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Abstract

Spinal cord injury is an extremely severe condition with no available effective therapies. We examined the effect of melatonin
on traumatic compression of the spinal cord. Sixty male adult Wistar rats were divided into three groups: sham-operated
animals and animals with 35 and 50% spinal cord compression with a polycarbonate rod spacer. Each group was divided into
two subgroups, each receiving an injection of vehicle or melatonin (2.5 mg/kg, intraperitoneal) 5 min prior to and 1, 2, 3, and
4 h after injury. Functional recovery was monitored weekly by the open-field test, the Basso, Beattie and Bresnahan locomotor
scale and the inclined plane test. Histological changes of the spinal cord were examined 35 days after injury. Motor scores
were progressively lower as spacer size increased according to the motor scale and inclined plane test evaluation at all times of
assessment. The results of the two tests were correlated. The open-field test presented similar results with a less pronounced
difference between the 35 and 50% compression groups. The injured groups presented functional recovery that was more
evident in the first and second weeks. Animals receiving melatonin treatment presented more pronounced functional recovery
than vehicle-treated animals as measured by the motor scale or inclined plane. NADPH-d histochemistry revealed integrity of
the spinal cord thoracic segment in sham-operated animals and confirmed the severity of the lesion after spinal cord narrowing.
The results obtained after experimental compression of the spinal cord support the hypothesis that melatonin may be
considered for use in clinical practice because of its protective effect on the secondary wave of neuronal death following the
primary wave after spinal cord injury.

Key words: Spinal cord injury; Melatonin; Functional recovery

Introduction

Spinal cord injury (SCI) results in the loss of function
below the lesion. The compression of the spinal cord that
follows vertebral displacement and edema is considered
to be a very frequent cause of traumatic spinal cord
lesion. Secondary injury following the primary impact
includes a number of biochemical and cellular alterations,
localized edema, hemorrhage, thrombosis, vasospasm,
and loss of vasculature autoregulation (1). Primary
traumatic mechanical injury to the spinal cord causes
the death of a number of neurons that cannot be
recovered or regenerated. Some neurons continue to
die for hours after traumatic SCI (2,3). This secondary
neuronal death may be caused by substances released
from cells in response to the primary injury. Over a period

of minutes to hours the affected area undergoes complex
processes that give rise to secondary damage. The initial
procedures are thought to be decisive for the evolution of
the events that ensue during the evolution of the injury (1).

Several studies have revealed that early interventions
can produce positive effects regarding the consequences
of secondary injury (2,3). Growing evidence has shown
that melatonin (5-methoxy-N-acetyltryptamine) is a neu-
roprotective compound. Melatonin is a neurohormone
synthesized from L-tryptophan in the pineal gland, retina
and gastrointestinal tract, released into the blood with a
circadian rhythm that peaks during the night in mammals
(4). Its rhythmic production by the pineal gland was
described in human beings over 20 years ago. However,
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melatonin production is not confined exclusively to the
pineal gland, but other tissues including retina, Harderian
glands, gut, ovary, testes, bone marrow, and lens also
produce it. Melatonin is rapidly absorbed because of its
lipophilic nature, and readily crosses the blood-brain
barrier (5). Reduction of endogenous melatonin after
pinealectomy makes rats more vulnerable to trauma and
exogenous melatonin administration has an important
neuroprotective effect. The spinal cord is particularly
vulnerable to free radical oxidation because of its high
lipid content. Pharmacological doses of melatonin do not
produce in vivo toxic effects and seem to support some
features of the antioxidant defense systems (5).

The question of the neuroprotective effect of melato-
nin after spinal cord injury is controversial. After compres-
sion ischemic-induced SCI, Fujimoto et al. (6) showed
that melatonin reduced the occurrence of neutrophil-
induced lipid peroxidation, and that it facilitated recovery
of the damaged spinal cord. Topsakal et al. (7) showed
that melatonin applied early after SCI not only reduced
lipid peroxidation but also prevented the decrease of
superoxide dismutase and glutathione peroxidase, com-
ponents of the endogenous antioxidant system.
Protection of the spinal cord against lipid peroxidation
by melatonin was similar to that provided by methylpred-
nisolone (3). However, Guizar-Sahagun et al. (8) showed
no pharmacological neuroprotection in melatonin-treated
rats in an animal model of spinal surgery-induced
neurological damage (no differences in their locomotor
performance or in the amount of spared cord tissue).

The purpose of the present study was to further
investigate the neuroprotective effect of melatonin. We
examined the effect of melatonin on neurobehavioral
impairment produced by traumatic compression of the
spinal cord in rats. The tested hypothesis was that the use
of melatonin immediately after spinal cord compression
could improve the rate and extent of motor recuperation of
the animals. The results reported here support the benefit
of exogenous melatonin as a therapeutic intervention for
spinal cord injury induced by compression.

Material and Methods

Animals

Male Wistar rats (250-300 g, n = 60) were kept in a
temperature-controlled room (23°C) with a 12-h light/dark
cycle (lights on at 7:00 am) and with free access to water
and food. Experiments were performed between 8:00 and
12:00 am. The experiments were carried out according to
the guidelines of the Brazilian Society of Neuroscience
and Behavior that comply with the National Institutes
of Health Guide for care and use of laboratory animals.
A white noise generator provided a constant background
noise and the apparatus was cleaned and dried
before each session with 70% ethanol to minimize
olfactory cues.
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Spinal cord compression

Spacers (manufactured using a polycarbonate rod)
were designed to induce spinal cord compression, as
described by Dimar et al. (9). They were manufactured in
such a way as to decrease the rat’s average spinal canal
diameter by 35% (0.78-mm thick spacer) and 50% (1.11-
mm thick spacer). The spacers were precisely measured
to ensure correct dimensions using microcalipers (9).

Surgical procedure

All surgical techniques were performed under aseptic
conditions. Animals were anesthetized with an intraper-
itoneal (ip) injection of 250 mg/kg 2,2,2-tribromoethanol
(Aldrich Chemical Company, USA), followed by subcuta-
neous administration of penicillin. After shaving the skin,
animals were kept in a stereotaxic apparatus (David Kopf,
USA) and a posterior incision in the skin and underlying
muscles was made in the mid-thoracic region (10).
Muscles were retracted and a mid-thoracic total laminec-
tomy was performed at the level of the T10 vertebra.
When required, the dura mater was exposed. According
to the experimental group, spacers of different sizes were
introduced under the T9 lamina in the dorsal epidural
space to promote spinal cord compression (Figure 1),
while in the sham-operated group no spacer was
introduced and the spinal cord was free of compression.
In the compression groups, the spacers were kept under
the T9 lamina until the end of the experiment.

After the surgical procedure, the paraspinal fascia,
muscle and skin were closed with 4-0 nylon suture
(Ethicon, Brazil). The animals were placed in a warming
chamber and body temperature was maintained at
approximately 37°C until they were fully awake, at which
time they were returned to their home cages, 2 or 3 rats
per cage. Postoperative care included regular bladder
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Figure 1. Schematic overview of placement of the spacer under
the T9 lamina to promote spinal cord compression.
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Behavioral evaluation methods

Behavioral parameters were recorded preoperatively
and 1, 7, 14, 21, 28, and 35 days after the experimental
procedure. The same animals were tested in the open
arena and evaluated by the Basso, Beattie and
Bresnahan (BBB) locomotor score and inclined plane test.

Open-field test. To assess their exploratory behavior,
rats were tested in an open field consisting of a circular
wooden box (72 cm in diameter) surrounded by 49-cm
high transparent walls with an open top. The floor was
subdivided into 12 equal size fields. In this test, each rat
was gently placed in the center of the open field and hand-
operated counters and stopwatches were used to score.
Two different behavioral measures of spontaneous
activity were used: locomotion or exploratory movement,
measured as the number of floor units entered with the
four paws, and rearing frequency, as the number of times
the animal stood on its hind limbs. The two different
parameters of spontaneous behavior used were empiri-
cally found to be best for measurements of individual and
group behaviors. Exploratory measures are necessary
since stationary activity may not accurately reflect the
groups’ exploratory behavior in the field. We evaluated
changes in each parameter individually.

BBB locomotor scale. The BBB scale, elaborated by
Basso et al. (11), is used to analyze specific components
of functional behavior such as limb movement, trunk
position/instability, paw placement/position, stepping,
coordination, toe clearance, and tail position. The scores
range from O (no detectable hind limb movement) to 21
(normal locomotion) and have been extensively described
elsewhere (11). The locomotor activity of individual
animals was evaluated in the circular wooden open arena
for 4 min by 1 examiner observing the rat. The observer
did not touch the animal in the open field. A rating sheet
described by Basso et al. (11) was used for individual
animal recording.

Inclined plane test. The inclined plane test was
performed as described by Rivlin and Tator (12). In this
test the rat was placed on a mat in such a way that its
body axis was perpendicular to the axis of an inclined
board, which could be adjusted to provide a slope of
varying grade. The angle of the inclined plane was the
maximum angle of the plane at which a rat could maintain
itself for at least 5 s.

Histological analysis

After 35 days the animals (n = 10 per group) were
deeply anesthetized with a lethal jp injection of 25%
urethane, and sacrificed by intracardiac perfusion with
0.01 M PBS (200 mL, pH 7.4) followed by 4% parafor-
maldehyde in 0.1 M phosphate buffer (200 mL, pH 7.4).
The spinal cord was rapidly removed and soaked in the
same fixative solution for 2 h (4°C) and then cryopro-
tected by overnight soaking in 30% sucrose/phosphate
buffer. Thoracic segments of the spinal cord were frozen
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in isopentane (-40°C, Sigma, USA) and stored at -70°C
until the time for the histochemical procedures.

Histochemistry for NADPH-diaphorase. Forty-micro-
meter serial sections were cut with a cryostat (Leica,
Germany) and neuroanatomical sites were identified
using the Paxinos and Watson atlas (13). NADPH-
diaphorase (NADPH-d) activity was measured by incubat-
ing free-floating sections in 0.1 M phosphate buffer, pH
7.4, containing 0.3% Triton-X 100 (Sigma), 0.1 mg/mL
Nitroblue tratrazolium (Sigma) and 0.1 mg/mL B-NADPH,
at 37°C for 90 min in the dark. The sections were dipped
for 10 min in phosphate buffer, dried, rinsed in distilled
water, and mounted for microscopic observation (14).
Slices from about 8 mm of the spinal cords were
examined with a microscope linked to a computer-
assisted image-processing system through a video
camera. For cell density quantification, the spinal cord
was divided into five regions: 1) the superficial lamina
(laminae | and 11), 2) the nucleus proprius (laminae Il and
IV), 3) the intermediolateral cell column, 4) the region
around the central canal (lamina X), and 5) the ventral
horn (laminae VIII and IX). NADPH-d-positive neuron
density was measured in a blind manner in two regions of
interest, i.e., rostral (0.0-3.9 mm) and caudal (0.0-
3.9 mm) spinal segments beyond the narrowing site.

Experimental groups

The experimental groups (n = 10 per group) were
formed according to the degree of spinal canal narrowing
(sham-operated, 35% compression and 50% compres-
sion) and the administration of melatonin or vehicle, for a
total of 6 experimental groups: SO-V (sham-operated +
vehicle), 35%-V (narrowing of 35% + vehicle), 50%-V
(narrowing of 50% + vehicle), SO-M (sham-operated +
melatonin), 35%-M (narrowing of 35% + melatonin), and
50%-M (narrowing of 50% + melatonin). Melatonin
(Sigma, 2.5 mg/kg dissolved in absolute ethanol-saline,
5:95, v/v) or vehicle was administered ip at 5 min prior to
and 1, 2, 3, and 4 h after injury. Dosage was in
accordance with the pharmacokinetic properties of mel-
atonin (15) and as described by Fujimoto et al. (6).

Statistical analysis

The behavioral data were submitted to repeated
measure multivariate analysis of variance (MANOVA)
followed by one-way ANOVA and the Duncan post hoc
test in case of significant treatment x time interaction. The
Student f-test was also used to compare drug treatments.
The same tests were used to assess the effects of
compression and of melatonin treatment on NADPH-d-
positive neurons of different gray matter Rexed laminae.
Pearson’s correlation coefficient was employed to com-
pare the behavioral tests. The level of significance was
set at P < 0.05. Data are reported in graphs as means =+
SE, with the number of data points indicated for each
mean.
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Results

Open-field test

Quantitative analysis of ambulation in order to
evaluate locomotive ability is presented in Figure 2. A
35% narrowing of the spinal cord canal resulted in a
significant decrease of squares crossed by the animals
when compared to the SO-V group at days 1, 7, and 14
after injury. In the 50%-V animals, an additional decrease
was detected at days 1, 7, 14, and 28, although this
decrease was more pronounced in the 50%-V group than
in the 35%-V group only on the first day (F 49 variation
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Figure 2. Melatonin treatment did not affect the ambulation of
rats. Numbered squares crossed in an open arena were
measured 24 h before (-1) and 1, 7, 14, 21, 28, and 35 days
after narrowing of the spinal cord canal. Each point represents
the mean + SE for 9-11 rats. *P < 0.001 compared to sham-
operated group from vehicle-treated animals, on days 1, 7 and 14
after narrowing of the spinal cord canal (ANOVA with the Duncan
post hoc test). * *P < 0.001 compared to sham-operated group
from vehicle-treated animals, on days 1, 7, 14, and 28 after
narrowing of the spinal cord canal and compared to 35%
narrowing from vehicle-treated animals, on the first day after
narrowing of the spinal cord canal (ANOVA with the Duncan post
hoc test). Melatonin application did not change the number of
floor units crossed by the animals of the three groups (MANOVA,
P > 0.05). 35% = 35% narrowing group; 50% = 50% narrowing
group. Open symbols = vehicle-treated groups; filled symbols =
melatonin-treated groups.
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from 6.13 to 29.02, P < 0.01). Rearing behavior
decreased with time in all groups (time effect: Fg 114 =
58.42, P < 0.0001). However, this decrease was more
pronounced in animals with narrowing of the spinal cord
canal at all times post-injury (Fz 19 variation from 17.91 to
69.31, P < 0.0001). No difference was observed between
the 35%-V and 50%-V groups (P > 0.05; Figure 3).
Melatonin application did not change the number of
floor units crossed by the animals of the three groups
(drug effect: SO-M, F4 45 = 0.83, P = 0.38; 35%-M, F4 13
= 0.77, P = 0.40; 50%-M, F4 19 = 0.26, P = 0.61). In
contrast, the number of rearing events was modified by
melatonin in the 35%-M group (drug effect: F4 43 = 5.45,
P = 0.036). Animals that received melatonin explored the
vertical space more than vehicle-treated ones on days 14
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Figure 3. Melatonin treatment increased the rearing behavior.
Rearing behavior in an open arena was measured 24 h before
(-1)and 1,7, 14, 21, 28, and 35 days after narrowing of the spinal
cord canal. Each point represents the mean + SE for 9-11 rats.
*P < 0.05 compared to the vehicle-treated group (independent
Student t-test). *P < 0.0001 compared to sham-operated group
from vehicle-treated animals at all times after narrowing of the
spinal cord canal (ANOVA with the Duncan post hoc test). No
difference was observed between the 35%-V and 50%-V groups
(P > 0.05). 35% = 35% narrowing group; 50% = 50% narrowing
group. Open symbols = vehicle-treated groups; filled symbols =
melatonin-treated groups.
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and 35 after injury (t13 ranging from -2.35 to -2.18, P <
0.05). However, in the sham-operated and 50% groups,
melatonin had no effect on rearing behavior (drug effect:
sham-operated, Fq1 15 = 0.72, P = 0.41; 50%, Fq 19 =
3.93, P = 0.06).

BBB locomotor score

After laminectomy, no functional deficit was detected
in the animals at any time point of assessment (21 points;
Figure 4). Narrowing of the spinal cord canal produced
changes in locomotor behavior (narrowing effect: F, 25 =
226.09, P < 0.0001). Animals of the 35%-V and 50%-V
groups exhibited significant locomotor impairment at days
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Figure 4. Melatonin treatment improved the BBB score. Results
of the Basso, Beattie and Bresnahan (BBB) locomotor scale
measured 24 h before (-1) and 1, 7 14, 21, 28, and 35 days after
narrowing of the spinal cord canal. Each point represents the
mean + SE for 9-11 rats. *P < 0.05 compared to the vehicle-
treated group (independent Student t-test). *P < 0.0001
compared to sham-operated group from vehicle-treated animals,
at all times after narrowing of the spinal cord canal (ANOVA with
the Duncan post hoc test). **P < 0.0001 compared to sham-
operated group and 35% narrowing from vehicle-treated animals,
at all times after narrowing of the spinal cord canal (ANOVA with
the Duncan post hoc test). 35% = 35% narrowing group; 50% =
50% narrowing group. Open symbols = vehicle-treated groups;
filled symbols = melatonin-treated groups.
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1,7,14, 21, 28, and 35 after narrowing compared to SO-V
ones (F2s ranging from 30.90 to 953.79, P < 0.0001).
Rats of the 50%-V group showed significantly lower
scores than 35%-V animals at all times analyzed post-
injury (P < 0.05). On the first day after injury, 35%-V and
50%-V animals presented BBB scores close to 2.
Progressive functional recuperation was observed over
time for both the 35%-V and 50%-V groups (35%-V, Fg 54
= 86.47, P < 0.0001; 50%-V, Fggo = 128.77, P <
0.0001). Recuperation was more pronounced in the 35%
group, whose average BBB score increased from 2 on the
first day to 17 after 35 days (15 points). The recuperation
range was about 10 points in the 50%-V group.
Melatonin did not alter the locomotor performance of
SO-M animals (drug effect: F449 = 0.00, P = 1.00).
However, BBB scores for melatonin-treated animals were
always higher than the scores for vehicle-treated animals in
the 35%-M group (t47 varying from -4.76 to -2.34, P <
0.04). Likewise, the same effect was observed in the 50%-
M group on days 21 and 28 (day 21, tog = -2.33, P = 0.03;
day 28, too = -2.42, P = 0.025). While on the first day after
injury 35%-V animals presented BBB scores close to 2,
35%-M animals had a score of only about 9. After 35 days,
35%-M animals presented scores of about 20, whereas
35%-V animals presented scores of about 17 with no
complete toe clearance, tail down and trunk instability.

Inclined plane test

In the pretest, the angle of the inclined plane at which
one rat could maintain itself for at least 5 s was about 85
degrees for all groups (Fo28 = 0.34, P = 0.71). In the
SO-V group there was no difference in average maximum
angle at any time analyzed (Fg 54 = 1.20, P = 0.32). For
the 35%-V and 50%-V groups, the average maximum
angle decreased strikingly after narrowing and did not
return to a normal level after 5 weeks (F» 2g ranging from
62.84 to 494.08, P < 0.0001). Furthermore, a 50%
narrowing produced a more pronounced decrease in
angle degree than a 35% narrowing at days 7, 14, 21, 28,
and 35 post-injury (P < 0.05).

Post-injury, the average maximum angle at which a rat
could maintain itself on the inclined plane differed
significantly between melatonin- and vehicle-treated rats
in 35 and 50% animals (drug effect: 35%, F; 17 = 10.03,
P = 0.006; 50%, F420 = 7.67, P = 0.012, Figure 5).
Melatonin-treated animals in the 35%-M group showed
higher mean angle degrees than 35%-V animals at all
time points post-injury (t47 ranging from -3.58 to -2.18, P
< 0.05). In 50%-M rats the average maximum angle at
which a rat could maintain itself on the inclined plane was
detected at days 1, 28 and 35 (g ranging from -3.39 to
-0.78, P < 0.05).

Correlation between the BBB locomotor scale and the

inclined plane test
A strong correlation between BBB score and inclined
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Figure 5. Melatonin treatment increased the angle on the inclined
plane test. Results of the inclined plane test measured 24 h
before (-1) and 1, 7, 14, 21, 28, and 35 days after narrowing of the
spinal cord canal. Each point represents the mean + SE for 9-11
rats. *P < 0.05 compared to the vehicle-treated group (indepen-
dent Student t-test). *P < 0.0001 compared to sham-operated
group from vehicle-treated animals, at all times after narrowing of
the spinal cord canal (ANOVA with the Duncan post hoc test).
**P < 0.0001 compared to sham-operated group at all times
after narrowing of the spinal cord canal and **P < 0.05
compared to 35% narrowing, from vehicle-treated animals, on
days 7, 14, 21, 28, and 35 after narrowing of the spinal cord canal
(ANOVA with the Duncan post hoc test). 35% = 35% narrowing
group; 50% = 50% narrowing group. Open symbols = vehicle-
treated groups; filled symbols = melatonin-treated groups.

plane angle degree was observed (r = 0.95, > = 0.90, P
< 0.0001). BBB scores of 0, 7, 14, and 21 corresponded
to approximately 23, 44, 65, and 86 degrees on the
inclined plane, respectively.

NADPH-d histochemistry

A photomicrograph of a typical spinal cord thoracic
segment from a vehicle-treated animal, labeled with
NADPH-d histochemistry is illustrated in Figure 6. Rats
were sacrificed 35 days after sham operation (A-C) or
35% (D-F) or 50% (G-I) spinal cord narrowing. NADPH-d
histochemistry revealed integrity of the labeled neurons
(A-C) in the intermediolateral nucleus and lamina 10
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(motoneurons). Photomicrographs in Panels D-I confirm
the severity of the spinal cord lesion. Analysis of NADPH-
d activity in the spinal cords of the experimental groups
showed that the density of labeled neurons varied with
percent compression and with time (compression effect:
F2,160 = 144.34, P < 0.0001; time effect: F4,1GO = 3.95P
= 0.004) but not with melatonin treatment (drug effect:
F14160 = 0.77, P = 0.38). Six to 48 h after both rostral and
caudal spinal cord compression (0.0 to 0.39 mm for both
sides) in the 35%-V and 50%-V groups, the density of
NADPH-d-positive neurons decreased compared to SO-V
animals in all Rexed laminae (F5 15 ranging from 4.69 to
38.63, P < 0.03). Moreover, after 24 h, the density of
NADPH-d-positive neurons observed in the laminae I-IV
of 50%-V animals, caudal segment, was lower than in
35%-V animals. This was also observed for laminae Il
and IV after 48 h, and for laminae | to IV and the
intermediolateral nucleus after 35 days (Duncan post hoc
test, P < 0.05). The data for vehicle-treated animals, 24 h
after surgery, are shown in Table 1.

Discussion

Based on behavioral and histological analyses, the
present study showed that melatonin administration
significantly improved functional recuperation after SCI,
extending previous results (9) obtained by the analysis of
narrowing of the spinal cord canal and BBB locomotor
score.

The hormone melatonin participates in many physio-
logic functions including regulation of circadian rhythms
(16). More recently, melatonin was found to be a highly
efficient scavenger of hydroxyl and peroxyl radicals as
well as an electron donor (4,7,16). Being lipophilic and
hydrophilic, it has an extreme diffusibility for scavenging in
cells and in every subcellular compartment. The efficacy
of melatonin has been tested in many neurological
disease models where free radicals have been pointed
out as a pathologic causal factor. Thus, melatonin has
been associated with neuroprotective effects in
Alzheimer’s and Parkinson’s diseases, glutamate excito-
toxicity and ischemia-reperfusion injury, amongst others
(17). Although the primary protective effect of melatonin
can be related to its ubiquitous direct and indirect
antioxidant actions, other beneficial functions of melatonin
are not precluded (4). Compared to methylprednisolone,
melatonin exerts considerable neuroprotection, with the
most prominent protective effect on myelin, nuclear axons
and mitochondria (3). There is strong evidence that this
hormone could be a powerful tool to prevent the
secondary wave of neuronal death after SCI.

Narrowing of the spinal cord canal, as described by
Dimar et al. (9), is an easy and suitable method for the
study of SCI, which produces gradual narrowing of the
spinal cord canal resulting in progressive functional
impairment and histological damage directly related to
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Figure 6. Photomicrograph of a typical thoracic spinal cord segment labeled by NADPH-d activity 35 days after the experimental
procedure for the sham-operated + vehicle (SO-V) group (A, B and C), the narrowing of 35% + vehicle (35%-V) (D, E and F) group
and the narrowing of 50% + vehicle (50%-V) (G, H and /) group. D-/ photomicrographs confirmed the severity of the spinal cord lesion.
Arrows in B highlight NADPH-d-positive neurons in the intermediolateral nucleus and in the ventral horn from gray matter. The arrow in
C highlights NADPH-d-positive neurons in lamina X of Rexed from gray matter. The arrow in H shows formation of a cavity near the
central part of the spinal cord between white and gray matter. DH = dorsal horn; GM = gray matter; VH = ventral horn; WM = white

matter; IML = intermediolateral nucleus; CC = central canal.

the degree of narrowing (9).

Laboratory rodents perform a wide variety of beha-
viors, many of which are relevant to assessing the
integrity of spinal pathways. Different kinds of measure-
ments can be potentially used to assess behavioral

Braz J Med Biol Res 46(4) 2013

recovery after SCI in rats. A combination of functional
tests for each animal has been recommended to provide a
quantifiable and comprehensive analysis of sensorimotor
function in spinal-injured rodents (18,19). According to
Muir and Weeb (19), a comprehensive analysis should
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Table 1. Density of NADPH-d-positive neurons in the Rexed laminae according to experimental group and segment in relation to the

compression site.

Segment/group NADPH-d-positive neurons/50,000 um? (Rexed laminae)
I and Il Il and IV IML VIl and IX X
0.0-0.39 mm (rostral)
SO-V 31.30 + 2.06 14.50 + 1.41 2917 + 4.23 2.92 + 0.50 599 + 145
35%-V 9.65 + 3.19 3.05 + 1.85 1.72 £ 1.72 0.97 + 045 0.00 + 0.00
50%-V 11.33 + 2.40 2.21 £ 0.97 0.00 + 0.00 1.62 + 0.37 1.00 + 0.74
0.0-0.39 mm (caudal)
SO-V 31.64 + 2.09 1145 £ 1.41 25.74 + 2.47 3.41 + 047 6.74 + 1.00
35%-V 15.95 + 5.11 5.43 + 2.91 8.01 £ 5.72 1.22 + 0.64 1.00 + 1.00
50%-V 8.56 + 3.54 0.51 + 0.26 0.00 + 0.00 0.08 + 0.08 0.00 + 0.00
Data are reported as means + SE. | and Il = superficial lamina; lll and IV = nucleus proprius; IML = intermediolateral nucleus; VI

and IX = ventral horn; X = region around the central canal; SO-V = sham-operated + vehicle; 35%-V = narrowing of 35% + vehicle;

50%-V = narrowing of 50% + vehicle.

include each of the following three components: i) an
assessment of reflex function; ii) a measure of motor
abilities during spontaneous locomotor activity, and iii) a
measure of abilities during one or more trained behavioral
tasks. Measurement of reflex function provides an
indication of integrity of a particular spinal pathway.
Spontaneous movement provides an initial screening of
overall motor abilities. Finally, assessing the performance
of trained behaviors eliminates differences in motivation
between animals and provides more detailed and specific
measures of functional abilities.

Locomotion over a flat surface is a behavior that
involves the whole body. Rearing on the hind limbs
involves primarily individual limbs (20). While just quali-
tative observations of locomotion are not sufficiently
sensitive to assess the pattern of locomotion deficit (18),
exploratory activity, rearing and grooming events are
sensitive parameters for the detection of sensorimotor
deficiencies (10). In summary, the results of the present
study indicate that spinal cord injury produces a decrease
in spontaneous locomotor activity as measured in an
open-field test in spite of melatonin treatment. One day
after surgery all animals, including the sham-operated
ones, presented a decrease in ambulation, which,
however, was more evident in the animals that suffered
spinal cord compression. The decrease of ambulation by
sham-operated animals can be explained by the repeated
exposure to the open field with the novelty factor being
pulled out. These results are in agreement with previous
ones from Metz et al. (21) and Giglio et al. (10).

The BBB scale was designed to assess recovery of
hind limb function after SCI (11). Each point in the score
represents a specific set of characteristics demonstrated
by the animal during spontaneous open-field locomotion.
Although the BBB scale uses ordinal scores (22), the use
of parametric statistics to evaluate its results has
been more recently recommended. This would facilitate
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interpretation of the results between laboratories and
provide a common methodology for behavioral data (23).
In addition, Metz et al. (21) found that animals with low
locomotion capacity presented a closer relationship
between the BBB scale (11) and activity in the open field.
In the present study, the BBB scale was able to
consistently identify functional impairment after SCI.
Furthermore, by this method it was possible to differenti-
ate the locomotor outcomes produced by gradual narrow-
ing of the spinal cord canal and to show the progressive
functional recuperation after injury.

The BBB scoring system correlated highly with the
inclined plane test. When animals were assessed on the
inclined plane the same impairment profile was observed,
as also reported by Fujimoto et al. (6) after compression
ischemia-induced SCI. Although the inclined plane is a
test where the quality of movement is not considered by
this traditional, easy and quick method (12), it was
possible to identify and differentiate functional deficits
caused by the gradual narrowing of the spinal cord canal
almost to the same extent as observed with the BBB
score, a more comprehensive and detailed test. On the
first day after injury, assessment of the animals on the
inclined plane test was not able to show a difference
between the 35%-V and 50%-V groups, whereas the
difference was evident when using the BBB score system.
Our results suggest that the inclined plane can be a
reliable and easy test to be used together with other
methods of behavior assessment to provide a complete
overview of the motor behavior of the animal, helping to
highlight discrete recovery after SCI.

The neuroprotective effects of melatonin were con-
firmed in our study. These beneficial behavioral changes
were more evident when animals were assessed by the
BBB scale and by the inclined plane test. In agreement
with the aforementioned findings, these methods were
more reliable than others in highlighting the functional
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impairments caused by narrowing of the spinal cord canal
after SCI. The preventive effect of melatonin was evident
in 35%-M animals as early as on the first day post-injury,
with melatonin-treated animals showing higher BBB
scores and angle degrees on the inclined plane than
vehicle-treated ones, suggesting that functional impair-
ment was prevented by drug treatment early after the
experimental procedure.

The progression of traumatic central nervous system
injuries follows an archetypal course through primary and
secondary damaging events, which are distinct in their
spatiotemporal windows. There is a consensus that the
best time window to use melatonin for a neuroprotective
effect is just after the SCI event, using a single dose
(3,7,24) or multiple doses (6). Although there is no
consensus regarding the use of single- or multiple-dose
schemes, most of these studies have shown protective
effects regarding both histological and behavioral
aspects. In this study, we used five doses of melatonin
in the acute window of 4 h as previously described by
Fujimoto et al. (6), which were sufficient to improve the
behavioral outcomes.

Our hypothesis is that the improvement in motor
behavior observed in melatonin-treated animals after SCI
is related to the properties of melatonin that prevent the
secondary wave of neuronal death following the primary
one after SCI, including reactive astrogliosis (24). This
may result from the inhibition of cysteine proteases (24),
scavenging of hydroxyl and peroxyl radicals (4,7,16),
inhibition of nitric oxide synthase (NOS) activity
(7,16,25,26), or yet by other mechanisms that are not
completely understood. Melatonin is supposed to prevent
astrogliosis following acute SCI as demonstrated by
Samantaray et al. (24) in a study in which a single dose
of melatonin after weight-drop SCI attenuated the degree
of astrocytosis in the penumbra, decreasing calpain and
glial fibrillary acidic protein levels to those seen in vehicle-
treated animals 48 h after injury.

Melatonin has also been shown to inhibit NOS activity
in vitro and in vivo (7,16,25,26). Melatonin application
decreased NO production in cultured cells (27), in brain
homogenates (28) and after global or focal brain injury
following ischemia/reperfusion (29,30). Moreover, cere-
bral lipid peroxidation induced by NO donors was reduced
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