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Effect of Melatonin on Neuronal Nitric Oxide Synthase Expressing
Cells in the Brain Following Global Cerebral Ischemia
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Abstract: Nitric oxide can be either neuroprotective or neurotoxic depending on which isoform is expressed
during global cerebral ischemia. The chronological and spatial distribution and expression of neurcnal nitric
oxide synthase cells in the brain following ischemia and melatomn admimstration was studied m Sprague-
Dawley rats. Global cerebral ischemia was induced by common carotid artery occlusion for 10 min followed
by reperfusion. The rats were divided into three experimental groups. One group received 5 mg kg™ melatonin
30 min before ischemia, another group received the same dose of melatonin post-ischemia and a third NO
1schemia NO melatonin control group. All ammals were euthanized 72 h post 1schemia, perfusion-fixed with 4%
paraformaldehyde m phosphate buffer and the brains removed. Immunopositive neuronal Nitric Oxide Synthase
(MNOS) expression was observed in the cerebral cortex, putamen, caudate nucleus, substantia reticularis,
olfactory bulb, nucleus caudatus, hippocampus and subcallosal cortex. No nNOS positive cells were observed
n the cerebellum in any group. The nNOS expression was higher in the noischemia NO melatonin group (220)
followed by the post-1scherma melatonin group (179) and the lowest (148) mn the pre-ischemia melatonin group.
A neuroprotective role by melatonin in the post-ischemic phase seems to be the mechanism of action associated
with NOS activity in ischemic brain injury.
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INTRODUCTION

Nitric Oxide (NO) 1s a critical player in pathological
and physiological processes in the Central Nervous
System (CNS) (Szabo, 1996). NO is produced by the
activation of three distinct mitric oxide synthases namely:
neuronal NOS (nNOS/Type I'NOS-1), inducible NOS
(AINOS/Type I'NOS-2) and endothelial NOS (eNOS, Type
TTI/NOS-3). NO exerts neuwroprotective and neurctoxic
effects after focal cerebral ischemia (Dalkara and
Moskowitz, 1994; Samdam ef al., 1997).

NO is a potent vasodilator and an inhibitor of platelet
aggregation and leukocyte adhesion that might improve
post-ischemic blood flow by enhancing collateral
circulation and preventing microvascular plugging by
platelets and leukocytes (Kubes, 1995). On the other
hand as suggested by Beckman et al (1990), NOisa
well-known cytotoxin which might adversely affect the
1schemic brain by several mechanisms. In neuronal
cultures NO, one of the redox forms of NO is toxic by

producing peroxynitrate while Nitrosonium (NO') is
protective (Liptorn, 1993). It has been demonstrated that
the different isoforms also produce different neurological
effects, for example INOS produces NO with cytotoxic
effects whereas eNOS plays a protective role (Leon ef al.,
2005). Therefore, the biological properties of NO suggest
that this agent can either be protective or destructive in
cerebral ischemia.
Furthermore,  reports
neuroprotective actions of melatomin mn experimental
models of ischemia/reperfusion mjury (stroke). In these
investigations which used three species (rat, gerbil and
cat), melatonin was universally found to reduce brain
damage that normally occurs as a consequence of the
temporary interruption of blood flow followed by the
reflow of oxygenated blood to the brain (Reiter et al.,
2003). Guerrero et al. (1997) used the gerbil model to
examine the potentially beneficial effects of melatonin
against an 1schemic insult. The pineal gland and its
major hormone melatonin is capable of translating

have documented the
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environmental lighting information into signals that
modulate reproductive, adrenal and other neuroendocrine
mnteractions as well as immune functions. A considerable
body of evidence suggests that the mammalian pineal
gland is capable of influencing the central nervous
system function. Reiter et al. (1980) showed that
pmealectomy induces convulsions that seem to parallel
alterations m midbrain dopamine,
norepinephrine levels.

Melatonin plays a neuroprotective role against
transient or permanent ischemic brain imury. Little data 1s
available regarding the levels of the nNOS isoform in
acute ischemia followed by melatonin administration in
pre- and post-ischemia. There are two periods of time after

serotomn  and

mjury when NO accumulates in the bramn, immediately
after injury and then again 7 h or days later. The 1mtial
immediate peak in NO after injury is probably due to
the activity of endothelial NOS and neuronal NOS
(Cherian et al., 2001). The aim of tlus study was to
mvestigate the expression pattern of the neuronal mitric
oxide synthase following global cerebral ischemia and
melatonin administration in experimental rats.

MATERIALS AND METHODS

All procedures used were approved by the University
of the Witwatersrand Amimal Ethics Screeming Committee
which parallels the National Institute of Health (NIH)
guidelines. About 18 Sprague-Dawley rats weighing
between 250-350 g were divided into three experimental
groups (n = 6 each). A NO ischemia and melatonin sham
control group had only skin mncision but NO melatonin
administered. A pre-ischemic melatonin group had
melatonin admiristered prior to 1scherma. A post-ischemic
melatonin group had ischemia followed by melatonin
admimstration.

Melatonin administration: Melatonin (Sigma-Aldrich)
was dissolved in 0.9% normal saline and a single dose of
5 mg kg~ was administered intraperiteneally by injection
at least 30 min before the induction of ischemia via
the Common Carotid Artery occlusion (CCAo) in the
pre-ischemic melatonin group. The post-melatomn group
received 5 mg kg~ of melatonin 30 min after the ischemia.

Surgical occlusion of the bilateral common carotid
artery: This was as previously described (Iwai et al,
2003; Ajao et al. 2010). In summary, all ammals were
anaesthetized by an intramuscular injection of ketamine
hydrochloride at 20 mg kg™. The neck was exposed
through a midline ventral incision and both Common
Carotid Arteries (CCAs) identified. Bilateral CCAs were
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occluded with aneurysm clips for 10 min and the ¢lips
removed to restore cerebral flow. The rectal temperature
was monitored and maintained at 37.0+£05°C with a
heating pad and pulse monitor during the operation. The
surgical incision was closed and animals allowed to
recover and then given free access to water and food at
ambient temperature. Sham-operated control animals were
treated 1dentically, except for NO occlusion of the CCAs.
All surgical procedures were done under aseptic
conditions.

Perfusion fixation: After CCA occlusion and subsequent
recovery for 72 h, the rats were euthanized with sodium
pentobarbital, transcardially perfused with 0.9% cold
saline (4°C) and then fixed with 4% paraformaldehyde in
0.1M Phosphate Buffered Saline (PBS) at pH 7.4. The
brains were removed, weighed and post-fixed overnight in
same fixative and then transferred to 30% sucrose in
0.1M phosphate buffer intil equilibrated for subsequent
cryoprotection. The brains were frozen m dry ice,
sectioned in the sagittal plane at 50 um thickness using a
sliding microtome and sections placed in vials containing
PBS. A one in six series of sections were taken from each
rat brain for immunochistochemistry.

Immunohistochemistry for neuronal Nitric Oxide
Synthase (nNOS): Brain sections were rinsed 3 tunes for
10 min m 0.1 M Phosphate Butfer (PB) while under gentle
shaking, at room temperature. Brain sections were placed
in a solution containing 50% methanol, 50% PB as well as
1.66% H,0,. Tissues was then pre-incubated for 2 h at RT
in a blocking solution contaimng 3% Normal Goat Serum
(NGS), 2% Bovine Serum Albumin (BSA) and 0.25%
Tritonx 100 m 0.1 M PB.

The sections were placed in the blocking solution
contaiming the primary rat anti-neuronal Nitric Oxide
Synthase (NNOS) antibody (1:600; Millipore, USA, Cat #:
AB 1529) for 24 h at 4°C. The sections were rinsed three
times for 10 min in 0.1M PB under gentle shaking at RT
and then incubated m the blocking solution that
contained the TgG secondary antibody (1:500;, Millipore,
UUSA) for 2 h at room temperature. Sections were washed
3 times for 10 min in 0.1M PB under gentle shaking at
room temperature and then mecubated for 1 h in AB
solution at a ratio of 1-40 ul. for reactive A added to
reactive B followed by another 3 times rinsing. Sections
were then treated i1n a solution contaming
diaminobenzidine (0.05% DAB in 0.1M PB) for 5 min at
room temperature. Thereafter, 3 ul. of 30% H,O, per 0.5 m1,
solution was added. The reaction was stopped by
placing the section n 0.1M PB and sections mounted on
0.5% gel-coated glass slides and air-dried overmight.
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Sections were dehydrated through a graded series of
alcohols, cleared with xylene and then cover-slipped with
an Entellan mounting.

Definition of positively stained NOS neurons: The criteria
developed by Trump et al (1981) outlining the
morphological features (light and stereo microscopy) of
positively stained nNOS using immunohistochemistry
techniques was adopted Using light microscopy,
positively stained nNOS was identified as a darkly stained
nucleus and well defined long, slender dendrites which
synapse with others. According to Otto et al. (2006),
these features can be encompassed in these designations:
pyknosis/eosinophilia (red neurons) or complete loss of
hematoxylmophilia (ghost neurons). Other cellular
alterations such as nNOS only showing the nucleus and
not including completely illustrated dendrites were
included in the neuronal counts.

Cell count of nNOS positive cells: For each brain, 8
sections containing the brain regions which had been
stained for neuronal NOS were analysed. To avoid bias
the slides were numbered according to the experimental
classification number unmique to the treatment with
melatonin as well as the brain section from where it was
taken. Using this manner of classification it was unknown
to the examimer whether this ammal had received
melatonin before or after or had not received melatonin at
all. This information was only recalled after the
quantitative examination and morphometric analysis were
completed. After the areas of mterest were located, a grid
was applied on the image and neurons were individually
marked to avoid duplication of counting.

Images of eachregion considered were recorded with
a Zeiss Axiocam HCR digital camera fitted to a Zeiss
Axioskop 2 plus microscope and reversed on an Acer
computer by the Axiom software. The number of
positively evaluated by three
mndependent investigators on the digital photographs
using the NIGH mmage program (Scion image), set as
follows: threshold limits in the LUT window between 200
and 245, minimal particle size 5 megapixels. These
conditions allowed the counting of all positively stained

cells in the selected areas excluding occasional cell or
fiber debris.

stamed cells was

RESULTS AND DISCUSSION

Expression of neuronal NOS: With immunohistochemi
stry, there were nNOS positive stained cells in the cerebral
cortex, subcallosal cortex, putamen, olfactory bulb,
caudate nucleus and hippocampus (Fig. 1). Stained
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neurons were randomly distributed or grouped into small
clusters of 5-6 cells. The cells were of medium size,
fusiform and lacked spmes but with long defined
dendrites. In the cerebral cortex and lippocampus,
neurons were either scattered or in clusters (Fig. 1). Darkly
stained neurons arranged in clusters or grouped together
were found m the lppocampus. Within the substantia
reticularis, a few scattered cells of moderate staimng were
present. In all 3 groups, there were NO positively stained
nNOS cells in the cerebellum (Fig. 1e).

The morphology of positive nNOS cells presented as
umupolar, bipolar or multipolar neurons (Fig. 1b-d). When
visible as isolated neurons they showed characteristics of
multipolar neurons. Whereas
expressed as clusters of cells they showed features of
being mainly bipolar. This trend was observed throughout
all the brain locations.

when neurons were

Quantitative analysis of nNOS: Positively stained
neurons were most numercus in the subcallosal cortex,
followed by the olfactory bulb. The area with the least
mumber of NNOS cell was the caudate nucleus (Fig. 2).
Figure 3 shows that the number of positively stained
nNOS newrons was highest in the NO ischemia and
melatonin group (220) followed by post-ischemic
melatonin group (179) and then lastly by the pre-ischemic
melatonin group (148).

In thus study, the expression of nNOS cells following
cerebral hypoxia-ischemia was determined. Since awarding
the Nobel prize to R. Fuchgott, .. Ignarro and F. Murad
for their discovery of mitric oxide as a biological mediator,
a rapidly expanding body of data have mdicated the
importance of nitric oxide in the physiology of the central
nervous system (Zhou and Zhu, 2009). NOS soforms vary
congiderably in their distribution, regulation and function.
The regional distribution patterns of nNOS positive cells
were similar in the different experimental groups. The area
where there was positively stained newron was the same
for all three groups except the fact that if the number of
positively stained neurons tend to decrease in specific
brain region.

Neuronal NOS plays a prominent role in
neurodegeneration. Levels of nNOS merease in CCAo-
induced brain imjury and melatonin prevents the increase
of nNOS levels. This hypothesis of Dalkara and
Moskowitz (1994) correlated with the findings as there
was a decrease in numbers of nNOS expressed 1n ammals
that received pre-and post-ischemic melatomn This
phenomenon could be due to two contributing factors.
Firstly, melatonin easily crosses the blood-brain barrier
and can thus be of effect immediately to counteract the
formation of NOS by binding to appropriate receptors.
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Fig. 1: Representative photomicrographs showing morphological characteristics of nNOS cells after global cerebral
1schemia and melatorn administration m the Sprague Dawley rat. (a) Clusters of nNOS cells mn the cerebral cortex.
(b) Darkly stamed cell body with well-defined bipolar dendrites visible. (¢) Two isolated nNOS positively stamned
multipolar neurons in the olfactory bulb. (d) Bipolar nNOS neuron (arrow) in the hippocampus. (e) Cerebellum
with NO staining for nNOS. Scale bar; a-d =10 pm, e = 20 um

Secondly, Van den Tweel et al. (2005) had deterrmined
that levels of nNOS change according to the time period
after which ischemia has been induced. They reported a
significant change in nNOS expression over time.

Even though, melatonin is administrated after
ischemia induced brain injury, there would still be
receptors to bind with thereby preventing the
formation of NOS. Thus correlates with the findings which
showed a decrease in nNOS expression m both groups
receiving melatonin with very little variation between
the groups. Moreover, nNOS knockout mice show
decreased newronal death after a cerebral ischemia
(Eliasson et al., 1999).
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A 10mm ischemic period due to bilateral occlusion of
the carotid arteries followed by 5 min reperfusion
was followed by a rise i cerebral nitrite/mtrate
levels and ¢cGMP concentrations. Melatonin given in
pharmacological concentrations prior to interruption of
the cerebral blood supply, prevented the changes
reported above suggesting that melatonin inlubited NO
production. This would be consistent with the
observations of others (Bettahi ef al., 1996; Pozo et al.,
1997) who reported an inhibitory effect of melatonin on
NOS. Cho reported that melatonin given 30 min prior to
reperfusion onset was ineffective in reducing neuronal
loss due to ischemia/reperfusion.
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Fig. 2: Histogram showing the number of nNOS positive
cells counted at different regions of the brain
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Fig. 3: Histogram showimng the mean total nNOS cell
count in each experimental group

When one takes mto consideration the report that as
early as 30 min after hypoxia-ischemia nNOS expression
increased and this ncrease was maintained until 3 h after
hypoxia-ischemia, the data tends to be in conflict as after
3 h the nNOS expression returmed to baseline levels. The
present study noted less nNOS in animals receiving
melatonin before induction of ischemia than those
receiving melatonin after ischemia. Tn addition to these
findings, there i1s a clear difference between the two
groups that did receive melatonin agamnst that which did
not receive any melatonin.

Another interesting observation was the absence of
positively stamed nNOS expression in the cerebellum of
any of the experimental groups. This finding could be
associated with the of melatoruin given after
CCAo-induced brain mjury. The observation of lack of
staining in the rat cerebellum correlates with research
done by Pozo et al. (1994, 1997). These researchers were
also the first to describe this phenomenon. Pozo reported
a significant inhibition of enzyme activity (<22%) that was

dose
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observed with 1nM melatonin which is in the range of the
physiological serum concentrations of the hormone in the
rodent and human sera at might (Reiter, 1991). The
inhibitory effect of melatonin was observed exclusively
in the presence of Ca” whereas there was no effect in
the presence of Ethylene Glycol-bis (Beta-Aminoethyl
ether (EGTA). This corresponds with the production of
Ca" after CCAo-induced brain ischemia (which the
experimental animals were exposed to). They then
concluded that melatomn inhibits rat cerebellar NOS
activity at physiological concentrations of the pineal
hormone.

On the contrary, Barjavel and Bhargava (1995) using
kinetic analysis of the rate of conversion of [3H]arginine
to [3H]eitruline in brain regions, observed highest activity
of NOS in the cerebellum followed in decreasing order by
midbrain, hypothalamus, cortex, striatum, pons-medulla,
hippocampus and spinal cord in normal rat.

Although, the mechanism remains to be clarified,
these results open a new area of investigation which
could clarify further the physiological action of melatonin
in the CNS.

Melatonin itself may be involved in the pineal effect
on bram excitability as suggested by the ability of thus
hormone to suppress seizure activity in humans, a
concept supported by the generation of epileptiform
activity in rats that have received mitraventricular
injections of anti-melatonin sera (Fariello et al., 1977).
Various aspects of human performance have also been
found to be influenced by the administration of melatonin,
1.e., reduced vigor and increased fatigue and confusion as
measured by the Profile Of Mood States (POMS),
Stanford Sleepiness Scale (5SS) and the Wilkanson
auditory vigilance task (Lieberman and Lea, 1988). These
and other functions of melatonin are consistent with the
existence of the high affimty melatomin receptors in
different areas of the CNS.

CONCLUSION

Overall, the results suggest that melatonin do reduce
cell death caused by ischemic brain injury in the
post-ischemic phase and the neuroprotective effects of
melatonin are mediated through the inhibiton of the
nNOS isoform.

The hypothesis that melatonin protects neuronal
cells in ischemic brain injury with the regulation of NOS
1soforms by contributing to the protective effect of
melatonin seems to be the mechanism which require
further investigation.



J. Anim. Vet. Adv., 10 (4): 395-400, 2011

ACKNOWLEDGEMENTS

The researchers are grateful to the Wits Central
Animal Service for excellent animal care and Mrs. H. Ali
for techmcal assistance. The funding provided by the
Faculty of Health Sciences Individual Research Grant and
SSATRPO9 to AQT is also acknowledged.

REFERENCES

Ajao, M.S., O. Olaleye and A.O. Thunwo, 2010. Melatomn
potentiates cells proliferation in the dentate gyrus
following ischemic brain injury in adult rats. J. Anim.
Vet Adv., 8. 1633-1638.

Barjavel, M.]. and HN. Bhargava, 1995, Nitric oxide
synthase activity in brain regions and spinal cord of
mice and rats: Kinetic analysis. Pharmacology,
50: 168-174.

Beckman, I.S., T.W. Beckman, I. Chen, P.A. Marshall and
B.A  Freeman, 1990. Apperent hydroxy radical
production by peroxinitrite: TImplications for
endothelial injury from nitric oxide and superoxide.
Proc. Natl. Acad. Sc1. USA., 87: 1620-1624.

Bettahi, I., D. Pozo, C. Osuna, R.J. Reiter, D. Acuna-
Castroviejo and J.M. Guerrero, 1996. Melatonin
reduces mnitric oxide synthase activity m rat
hypothalamus. J. Pineal Res., 20: 205-210.

Cherian, I.., R. Hlatlky and C.S8. Robertson, 2001. Nitric
oxide m traumatic bram mjury. Brain Pathol.,
14:195-201.

Dalkara, T. and M.A. Moskowitz, 1994. Cloned and
expressed macrophage mitric oxide synthase
contrasts with brain enzyme. Brain Pathol., 4: 49-57.

Eliasson, M.J., Z. Huang, R.J. Ferrante, M. Sasamata, M.E.
Molliver, S.H. Snyder and M.A. Moskowitz, 1999.
Neuronal nitric oxide synthase activation and
peroxynitrite formation in ischemic stroke linked to
neural damage. J. Neurosci., 19: 5910-5918.

Fariello, R.G., G.A. Bubenik, G.M. Brown and L.]. Grota,
1977. Epileptogenic action of intraventricularly
mjected antimelatomn antibody. Neurology,
27: 567-570.

Guerrero, I M., R.I. Reiter, G.G. Ortiz, M.I. Pablos, E.
Sewerynek and JI Chuang, 1997. Melatomun
prevents increases in neural nitric oxide and cycle
GMP production after transient brain ischemia and
reperfusion mn the Mongolian gerbil (Meriones
unguiculatus). J. Pineal Res., 23: 24-31.

Twai, M., K. Sato, H. Kamada, N. Omori, I. Nagano, M.
Shoj and K. Abe, 2003. Temporal profile of stem cell
division, migration and differentiation from
subventricular zone to olfactory bulb after transient
forebrain ischemia in gerbils. J. Cerebral Blood Flow
Metabol., 23: 331-341.

400

Kubes, P., 1995, Nitric Oxide: A modulator of cell-cell
Interactions in the microcirculation. Bram Res.,
32:19-41.

Leon, I., D. Acuna-Castrovieja, G. Hscomes, D.X. Tan and
R.I. Reiter, 2005. Carbon monoxide: A putativeneural
messenger. J. Pineal. Res., 38: 1-9.

Lieberman, HR. and A.E. Lea, 1988. Melatonin: Clinical
Perspectives. Oxford Umversity Press, Oxford, ISBN:
0192616528, pp: 288.

Lipton, S.A., 1993. Nitric oxide synthase is a cytochrome
P-450 type hemoprotemn. Science, 364 687-689.
Otto, AJ, E. Kieperman and A.S. Smith, 2006.
Pathophysiological mmplications of nitric oxide
expression in smaller quantities: A practical guide.

Am. Cardiovasc I., 1045: 247-260.

Pozo, D., R.J. Retter, I.R. Calvo and T.M. Guerrero, 1994.
Physiological concentrations of melatonin mhibit
nitric oxide synthase in rat cerebellum. Life Sci.,
55: PL455-PL460.

Pozo, D, R.J. Retter, I R. Calve and I.M. Guerrero, 1997.
Inhibition of cerebellar nitric oxide synthase and
cyclic GMP  production by melatonin via
complex formation with calmodulin. J. Cell Biochern.,
65: 430-443,

Reiter, R.J., 1991. Pineal melatonin: Cell biology of its
synthesis and of its physiclogical mteractions.
Endocr. Rev., 12: 151-180.

Reiter, R.J., B.A. Richardson, 1. Y. Johnson, BN. Ferguson
and D.T. Dmh, 1980. Pineal melatonin rhythm:
Reduction in aging Syrian hamsters. Science,
210: 1372-1373.

Retter, R.J., DX Tan, I.C. Mayo, R M. Samnz, I. Leon and
7. Czarnocki, 2003. Melatonin as an antioxidant:
Biochemical mechanisms and pathophysioclogical
implications in humans. Acta Biochim. Pol,
50:1129-1146.

Samdani, AF., T.M. Dawson and V... Dawson, 1997.
Correlation between soluble brain mnitric oxide
synthase and NADPH-diaphorase activity is only
seen after exposure of the tissue to fixative. Stroke,
28: 1283-1288.

Szabo, C., 1996. Localization of nitric oxide synthase in the
mouse olfactory and vomeronasal system. Brain Res.
Bull,, 41: 131-141.

Trump, F., C. Nagler and G. Russel, 1981. Ultrachemistry
of ischemic damage. Microbiology, 8: 143-148.

Van den Tweel, E., C. Nyjboer, A. Kavelaars, C. Heyjnen, F.
Groenendaal and F. van Bel, 2005. Expression of nitric
oxide synthase isoforms and nitrotyrosine formation
after hypoxia—ischemia in the neonatal rat brain. J.
Neuroimmunoel., 167: 64-71.

Zhou, T. and D. Zhu, 2009. Neuronal nitric oxide synthase:
Structure, subcellular localization, regulation and
clinical implications. Nature, 1089: 223-230.



