DNA isolated from spinal cord tissue (shown from left to right after
control (con) lane. At 0 and 4 hours after treatment, melatonin inhibited DNA fragmentation
(LGA+melatonin); this was reversed by melatonin receptor antagonist, luzindole
(LGA+melatonin+luzindole) at both time points.

Apoptotic cell death is an active and highly regulated process that produces a biochemical
phenotype consisting of DNA fragmentation and the release of active caspases. While glutamate
is an important CNS excitatory neurotransmitter involved in synaptic plasticity and the formation
of neuronal networks during development, excessive glutamate is toxic to neurons and glia.
Activities of caspases 3, 8, and 9 were significantly increased in LGA-treated organotypic cultures;
these responses were attenuated by melatonin (Figure 2).

Melatonin receptor antagonist diminished the melatonin-mediated reduction of caspases,
indicating that cellular apoptosis is blocked by melatonin. Of note, caspase activity was slightly
increased in slice cultures exposed to LGA+melatonin 4 hours after LGA, suggesting a low-grade
upregulation of caspases during the 4-hour period after LGA incubation.

Melatonin acts either directly or through the membrane melatonin receptor (MT1 and MT2)
mechanisms. Slice cultures exposed to melatonin and LGA+melatonin showed significantly
increased MT1/2 mRNA expression compared to controls (Figure 3). Blockade of melatonin
membrane receptors with luzindole altered MT1/2 gene expression in slice cultures.

Oxidative stress and dysregulation of neuronal Ca?* play important roles in the activation of
calpains and caspases that may contribute to neuronal death (28). Thus, in addition to caspases,
calpain and its inhibitor, calpastatin, were also evaluated in LGA/melatonin treated spinal cord
slice cultures. Increased calpain gene expression was detected after LGA exposure; this rise was
inhibited by melatonin (Figure 4). The effect of melatonin on inhibition of calpain was abrogated
by luzindole, while calpastatin was diminished in these slice cultures. Bax mMRNA was upregulated
when exposed to LGA and LGA+melatonin+luzindole (0 and 4 hours post-LGA), suggesting the

Melatonin Res. 2021, Vol 4 (2) 336-347; doi: 10.32794/mr11250098 340



:/lwww.mealtonin-research.ne

calpain inhibitory effect of melatonin may have altered Bax/Bcl-2 molecules and neuronal survival
in the LGA-treated spinal cord slice cultures.

m Caspase-8 mCaspase-9 = Caspase-3

s e XX
§8 —— —
S
2 Y 400
CE
.':'§3oo
gs .&_
gv 200 ———
A
£ 9
O 100
-
O o=
-
v 0
L = +
s § 8 £ g 5 ¢
s § T 33 § 23
LY [ o
> 3 = 32 = BE
. Eg + Eg
< ) < .~
O <« O <«
- O - O
ol i

0 hour 4 hours

Fig. 2. Effects of melatonin on caspase activities.

At 0 and 4 hours after treatment, the addition of melatonin receptor antagonist, luzindole, to
slice cultures exposed to L-glutamate (LGA) and melatonin resulted in activities of all three
caspases which approximated those exposed to LGA alone. (Significant difference between LGA
and melatonin post-treatment + LGA indicated by #P<0.05; **P<0.01 relative to controls).
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Fig. 3. Effects of melatonin on MT1/2 expression in cultured spinal cord slices.

A: Analysis of MT1 and MT2 by RT-PCR. B: Graphical representation in percent change. At 0
and 4 hours after treatment, MT1/2 mRNA expression is not significantly changed from controls
with the addition of luzindole (LGA + melatonin + luzindole) (*P<0.05 relative to controls).
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Fig. 4. Effects of melatonin on expressions of calpain, calpastatin, Bax and Bcl-2.

A: Upregulation of calpain (yellow bar) and Bax (red) with down regulation of calpastatin (blue)
after slice culture exposure to L-glutamate (LGA) as demonstrated by RT-PCR analysis. B: with
graphical percentage change depicted. Melatonin attenuates these effects at 0 and 4 hours after
treatment; however, the addition of melatonin receptor antagonist, luzindole, demonstrates these
findings are largely melatonin receptor-mediated. (Significant difference between LGA and
melatonin post-treatment + LGA indicated by #P<0.05; Significant difference between control
(Con) and melatonin treatments were indicated by * P<0.05; *P<0.05 for LGA samples relative to
controls).

4. DISCUSSION

SCI causes secondary biochemical changes leading to widespread neurodegeneration
and neuronal death. Thus, understanding the mechanisms underlying neuronal death in SCI and
developing novel therapeutic approaches for this damage are critical for functional
recovery. While a number of animal models of SCI are available for comparison with human SCI,
ex vivo slice cultures are also useful in investigating cellular, biochemical, and molecular processes
of the brain and spinal cord. This approach provides fewer experimental/ethical challenges and
minimizes study time. Ex vivo brain slice culture models can also be easily used to test the effects
of neurotoxic and neuroprotective molecules (e.g., growth factors or neuroactive drugs) (29,
30). Since glutamate toxicity is a major contributing factor to neuronal death in SCI, we evaluated
neuronal viability in vitro when exposed to glutamate with or without melatonin. Previous in vivo
SCI studies employing intraperitoneal melatonin administration have demonstrated reduction in
neuronal death in the penumbra surrounding the injury site (31). Melatonin and melatonin
metabolites are known free radical scavengers (32, 33). The present in vitro analysis thus allows
for direct evaluation of melatonin interaction at the cellular level without the presence of the
inflammatory cascade present in rodent SCI models. Melatonin has been shown to have autocrine,
intracrine and paracrine effects in various mammalian cell types. Since melatonin is a known anti-
inflammatory agent, this study was designed to separate the effects of melatonin on the immune
system from the direct autocrine and intracrine effects of melatonin in neurons and glia.

One intracellular pathway which may contribute to melatonin-mediated cell viability during
glutamate toxicity is upregulation of intracellular antioxidant enzymes such as superoxide
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dismutase and glutathione reductase (22). Moreover, the downregulation of glutamine synthetase,
an indirect measure of neuronal glutamate signaling and excitotoxicity may be modulated via the
L-type voltage gated calcium channel (34, 35). Thus, melatonin may act indirectly to reduce
glutamine synthetase production by decreasing glutamate release from nearby neurons. Melatonin
agonists have also been used to stimulate brain-derived neurotrophic factor (BDNF) expression
through binding with melatonin receptors (36). BDNF contributes to neuronal function,
regeneration and survival (37). In addition, melatonin modulates multiple cell functions through
calmodulin-mediated microtubule polymerization and cytoskeletal rearrangement; this interaction
with calmodulin also inhibits NF-kB binding to nuclear DNA (pro-apoptotic during cell stress such
as inflammation) (38).

Multiple anti-apoptotic actions of melatonin are localized in the mitochondria. In addition to
acting as a scavenger for free radicals produced by mitochondrial electron transport mechanisms,
melatonin promotes glutathione (GSH) dependent mitochondrial protection by enhancing
expression of y-glutamylcysteine synthase (rate-limiting enzyme in GSH production). During
periods of oxidative stress, such as occur during glutamate toxicity, mitochondria respond to
increased cellular energy requirements, but the resulting rise in reactive oxygen species contributes
to the pro-oxidant loop which promotes mitochondrial damage, release of mitochondrial calcium
stores, and ultimately apoptosis (39). Calpain is also activated in response to increased intracellular
calcium levels. Both ubiquitous calpain isoforms are found in mitochondria (Arrington et al., 2006;
Kar et al., 2010). Likewise, calpain 10 (an atypical mitochondrial calpain with an N-terminus
mitochondrial targeting sequence) cleaves Complex | and ATP synthase (Arrington et al., 2006).
Upregulated calpain 10 expression results in impaired mitochondrial respiration and subsequent
cell death (Smith & Schnellmann, 2012). Ubiquitous calpain isoforms also degrade multiple
apoptotic proteins including Bid, Bcl-xL, and caspase-3 (Bevers, Neumar, 2008; Smith &
Schnellmann, 2012).

During the intrinsic apoptotic pathway, signals from the cell membrane trigger mitochondrial
swelling or formation of mitochondrial membrane pores. Melatonin inhibits these signaling
pathways by means of free radical reduction, inhibition of neuronal nitric oxide synthases, and
interaction with transcriptional factors (40). Furthermore, melatonin reduces peroxidation of
cardiolipin, an important mitochondrial inner membrane component. Cardiolipin peroxidation
promotes apoptosis and impairs complex 11/1V structural integrity (40). With respect to Bcl-2/Bax
interactions, melatonin appears to promote upregulation of Bcl-2 during glutamatergic signaling.
Bcl-2 prevents mitochondrial translocation of proapoptotic Bax, which triggers cytochrome c
release from the intermembrane space for resulting caspase activation in apoptosis (39). Our in
vitro results suggest melatonin interacts with the Bcl-2/Bax system through a receptor-mediated
process, since the expression of Bax was increased (as seen with LGA exposure) when the receptor
antagonist luzindole was added to the culture medium.

In addition to receptor-mediated signaling mechanisms, melatonin may also cross the cell
membrane via glucose and oligopeptide transporters to interact directly with intracellular
components such as cytoskeletal proteins, enzymes, and calcium-binding proteins (41). Moreover,
the melatonin receptor (MT1) has been found on the mitochondrial membrane (42, 43) while
presumptive nuclear receptors (retinoid Z receptor/retinoid acid receptor-related orphan receptors)
have also been identified. Given this information, we evaluated whether the anti-apoptotic effects
of melatonin are due to receptor signaling or receptor-independent pathways. The addition of
luzindole to cells and slice cultures exposed to glutamate toxicity shows that apoptosis was largely
receptor-mediated. Since luzindole also inhibits the extracellular signal-regulated kinase (ERK)
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pathway (27, 44, 45), melatonin may preferentially alter the ERK-dependent signaling cascade,
which then interferes with the anti-apoptotic program. Studies are underway to determine if
melatonin operates through the ERK-dependent signaling pathway and protects neuronal cells.
Future studies are also required to determine if the effects of melatonin are a result of its interaction
with MT1/MT2 receptors on the cell membrane or via the MT1 receptor on the mitochondrial
membrane. Nevertheless, our data suggests melatonin agonists may play a significant role in
promoting viability of neurons at risk for apoptosis due to oxidative stress or adjacent tissue injury.
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