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Abstract

The purpose of this study was to evaluate the effect of melatonin on oxidative stress occurring in
the brain after routine lobectomy neurosurgery procedures. Different concentrations of melatonin
(5mg/kg, 15mg/kg and 150mg/kg) were administered 1 hour before lobectomy in a rodent surgical
brain injury (SBI) model. The neurological outcomes were assessed at 24 hrs before euthanization
for evaluation of brain water content (brain edema) and lipid peroxidation (oxidative stress). The
results showed that lower doses (5mg/kg and 15mg/kg) failed to reduce brain edema, but the
15mg/kg dose did lower oxidative stress and improved several neurological parameters. High
concentration of melatonin (150mg/kg) significantly increased brain edema and elevated oxidative
stress as compared to vehicle-treated group. Furthermore, high-dose melatonin also worsened
neurological outcomes compared to other groups. The study suggests that melatonin has dual
effects; low-dose melatonin may provide neuroprotective effects against SBI but high dose of
melatonin may aggravate some parameters after SBI.
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Introduction

5-methoxy-N-acetyltryptamine, commonly known as melatonin is a naturally secreted
indoleamine from the pineal gland and regulates circadian and seasonal rhythms [1]. It is a
well known dietary supplement used for sleep disorders [1]. Melatonin and its metabolites
are also known antioxidants that act as direct free radical scavengers [2-5]. Recent
experimental studies have shown that melatonin provides neuroprotection against brain
injury due to different etiologies such as ischemia [6-15], trauma [16-18], hemorrhage [19],
and excitotoxicity [20] as well as in neurodegenerative disorders [21-24] such as
Parkinson’s disease and Alzheimer’s disease. Melatonin decreased the brain injury by
reducing oxidative stress, preventing the disruption of blood brain barrier (BBB) and
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attenuating the resulting brain edema in experimental models of cerebrovascular disorders
[7,8,13-15].

Blood brain barrier (BBB) disruption and brain edema are also commonly encountered early
postoperative complications after routine neurosurgical procedures which can contribute to
neurological deficits [25-27]. These events are critical in pathophysiology of surgical brain
injury (SBI) [28-31]. Our previous studies have shown that there is also increased oxidative
stress in the brain tissue affected by SBI [30]. Free radical toxicity and oxidative stress after
brain injury can disrupt the BBB and lead to brain edema [32,33]. Melatonin has been
shown to freely cross the BBB and is known to be widely distributed in all tissues allowing
it to act on all cells [34]. We used a rodent SBI model to test our hypothesis that melatonin
decreases oxidative stress, attenuates post operative complications such as brain edema and
improves neurological outcomes after routine neurosurgical procedures.

Materials and Methods

The Animal Care and Use Committee at Loma Linda University School of Medicine
approved all the procedures for this study.

Surgical brain injury

Male Sprague Dawley rats weighing between 300 and 350 grams were used for this study.
The rodent model of SBI was used as described before [28,29,31]. In brief, following
anesthesia (ketamine 100 mg/kg plus xylazine 10mg/kg, intraperitoneal), rats were
positioned on a stereotaxic frame and prepared for surgery. The right dorsum of the skull
was exposed via a midline incision followed by blunt dissection of skin, connective tissue
and periosteal elevation. A micro-drill was used to fashion a square cranial window (5mm
edge) such that the left lower corner of the square was at the bregma. The dura was incised
and reflected to expose the underlying right frontal lobe. A sharp flat steel blade with the
cutting surface measuring 6 mm x 1.5 mm (length x width), was used to make two incisions
along sagittal and coronal planes leading away from the bregma to resect an area of brain
2mm lateral in the sagittal plane and 1mm ventral in the coronal plane. The depth of the
incisions extended to the base of the skull. Hemostasis was achieved by intraoperative
packing and saline irrigation. After confirmation of hemostasis, the drilled bone piece was
placed back in position and the skin sutured with 3-0 Ethicon on reverse cutting needle.
Vital parameters including temperature (maintained between 35-37° C) and respiration were
monitored intraoperatively and postoperatively. All animals received post-operative fluids.
Sham surgery included only craniotomy and replacement of the bone flap without any dural
incisions. This animal model had zero mortality in any of the groups.

Treatments

Melatonin (5-methoxy-N-acetyltryptamine) was purchased from Sigma Aldrich (St. Louis,
United States). The compound was dissolved in 0.9% NS with 10% ethanol to create
solutions for dosages for treatment groups receiving 5mg/kg, 15 mg/kg and 150 mg/kg
intraperitoneally 1 hr before the surgery. All others groups received equal volume of vehicle.

Brain water content

The brain water content was calculated similar to previous studies by us and others
[28-31,35]. The animals were sacrificed under deep anesthesia at 24 hrs after surgery and
the brains were immediately divided on ice into frontal ipsilateral (right), frontal
contralateral (left), parietal ipsilateral, parietal contralateral, brain stem and cerebellum.
These parts were weighed immediately (wet weight) and weighed again after drying in oven
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at 105° C for 48 hours (dry weight).The percent of water content was calculated as [(wet
weight — dry weight) / wet weight] x 100 % as reported previously [28-31,35].

Lipid peroxidation assay

The animals were anesthetized, perfused with ice cold PBS, and brain samples were
collected at 24 hours after surgical injury. The level of lipid peroxidation products
(malondialdehyde [MDAY]) in the ipsilateral (right) frontal lobe were measured using a
LPO-586 kit (OxisResearch; Portland, United States) as previously described [19,30]. The
brain tissue from right frontal lobe (ipsilateral) was homogenized in 20 mmol / L phosphate
buffer (pH 7.4) with 0.5 M butylated hydroxytoluene (Sigma Aldrich Corp, MO, USA) in
acetonitrile. The homogenates were centrifuged at 20,800 g for 10 min at 4°C and the
supernatants were collected (Centrifuge 5417C/R from Eppendorf AG, 22331 Hamburg,
Germany). Protein concentration was measured by DC protein assay (Bio-Rad) and the
samples were reacted with a chromogenic reagent at 45 °C for 60 min. After incubation, the
samples were centrifuged at 20,800 g for 10 min at 4 °C and supernatants were measured at
586 nm. The level of MDA was calculated as picomoles per milligram protein according to
the standard curve.

Neurological evaluation

Neurological status of the animals was evaluated at 24 hrs after surgery by an investigator
blinded to the treatment groups using a 18 point scoring system according to previous
studies [30]. Briefly, the scoring system consisted of six tests with scores of 1-3 for each
test. These six tests included: (i) spontaneous activity; (ii) symmetry in the movement of
four limbs; (iii) forepaw outstretching; (iv) climbing; (v) body proprioception; and (vi)
response to vibrissae touch. The score given to each rat at the completion of the evaluation
was the summation of all six individual test scores. The minimum neurological score was 3
and the maximum was 18. Vibrissae stimulation (paw placement test) was conducted as
described previously [36]. Briefly, right and left whiskers were stimulated separately and the
ability of left paw to be placed on table was noted. Similarly, right paw was tested, however
the contralateral side (left paw) was affected and only those results were reported. Beam
walking tests were also performed using 2.4cm diameter x 100 cm length beam and 5 cm
diameter x 60 cm length beam. Time spent on beam, distance traveled and speed were
calculated.

Data analysis

Results

Data are expressed as mean + S.E.M. Statistical significance was verified by one-way
ANOVA for multiple comparisons with Holm-Sidak test for post-hoc comparison. Overall
significance level =0.05 and probability value of p<0.05 was considered statistically
significant.

Brain edema was assessed by measuring the brain water content in different areas of the
brain at 24 hrs after surgery. There was significantly increased brain water content in the
right (ipsilateral) and left (contralateral) frontal lobes in all rats subjected to SBI (with or
without melatonin treatment) as compared to their respective sham groups (Fig. 1). The
brain water content in right frontal lobe (ipsilateral) was significantly higher than the left
frontal lobe (contralateral) in all comparable groups except sham group (p<0.05, not shown
in figure). There was no significant difference in the brain water content between the SBI
and sham groups in other brain areas (data not shown).
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The lower doses of melatonin did not reduce brain edema (p=0.13 for 15mg/kg, right frontal
lobe). On the other hand, high-dose melatonin (150mg/kg) significantly increased brain
edema in both right and left frontal lobes compared to all other groups (Fig. 1).

Lipid peroxidation assay (malondialdehyde levels) showed that oxidative stress was
dramatically increased (6-fold) in the right frontal lobe at 24 hrs after surgery (vehicle-
treated v/s sham group, p<0.05). Low-dose melatonin (15mg/kg) significantly attenuated the
oxidative stress compared to vehicle group. This, however, was reversed with the high-dose
melatonin (150mg/kg) which showed significantly higher oxidative stress as compared to all
other groups (Fig. 2).

Numerous neurological tests were performed to evaluate the sensorimotor deficits 24 hours
after surgery (Figs. 3,4). An 18 point sensorimotor scoring system as used previously [30]
showed that all rats subjected to SBI (treated or untreated) had worsened scores as compared
to sham group. However, the rats treated with high-dose melatonin (150mg/kg) had further
worsening of neurological deficits compared to all other groups (Fig. 3). Low dose
melatonin did not show any improvement compared to vehicle treated group.

The vibrissae stimulation studies showed significantly lower scores in all animals subjected
to SBI (treated and untreated) as compared to sham group when tested for following
paradigms: left whisker left paw and right whisker left paw. The low dose melatonin (15mg/
kg) significantly improved these scores compared to the vehicle-treated group, which were
significantly reversed by the high-dose melatonin (150mg/kg) treatment (Fig. 4A, p<0.05).

With the exception of ‘time spent on beam’ parameter for 5cm diameter beam, all rats
subjected to SBI showed significant deficits compared to sham animals on both 2.4cm and
5cm diameter beams for all parameters tested (Figs. 4B, C). Both low and high doses of
melatonin significantly lowered the time spent on 2.4cm diameter beam to almost sham
group levels (Fig. 4B, p<0.05). Melatonin treatment did not have any effect on any other
parameters tested on the walking beams.

Discussion

The present study evaluates the effects of melatonin, a powerful antioxidant, for the first
time in SBI after neurosurgical operation. Patients undergoing neurosurgical procedures
usually have to be monitored closely which translates into longer hospital stays. Medicolegal
implications of SBI and practice of defensive medicine further burdens the healthcare
system in the amount of billions of dollars each year. Presently, there are no standard
therapeutic modalities that are used before, during or after neurosurgical operations to
alleviate the post-operative complications such as brain edema. A recent study indicates that
melatonin exerts anti-edema effects by downregulation of vascular endothelial growth factor
(VEGF) and aquaporin-4 (water transport channel) expression [13]. Previous studies have
shown that melatonin is neuroprotective against different types of brain injuries ranging
from ischemic to traumatic and hemorrhagic to excitotoxic [6—20]. Furthermore, melatonin
is also considered to be beneficial in neurodegenerative disorders such as Parkinson’s
disease and Alzheimer’s disease [21-24]. Melatonin also activates antioxidant enzymes such
as superoxide dismutase, catalase, and gluthathione peroxidase [37]. Studies using other
models have suggested that melatonin has anti-apoptotic, anti-inflammatory, anti-
excitotoxicity actions in addition to activating neuroprotective signaling pathways [9,10,38].

In the present study, melatonin (15mg/kg) significantly improved sensorimotor neurological
outcomes. This effect of melatonin seems related to its potent antioxidant properties. Low
dose of melatonin (15mg/kg) significantly reduced the oxidative stress in the brain region
affected by SBI, which is consistent with our previous observations that oxidative stress
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occurs in the affected brain tissue due to SBI [30]. This neuroprotective effect of melatonin
on oxidative stress was however not translated into brain edema reduction. Low dose
melatonin (15mg/kg) fails to significantly lower the localized brain edema which occurs in
the susceptible brain regions after surgery (predominantly right frontal lobe). The lack of
effect of melatonin in attenuating brain edema in our study may be attributed to the type of
brain injury itself. The direct surgical injury to brain tissues which leads to dramatic
edematous changes and oxidative stress is localized only to the brain tissue surrounding site
of resection. Surgical brain injury-induced edema may be more severe than brain edema
resulted from cerebral ischemia.

Surprisingly, high dose of melatonin (150mg/kg) showed contrasting effects. High dose
melatonin worsened brain edema as compared to all other groups. Melatonin is generally
thought to be a very safe drug with practically no toxicity [3,4]. However, there is limited
information about effects of high-dose melatonin. One study which used high concentration
of melatonin (100mg/kg) comparable to the dose used in the present study reported a lack of
antioxidant effects of melatonin at that particular dose [39] in spinal injury. In the present
study, too, high-dose melatonin (150mg/kg) did not lower oxidative stress. On the contrary,
it significantly worsened the oxidative stress following SBI. This dose of melatonin also
worsened neurological outcomes (Fig. 3). In some of sensorimotor tests high dose melatonin
actually reversed the benefits of low dose melatonin (Fig. 4A). It could be argued that the
sedative effects [40] of high dose melatonin likely affected the neurological outcomes
especially at 24 hrs after surgery. Future experiments evaluating later time points will
address this issue. However, in light of deleterious effects of high dose melatonin on brain
edema as well as oxidative stress, it is likely that the worsened neurological scores are a
direct outcome of possible toxic effects of melatonin and/or its metabolites when the indole
is given at high doses. There is a need to further study the safety of high dose melatonin
which is widely perceived as safe, is readily available and inexpensive.

In conclusion, the present study suggests dual effects of melatonin; low dose melatonin
reduces oxidative stress after SBI and may exert neuroprotective effects, whereas high-dose
melatonin is deleterious by paradoxically increasing oxidative stress, worsening brain edema
and deteriorating neurological outcomes.
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Fig. 1.

Effects of melatonin on brain edema. The figure shows brain water content in right
(ipsilateral) and left (contralateral) frontal lobes 24 hrs after surgical injury. Both right and
left frontal lobes show increased brain water content compared to respective sham groups,
however, the right lobe has much higher water content (by almost 2%). Low-dose melatonin
(5mg/kg and 15mg/kg) show a trend towards lowering brain water content, though not
statistically significant (p=0.13 with 15mg/kg dose, right frontal lobe). The high-dose
melatonin (150mg/kg), however, significantly increases brain water content compared to
other groups. (P< 0.05 is considered significant, (*) and (#) indicate significance v/s sham
and 150mg/kg melatonin respectively, ANOVA p<0.001). n numbers are as follows: sham =
8; vehicle treated = 8; melatonin 5mg/kg = 8; 15mg/kg = 7; 150mg/kg = 6.
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Fig. 2.

Effects of melatonin on oxidative stress. The figure shows malondialdehyde levels for lipid
peroxidation assay from right (ipsilateral) frontal lobe 24 hrs after surgical injury. All groups
subjected to SBI showed increased oxidative stress compared to sham group. Low-dose
melatonin (15mg/kg) significantly attenuated the oxidative stress compared to vehicle;
however, high-dose melatonin (150mg/kg) significantly increased oxidative stress compared
to all other groups. (P< 0.05 is considered significant, (*), (#) and ($) indicates v/s sham and
v/s vehicle and v/s 15mg/kg melatonin respectively, ANOVA p<0.001). n numbers are as
follows: sham = 4; vehicle treated = 6; melatonin 15mg/kg = 8;150mg/kg = 6.
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Fig. 3.

Neurological outcomes. The figures shows an 18 point neurological scoring system which
shows that all groups subjected to SBI had significant neurological deficits compared to
sham group; however, the groups treated with high-dose melatonin had significantly more
neurological deficits as compared to all other groups. (*) and (#) indicates v/s sham and
150mg/kg melatonin respectively for P<0.05. n numbers are as follows: sham = 11; vehicle
treated = 15; melatonin 5mg/kg = 8; 15mg/kg = 13; 150mg/kg = 14.
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Figure 4A: Sensorimotor Tests
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Figure 4B: Sensorimotor Tests
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Figure 4C: Sensorimotor Tests
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Fig. 4. Sensorimotor tests

A: Vibrissae stimulation - paw placement test showed worsening scores in all groups
subjected to SBI as compared to sham group. The 15mg/kg dose significantly improved the
scores compared to vehicle group which were reversed with 150mg/kg dose. (*) and (#)
indicates v/s sham and 15mg/kg melatonin respectively for P<0.05. n numbers are as
follows: sham = 11; vehicle treated = 15; melatonin 5mg/kg = 8; 15mg/kg = 13; 150mg/kg =
14,

B and C: The beam walking tests on both 2.4cm (Fig. 4B) and 5 cm (Fig. 4C) diameter
beams indicated that with the exception of “time spent on beam” parameter for 5cm beam,
all vehicle-treated animals showed worsening parameters such as increased time taken,
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decreased distance traversed and lesser speed on the beams as compared to sham group.
Both melatonin groups showed significant improvement in time taken on 2.4cm beam with
no significant changes in other parameters. (*) and (#) indicates v/s sham and vehicle
respectively. P< 0.05 is considered significant. n numbers are as follows: sham =11 (2.4 cm
beam) and 4 (5cm beam); vehicle treated = 8 (both beams); melatonin 15mg/kg = 6 (both
beams); 150mg/kg = 14 (both beams).
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