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Abstract

Multiple investigations in vivo have shown that melatonin (MEL) has a neuroprotective effect in the
treatment of spinal cord injury (SCI). This study investigates the role of MEL as an intervening agent
for ameliorating Ca2*-mediated events, including activation of calpain, following its administration
to rats sustaining experimental SCI. Calpain, a Ca?*-dependent neutral protease, is known to be
involved in the pathogenesis of SCI. Rats were injured using a standard weight-drop method that
induced a moderately severe injury (40 g.cm force) at T10. Sham controls received laminectomy
only. Injured animals were given either 45 mg/kg MEL or vehicle at 15 min post-injury by
intraperitoneal injection. At 48 hr post-injury, spinal cord (SC) samples were collected.
Immunofluorescent labelings were used to identify calpain expression in specific cell types, such as
neurons, glia, or macrophages. Combination of terminal deoxynucleotidyl transferase (TdT)-
mediated dUTP nick-end labeling (TUNEL) and double immunofluorescent labelings was used to
identify apoptosis in specific cells in the SC. The effect of MEL on axonal damage was also
investigated using antibody specific for dephosphorylated neurofilament protein (ANFP). Treatment
of SCI animals with MEL attenuated calpain expression, inflammation, axonal damage (dNFP), and
neuronal death, indicating that MEL provided neuroprotective effect in SCI. Further, expression and
activity of calpain and caspse-3 were examined by Western blotting. The results indicated a
significant decrease in expression and activity of calpain and caspse-3 in SCI animals after treatment
with MEL. Taken together, this study strongly suggested that MEL could be an effective
neuroprotective agent for treatment of SCI.
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Introduction

Spinal cord injury (SCI) can result in severe disability, sensory disorder, paralysis, other
neurologic deficits, and even death. Unfortunately, about 250,000 people suffer from SCI in
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the United States, with almost 11,000 new cases occurring every year [1]. The pathophysiology
of SCI is initiated by a primary injury because of mechanical compression of the spinal cord
(SC) and propagated by a secondary injury, which largely induces apoptotic cell death [2]. This
secondary injury is thought to include several mechanisms including ischemia, reperfusion,
and increase in intracellular Ca2* (ic[Ca%*]) leading to activation of pro-apoptotic proteases,
such as calpains and caspases for induction of apoptotic cascades [3]. Because secondary injury
cascades begin several hours after primary injury and evolve over several days, this apoptotic
death is believed to be a potential target for drug therapy [4].

Following injury, increase in ic[Ca2*] leads to rises in the expression and activity of the
Ca?*-activated neutral protease calpain; and calpain activity has been shown to play an
important role in cell injury and tissue destruction following SCI [2]. While calpain plays a
role in normal cell functions [5], overactivation of this protease leads to degradation of
cytoskeletal and myelin proteins and also the activation of pro-apoptotic factors such as Bax,
calcineurin, and caspase-3 [6-10]. Overactivation of calpain has been noted in neurons and
glial cells exposed to toxins in vitro [11,12], and similar results are noted in vivo in the central
nervous system (CNS) tissue following traumatic brain injury [13] and SCI [2,13]. Apoptosis
in neurons, both in culture and in the penumbra of the SCI animals, can be reversed by treatment
with calpain inhibitors [14,15].

Because SCI induces numerous cell death cascades, pharmacotherapy may require either a
combination of agents or a single agent with multiple effects. Currently, the only approved
treatment for SCI is methylprednisolone [16], and the efficacy of this therapy has been
controversial [17]. Our current investigation outlines the use of melatonin (MEL) as a therapy
for experimentally induced SCI in rats.

MEL is an indoleamine, naturally produced in the pineal gland and other tissues, and it has
been shown to possess several properties that may be responsible for its neuroprotective effects
[18-24]. In animal models of SCI, MEL has been found highly effective in reducing the level
of lipid peroxidation following injury [25,26]. This effect may be due to facts that MEL is
powerful antioxidant [18,19,27] and it stimulates several antioxidants, including catalase,
glutathione reductase, peroxidase, and superoxide dismutase [19-21,23]. MEL has also been
shown to attenuate glutamate-mediated Ca2*-influx and inflammation by inhibiting the levels
of pro-inflammatory cytokines [19,21,28]. Because of its multi-faceted properties, MEL has
been tested in several studies involving CNS insult [21,23,24,29]. The abilities of MEL to
inhibitapoptosis in brain cells [30] as well is in other tissue [31,32] have been well documented.

Protein degradation following SCI leads to neuronal death and destruction of axons and myelin.
As calpain has been implicated in this process, it may be possible to preserve the axon-myelin
structural unit and protect cells by inhibiting increases in calpain expression. The intention of
our experiments was to determine whether MEL treatment could reduce calpain expression
following SCI and thereby attenuate cytoskeletal protein degradation, preserve the structure
of axons and myelin, and limit neuronal death in SCI.

Our results indicated that MEL treatment indeed inhibited inflammation by reducing the
activation of astrocytes, microglia, and macrophages. Calpain expression and caspase-3
activation were also significantly reduced, and neuronal death was attenuated following
administration of MEL in acute SCI rats. Furthermore, MEL treatment was also associated
with reduced axonal degeneration in the SCI. These experimental data suggest that MEL as a
single agent or perhaps in combination with other agents may have therapeutic potential for
the treatment of SCI. Preliminary data of this study has been presented earlier [33].
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Material and methods

Animal care and injury induction

Male Sprague—-Dawley rats were purchased from Charles River Laboratories (Wilmington,
MA, USA) and were provided with water and food pellets ad libitum. All care, surgery, and
injury induction were performed in accordance with the “Guide for the Care and Use of
Laboratory Animals” of the US Department of Health and Humans Services (National
Institutes of Health, Bethesda, MD, USA) and were approved by the Institutional Animal Care
and Use Committee (IACUC) at the Medical University of South Carolina (Charleston, SC,
USA). Induction of SCI was performed following the standardized weight-drop method as
previously described [34]. Briefly, rats were anesthetized and a laminectomy was performed
with the aid of a dissecting microscope at the T10. Rats were then placed in a stereotactic
device, and the spinal column was immobilized. An impounder (0.3 cm in diameter) was placed
gently on the dura and SCI was induced by directly dropping a 5 g weight from a height of 8
cm onto the impounder. Sham animals underwent laminectomy only. An additional sham group
received MEL but was not injured in order to compare the effects of MEL treatment in intact
animals and in injured animals. Animals with SCI were randomly divided into two groups: the
MEL group received 45 mg/kg MEL (Helsinn Chemical Co., Biasca, Switzerland) by
intraperitoneal injection at 15 min after SCI, and the vehicle group received equal volumes of
dimethyl sulfoxide (DMSO, Sigma Chemical, St. Louis, MO, USA). We used the DMSO to
dissolve MEL. At 48 hr post-injury, all rats were anesthetized and sacrificed by decapitation.
The original laminectomy was extended and two 1-cm SCI segments were excised, including
the lesion and the caudal penumbra.

Double immunofluorescent labelings for calpain expression in specific cell types

For double immunofluorescent labelings, SC tissue was immediately frozen (—70°C) in Optima
Cutting Temperature (OCT) media (Fisher Scientific, Suwanee, GA, USA) upon harvest. A
cryostat (Reichert-Jung, Leica, Deerfield, IL, USA) was used to produce 5 um sections, which
were fixed to slides in 95% ethanol for 10 min and then rinsed thrice in phosphate-buffered
saline (PBS, pH 7.4) for 10 min. Fixation and all subsequent steps were conducted at room
temperature (RT). Sections were blocked with 2% (v/v) normal horse and goat sera (Sigma-
Aldrich) for 30 min. The samples were incubated for 1 hr with an appropriate dilution of a
primary 1gG antibody such as polyclonal calpain (1:100) [35], monoclonal NeuN (1:100, clone
A60; Chemicon, Temecula, CA, USA), monoclonal CD11b (1:100, clone OX42; Invitrogen,
Carlshad, CA, USA), monaoclonal glial fibrillary acidic protein (GFAP; 1:400, clone GAS5;
Chemicon), and pan monoclonal dNFP (1:100, SMI-311; Covance Princeton, NJ, USA). Slides
were then rinsed thrice in PBS for 5 min each followed by incubation with fluorescein
isothiocyanate (FITC)-conjugated anti-mouse secondary IgG antibody (Vector Laboratories,
Burlingame, CA, USA) and Texas-Red conjugated anti-rabbit secondary 1gG antibody
(Vector). Then, the sections were rinsed twice in PBS for 5 min each, once in distilled water
for 5 min, and mounted with coverslips using Vectashield medium (Vector). Imaging was
performed using fluorescence microscopy with ImagePro Plus software (Media Cybergenetics,
Silver Spring, MD). Observations were made in the ventral and dorsal horns of the gray matter.

Combination of terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end
labeling (TUNEL) and double immunofluorescent labelings

We reported this method previously [36]. Briefly, SC tissue was frozen (—70°C) in OCT (Fisher
Scientific) immediately after harvest. Five-micrometer sections of SC were fixed to slides in
95% ethanol for 10 min and post-fixed in 4% methanol-free formaldehyde for 15 min at RT.
Sections were rinsed twice in PBS for 5 min each and then incubated with equilibration buffer
(Promega, Madison, WI, USA) for 10 min at 37°C. The TUNEL reaction mixture [21.5 uL

equilibration buffer, 2.5 L digoxigenin (DIG)-labeling mix, and 1 xL TdT (25 units/uL)] was
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then added, and the slides were incubated at 37°C in a humid atmosphere for 1 hr. The reaction
was stopped by placing slides in a 2x NaCl/Na-citrate buffer (300 mm NaCl, 30 mu Na-citrate,
pH 7.4) bath for 15 min at RT. After washing with PBS to remove any unincorporated DIG,
tissues were blocked in 2% sheep and horse sera for 1 hr (Sigma-Aldrich) and then incubated
with NeuN antibody (Chemicon) at a 1:100 dilution for 1 hr. Following washing, slides were
incubated with secondary antibodies at a 1:75 dilution for 30 min. The secondary antibodies
used were: FITC-labeled horse anti-rabbit IgG (Vector) and rhodamine-labeled sheep anti-DI1G
IgG (Roche Molecular Biochemicals, Indianapolis, IN, USA). Slides were once again washed
and then mounted with Vectashield medium (Vector). Images were captured using ImagePro
Plus software (Media Cybernetics) at 200x magnification. TUNEL-positive neurons in dorsal
and ventral horn were quantified according to our previously reported method [37].

Western blotting

This method was previously described [38-40]. Following harvest, the SC segments were
homogenized in a buffer (50 mm Tris=HCI, pH 7.4, 1 mu phenylmethylsulfony! fluoride, and
5 mu EGTA). Protein concentration was determined using Coomassie Plus Protein Assay
Reagent (Pierce, Rockford, IL, USA) by a spectrophotometer at 595 nm (Spectronic,
Rochester, NY, USA). Equal volume of sample buffer (62.5 mw Tris—HCI, pH 6.8, 2% SDS,
5 mwm S-mercaptoethanol, 10% glycerol) was added to each sample, and samples were then
boiled for 5 min. Samples were diluted to 1 mg/mL protein and equal volumes of samples were
loaded onto 4-20% gradient gels, which were electrophoresed in an electrophoresis apparatus
(Bio-Rad, Hercules, CA, USA) at 200 V. Resolved proteins were then transferred to a nylon
membrane (Millipore, Bedford, MA, USA) using an electroblotting apparatus (Genie, Idea
Scientific, Minneapolis, MN, USA). The membranes were then blocked for 1 hr in 5%
powdered nonfat milk dissolved in a Tris/Tween solution (20 mw Tris—=HCI, pH 7.6, 0.1%
Tween 20 in saline), and primary IgG antibodies were diluted in blocking buffer and overnight
incubated with the membrane. Primary antibodies were polyclonal calpain [35] and polyclonal
caspase-3 (1:200, Biotech, Santa Cruz, CA, USA). Membranes were then incubated with a
secondary 1gG antibody (MP Biomedicals, Solon, OH, USA): goat anti-rabbit for calpain; goat
anti-mouse for caspase-3 at a 1:2000 dilution for 1 hr. Between steps, membranes were washed
three times in Tris/Tween solution. Membranes were incubated with enhanced
chemiluminescence (ECL) reagents (Amersham Pharmacia, Buckinghamshire, UK) and ECL-
treated blots were immediately exposed to X-OMAT AR films (Eastman Kodak, Rochester,
NY, USA). Autoradiograms were scanned on a UMAX PowerLook 1000 Scanner (UMAX
Technologies, Fremont, CA, USA) using Photoshop software (Adobe Systems, Seattle, WA,
USA), and optical density (OD) of each band was determined using Quantity One software
(Bio-Rad).

Quantitative data of immunofluorescent images and semi-quantitative analysis of mean
fluorescence intensity (MFI) of TUNEL staining were performed using the National Institute
of Health ImageJ software (NIH, Bethesda, MD, USA).

Statistical analysis

Results

Data were expressed as mean + S.E.M. of separate experiments (n > 3) and compared by one-
way analysis of variance (ANOVA) followed by Fisher's post hoc test. A significant difference
between two treatments (P < 0.05) was determined by ANOVA using the StatView software
(Abacus Concepts, Berkeley, CA, USA).

We used Western blotting to determine whether MEL treatment of SCI rats influenced the
expression and activity of both calpain and caspase-3 (Fig. 1).
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Calpain expression (Fig. 1A,B), as detected by an antibody against calpain, was significantly
increased to 201 + 24% in the lesion of the rats following SCI, compared with calpain
expression set at 100% in sham-vehicle rats. An increasing trend of calpain expression was
also observed in the caudal penumbra in SCl rats. Caspase-3 expression (Fig. 1A,C), as detected
by an antibody that also recognized the 20-kDa active caspase-3, was significantly increased
in the lesion (160 * 14%) and caudal penumbra (170 * 19%) of SCI animals. Treatment with
MEL significantly reduced both calpain and 20-kD active-caspase-3 expression in the lesion
of SCI rats to the levels similar to those seen in sham animals. Calpain and caspase-3 activities
were also analyzed using a-spectrin antibody that recognized the calpain-cleaved 145-kD
spectrin breakdown product (SBDP) and the caspase-3-cleaved 120-kD SBDP, respectively.
The data suggested that both calpain and caspase-3 activities (as measured in the generation
of 145-kD SBDP and 120-kD SBDP, respectively) were reduced in the lesion and caudal
penumbra in rats treated with MEL, compared with sham rats. Treatment with MEL had no
significant effect on expression and activity of calpain or caspase-3 in sham animals.

We previously demonstrated calpain upregulation in neurons and glial cells following SCI
[36,41-43]. In the present study, the effects of MEL treatment on calpain expression in neurons
were assessed by double immunofluorescent labelings of SC tissue harvested at 48 hr post-
injury (Fig. 2). Tissue was examined using both a calpain antibody and neuron-specific (NeuN)
antibody. At the lesion and caudal penumbral sites, sham animals showed little calpain
expression and prominent NeuN expression, and similar results were seen in tissue from sham
animals treated with MEL (i.e., sham + MEL). Vehicle-treated SCI animals showed decreased
levels of NeuN expression and increased levels of calpain expression in dorsal and ventral
sections of the SC lesion segment. In sections taken from the caudal penumbra of vehicle-
treated SCI animals, healthy neuronal morphology was noted, however, these sections
continued to demonstrate appreciably increased calpain expression, compared with sham
animals. Compared to injury + vehicle animals, MEL treatment appeared to reduce calpain
expression in the ventral caudal penumbra but not in other areas.

As apoptosis begins as early as 6 hr post-injury [44,45], we also examined DNA fragmentation
in neurons in SC segments (Fig. 3). No TUNEL-positive cells were found in the lesion or caudal
penumbra of sham animals, while the SCI animals treated with vehicle (i.e., injury + vehicle)
showed extensive TUNEL-labeling of neurons and other cells in both dorsal and ventral regions
of the SC (Fig. 3A). Compared with vehicle-treated SCI animals, MEL-treated SCI animals
showed similar TUNEL-labeling in the ventral area of the lesion segment; however, less
TUNEL-Ilabeling of neuronal and non-neuronal cells in all other areas of the lesion and caudal
penumbra. Semi-quantitative analysis of the mean fluorescent intensity (MFI) per unit area of
neurons showed significantly higher levels of TUNEL-positive neurons in both dorsal and
ventral horn of lesion and caudal sections from SCI rats, compared with corresponding sections
from sham animals (Fig. 3B). SC sections from injured rats treated with MEL (i.e., injury +
MEL) showed significant decrease in TUNEL-positive neurons.

In order to examine the inflammatory response following SCI, macrophage infiltration was
examined along with calpain expression using double immunofluorescent labelings with
calpain and CD11b (OX42) antibodies (Fig. 4). The OX42 clone identifies both activated and
inactivated microglia and macrophages. SC sections from sham animals and sham animals
treated with MEL demonstrated little calpain expression and basal levels of OX42-positive
cells. The lesion and caudal penumbra of vehicle-treated SCI animals showed increased
numbers of OX42-positive cells and increased calpain expression in the white matter. MEL
treatment of SCI animals did not appear to reduce the number of OX42-positive cells in the
lesion segment; however, qualitatively fewer OX42-positive cells were seen in the caudal
penumbra, compared with vehicle-treated SCI animals. Calpain expression was also
marginally reduced in the SCI rats treated with MEL.
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In order to assess increased astrogliosis following acute SCI, SC sections from the lesion and
caudal penumbra were examined using double immunofluorescent labelings with calpain and
astrocytic marker GFAP antibodies (Fig. 5). In sham animals, basal levels of calpain expression
and GFAP-positive cells were noted. Compared with sham animals, injured animals treated
with only vehicle showed notable increases in calpain and GFAP stainings in both the lesion
and caudal penumbra, and co-staining was also noted. In the lesion, MEL-treated SCI animals
demonstrated low calpain and GFAP levels similar to those seen in vehicle-treated SCI animals.
However, sections from the caudal penumbra in MEL-treated SCI animals demonstrated
calpain and GFAP levels similar to sham animals and demonstrably less than vehicle-treated
SCI animals, indicating that MEL treatment attenuated the degree of post-SCI astrocystosis in
the penumbra.

We also examined the effects of MEL treatment on axonal damage using an antibody against
dephosphorylated neurofilament protein (dNFP), which was increased after axonal injury (Fig.
6). Sham + vehicle and Sham + MEL animals showed little dNFP staining in the lesion and
caudal penumbra (Fig. 6A). The lesion and caudal penumbra from SCI animals treated with
vehicle (DMSO) alone demonstrated markedly increased expression of dNFP (Fig. 6B),
indicating increased axonal damage. In contrast, MEL treatment reduced dNFP expression in
both lesion and caudal penumbra (Fig. 6B), suggesting that MEL treatment attenuated axonal
damage in SCI.

Discussion

In addition to many normal physiologic roles of MEL, the neuroprotective properties of this
pineal gland hormone have been investigated in neurodegenerative diseases and injuries [29].
Investigations of the chemical properties of MEL, both in vivo and in vitro, indicate that MEL
and its metabolites are potent antioxidants that directly scavenge both reactive oxygen species
(ROS) and reactive nitrogen species (RNS) in the cells [18,46,47]. Besides, MEL stimulates
many antioxidant enzymes. As MEL easily crosses the blood-brain barrier, reduces
inflammation, ROS, RNS, and lipid peroxidation; it has also been implicated to have high
neuroprotective capabilities [48]. Thus, the use of MEL as a potential therapeutic agent in the
pathologic processes involving inflammation and ROS has generated a great deal of interest.
Our current studies have shown that MEL has beneficial effects as a therapeutic agent in acute
SCI in rats. Treatment with MEL decreased inflammation and calpain expression in neurons
and demonstrated fewer reactive astroctytes, macrophages, and microglia. Moreover, MEL
attenuated axonal damage and cell death by inhibition of calpain and caspase-3 activities.

Elevated levels of ic[Ca2*] have been found in the SC lesion and penumbra in SCI rats [42]
(Sribnick et al., unpublished). As increases in ic[Ca2*] activate calpain and MEL reduces
glutamate-induced Ca2* influx, we investigated the effect of MEL on calpain expression and
activity in SCI rats. Increased expression of calpain in neurons following SCI has been
proposed to contribute to continued axonal damage and neuronal cell death [43]. In addition
to degradation of NFP and other cytoskeletal proteins, activated calpain plays a direct role in
the apoptotic cascade through caspase-3 activation [2]. Calpain has previously been implicated
in cell death in the pathophysiology of CNS trauma such as traumatic brain injury and SCI and
diseases such as Alzheimer's disease and Parkinson's disease [2,37,49-52]. The current
findings of increased calpain activity at 48 hr after injury are in agreement with the previously
demonstrated calpain activity in the lesion and penumbra [42,53]. Similar changes were seen
after SCI animals were treated with estrogen, though a lesser effect was found with
methylprednisolone treatment [53-55]. Treatment with MEL, in our studies, significantly
decreased calpain expression in neurons, both in the lesion and caudal penumbra. This indicates
protection of cytoskeletal proteins for maintaining structural integrity of cell membrane. MEL
is known to stabilize membranes and thus prevents cell damage and death [56]. As both calpain
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and caspase-3 activities are known to participate in cell death, the implication is that reduction
of their activities by MEL may have protected neurons in the SC following injury.

Present findings also confirm the earlier work on neuroprotection by estrogen and calpain
inhibitor in SCI [2,53,55]. In addition to decreases in calpain expression and activation, we
found MEL treatment also reduced neuronal death in SCI rats. The extensive loss of neurons
seen in the lesion of dorsal and ventral sections of the SC is most likely due to necrosis after
primary injury. MEL treatment attenuated some of this loss of neurons in lesion of the dorsal
region, which was likely to be apoptotic in nature, or rescued the neurons that were only
partially damaged. The loss of neuron in the ventral region of the lesion was not protected by
MEL. This may be due to the facts that motoneurons are more sensitive to damage and they
are necrotic, which is irreversible, in the lesion. Also, MEL may not be reaching the lesion due
to impairment of blood supply. Nonetheless, MEL treatment significantly attenuated neuron
death in the penumbra (periphery of the lesion). This protection is most likely due to inhibition
of calpain and caspase-3 activities by MEL in the lesion and penumbra as both proteases are
involved in cell death mechanisms.

As inflammatory response in SCI is one of the damaging factors and MEL has been found to
have anti-inflammatory properties [21,28], we have examined whether anti-inflammatory
effect of MEL provides neuroprotection to SCI rats by reducing the activation of glial and
inflammatory cells. MEL treatment reduced infiltration and activation of inflammatory cells
in the lesion and penumbra and limited the increased expression of calpain in microglia,
macrophages, and astrocytes. These OX42-positive cells represent infiltrating macrophages,
not resident microglia, as very little staining is seen in sham spinal cord. While microglia should
be present in uninjured SC, the level of calpain expression was barely detectable as shown by
double immuofluorescent labeling. Infiltration of macrophages (neutrophils) and OX42- and
ED2-positive cells with increased calpain activity occurs in the lesion during 12—24 hr after
SCI [41]. Activation of astrocytes, macrophages, and microglia has long been postulated to
enhance degeneration of SC because of release of toxic factors (including pro-inflammatory
cytokines), inhibition of axonal growth, and initiation of secondary degeneration processes
[41,45,57]. MEL reportedly reduces the level of inflammatory cytokines, inflammation, and
lesion volume in cortical injury [21,28,29]. In the present study, MEL treatment demonstrated
a significantly decreased calpain expression and activity in astrocytes, macrophages, and
microglia in the lesion and penumbra. The number of these cells was also decreased,
particularly in the penumbra of MEL treated SCI rats. The decreased reactivity of astrocytes,
macrophages, and microglia by MEL might ameliorate the axonal injury, cell death, and further
damage to the penumbra of the SCI rats.

Axonal damage, neuronal death, and myelin breakdown have been demonstrated in lesion and
penumbra of SCI; hence, attenuation of cell death and preservation of the axon—-myelin
structural unit is essential for recovery of function [2,3,42,53,55]. Such preservation of axonal
integrity and protection of neurons has been found in estrogen-treated SCI animals [55]. In this
study, a significant decrease in axonal damage, particularly in the penumbra region, was noted
in the MEL-treated SCI animals. Treatment with MEL alone and in combination with
methylprednisolone has been previously suggested to protect neurons and restore function in
SCI [58-60]. However, the current study is focused on the MEL efficacy on inflammatory and
proteolytic mechanisms that are involved in axonal damage and neuron death. This implies
that MEL, by protecting cells and reducing axonal damage, may help restore conduction and
improve motor function in SCI rats.

The effects of MEL and its metabolites as potent free radical scavengers and antioxidants have
been well documented [18,20-22,47]. The neuroprotective effects of MEL, as demonstrated
in the present study, may also be because of its antioxidant properties. MEL stimulates
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intracellular antioxidant enzymes, including glutathione reductase and superoxide dismutase
[20,29,61]. As it reduces ROS and lipid peroxidation, MEL has been used as a therapeutic
agent in Alzheimer's disease, Huntington's disease, Parkinson's disease, and stroke [23,29].
MEL has been found to reduce amyloid-£ toxicity to neurons [62,63]. It is neuroprotective in
stroke and traumatic brain injury [24]. MEL provides neuroprotection by preventing
mitochondrial damage and apoptosis [64,65]. The ability of MEL to reduce ROS and lipid
peroxidation may alleviate damage caused by secondary injury processes in SCI [25,26,66].
Beneficial effect of combination of methylprednisolone and MEL in SCI may have resulted
from ultrastructural preservation of axons and mitochondria [58].

As destruction of SC following injury is multifactorial, treatment of one damaging pathway is
unlikely to provide significant beneficial effect. Thus, treatment with acombination of different
protective agents or with an agent with multi-active properties may have more potential for
function recovery following SCI. MEL is one such agent with multiple effects, and its efficacy
has been tested in other diseases and neurotrauma models. Based on the results obtained from
this study, we suggest that MEL-mediated neuroprotection is partly because of inhibition of
calpain activity involved in cell death and axonal damage as well as a decrease in inflammatory
responses, which are also increased in SCI. In this study, we have tested efficacy of MEL in
an acute SCI model. Further work is necessary to examine efficacy of MEL administering at
different times following acute SCI as well as chronic SCI for clinical relevance. Nonetheless,
the present study suggests that MEL is potential therapeutic agent for treatment of SCI.
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The effects of melatonin (MEL) on expression and activity of calpain and caspase-3 following
acute spinal cord (SC) injury. (A) Representative Western blots using lesion and caudal
penumbra SC segments from sham and SCI rats treated with vehicle (dimethyl sulfoxide) or
MEL (45 mg/kg) for 48 hr. (B) Determination of OD of bands representing calpain expression
and activity. (C) Determination of OD of bands representing caspase-3 active fragment and
activity. Data presented as percentage change in comparison with sham + vehicle set at 100%
(n = 3). Sham + vehicle vs. injury + vehicle (*P <0.05); and injury + vehicle vs. injury + MEL

(@P <0.05).
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Fig. 2.

The effects of melatonin (MEL) on calpain expression in neurons following acute spinal cord
(SC) injury. Double immunofluorescent labelings were performed using lesion and caudal

penumbra SC sections from sham and SCI rats treated with vehicle or MEL (45 mg/kg) for 48
hr. Calpain expression in neurons was assessed using calpain antibody (red) and NeuN antibody

(green). Arrows show co-staining (n = 3, 200x magnification).
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Fig. 3.

The effects of melatonin (MEL) on neuronal death following acute spinal cord (SC) injury.
(A) Double immunofluorescent labelings for detecting apoptotic death in neurons were
performed using lesion and caudal penumbra SC sections from sham and SCI rats treated with
vehicle or MEL (45 mg/kg) for 48 hr. Apoptotic death in neurons was assessed by TUNEL
staining (red) and NeuN staining (green). Arrows show co-staining (h = 3, 200x magnification).
(B) Quantification of TUNEL-positive cells. Sham + vehicle vs. injury + vehicle (*P < 0.05);
and injury + vehicle vs. injury + MEL (*P < 0.05).
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Fig. 4.

The effects of melatonin (MEL) on infiltration of inflammatory cells following acute spinal
cord (SC) injury. Double immunofluorescent labelings of macrophages/microglia
(inflammatory cells) and calpain expression were performed using lesion and caudal penumbra
SC sections from sham and SCI rats treated with vehicle or MEL (45 mg/kg) for 48 hr.
Macrophages/microglia and calpain expression were assessed using OX42 antibody (green)
and calpain antibody (red), respectively. Arrows show co-staining (n = 3, 200x magnification).
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Fig. 5.

The effects of melatonin (MEL) on astrogliosis following acute spinal cord (SC) injury. Double
immunofluoresecent labelings for astrogliosis and calpain expression were performed using
lesion and caudal penumbra SC sections from sham and SCI rats treated with vehicle or MEL
(45 mg/kg) for 48 hr. Astrogliosis and calpain expression were assessed using GFAP antibody
(green) and calpain antibody (red), respectively. Arrows depict astrogliosis. Arrowheads show
co-staining (n = 3, 200x magnification).
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Fig. 6.

The effects of melatonin (MEL) on axonal damage following acute spinal cord (SC) injury.
(A) Single immunofluorescent labeling for axonal damage was performed using lesion and
caudal penumbra SC sections from sham and SCI rats treated with vehicle or MEL (45 mg/kg)
for 48 hr. Use of dephosphorylated neurofilament protein (ANFP) antibody (red) detected
axonal damage (n = 3, 200x magnification). (B) Determination of dNFP. Data were analyzed
with NIH ImageJ software. Significant differences in the number of pixels were indicated:
sham + vehicle vs. injury + vehicle (*P < 0.05); and injury + vehicle vs. injury + MEL (*P <
0.05).
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