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Neuroprotective effect of melatonin in experimental optic neuritis

in rats

Abstract: Optic neuritis (ON) is an inflammatory, demyelinating, and
neurodegenerative condition of the optic nerve, which might induce permanent
vision loss. Currently, there are no effective therapies for this disorder. We
have developed an experimental model of primary ON in rats through a single
microinjection of 4.5 ug of bacterial lipopolysaccharide (LPS) into the optic
nerve. Since melatonin acts as a pleiotropic therapeutic agent in various
neurodegenerative diseases, we analyzed the effect of melatonin on LPS-
induced ON. For this purpose, LPS or vehicle were injected into the optic
nerve from adult male Wistar rats. One group of animals received a
subcutaneous pellet of 20 mg melatonin at 24 hr before vehicle or LPS
injection, and another group was submitted to a sham procedure. Melatonin
completely prevented the decrease in visual evoked potentials (VEPs), and
pupil light reflex (PLR), and preserved anterograde transport of cholera toxin
p-subunit from the retina to the superior colliculus. Moreover, melatonin
prevented microglial reactivity (ED1-immunoreactivity, P < 0.01), astrocytosis
(glial fibrillary acid protein-immunostaining, P < 0.05), demyelination (luxol
fast blue staining, P < 0.01), and axon (toluidine blue staining, P < 0.01) and
retinal ganglion cell (Brn3a-immunoreactivity, P < 0.01) loss, induced by LPS.
Melatonin completely prevented the increase in nitric oxide synthase 2,
cyclooxygenase-2 levels (Western blot) and TNFu« levels, and partly prevented
lipid peroxidation induced by experimental ON. When the pellet of melatonin
was implanted at 4 days postinjection of LPS, it completely reversed the
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promising candidate for ON treatment.

Introduction

Optic neuritis (ON), the most common optic neuropathy
affecting young adults, is a condition involving primary
inflammation, demyelination, and axonal injury of the
optic nerve, which leads to visual dysfunction and retinal
ganglion cell (RGC) loss (reviewed by [1] and [2]). The
annual incidence of ON is approximately 5 in 100,000,
with a prevalence estimated to be 115 in 100,000 [3]. Clini-
cal features of ON include peri- or retro-ocular pain
accentuated by eye movement, abnormal visual acuity and
field, distorted color vision, afferent pupillary defect, and
abnormal visual evoked potentials (VEPs) [1, 2]. ON man-
ifests as acute and severe decreased vision for 1-2 wks,
then self-recovers over 1-3 months in most of the patients;
however, varying degree of permanent visual dysfunction
can occur in ~50% of patients. Even if visual acuity
improves, most patients have some residual visual function
deficits, such as disturbances of contrast sensitivity, color
vision, visual field, stereopsis, pupillary reaction, and
VEPs [1, 2]. Moreover, repeated episodes of ON can result
in optic nerve atrophy and vision loss, which correlates
with RGC loss [4, 5].
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decrease in VEPs and PLR. These data suggest that melatonin could be a
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Optic neuritis has many causes; it may be associated to
a broad range of autoimmune or infectious diseases [,
6-9], and it is closely associated with multiple sclerosis
(MS). In fact, ON is the initial symptom of MS in ~25%
of cases, and may occur during the disease in about 70%,
usually in the relapsing-remitting phase [1, 2]. On the other
hand, acute ON often occurs as an isolated clinical event,
without contributory systemic abnormalities, and it is
retrospectively diagnosed as idiopathic (or primary) ON
[1, 10].

Corticosteroids are the current mainstays of therapy for
the treatment of ON. However, though steroids can be
used to speed visual recovery, the overall visual improve-
ment is unaffected by treatment [11]. In fact, corticos-
teroids do not prevent axonal loss or improve visual
outcome [12, 13]. Therefore, a key area of therapeutic
research is to identify neuroprotective drugs that can pre-
vent axon and RCG loss, and hopefully lead to better
visual outcomes.

Various rodent models representing different etiologies
have been developed for ON studies. The most commonly
used immune-mediated animal model for ON, is experi-
mental autoimmune encephalomyelitis (EAE) [14], a



validated model for human MS [15, 16], which can be
induced by active immunization with different myelin pro-
teins or spontaneous transgenic models [16, 17]. However,
the optic nerve lesions in EAE are associated with inflam-
mation and demyelination of the brain and spinal cord,
and, therefore, these models do not mimic the primary
form of ON. Another type of ON model involves focal
demyelination by using demyelinating toxins [18, 19]; how-
ever, these models lack the primary inflammatory compo-
nent, which is pathognomonic of human primary ON.
Recently, we have developed a new experimental model of
primary ON in rats through a single microinjection of bac-
terial lipopolysaccharide (LPS) directly into the optic
nerve [20]. The local injection of LPS induces a significant
and persistent decrease in VEP amplitude and pupil light
reflex (PLR), without changes in retinal function (elec-
troretinogram). In addition, LPS induces a deficit in the
anterograde transport from the retina to its central targets,
and increased optic nerve microglial/macrophage reactiv-
ity, astrocytosis, demyelination, and axon and RGC loss,
without signs of systemic inflammation or cerebral
involvement [20]. These results suggest that the microinjec-
tion of LPS into the optic nerve may serve as a new exper-
imental model of primary ON which could be useful for
developing new therapeutic strategies.

Melatonin is involved in the regulation of many physio-
logical functions, including the entrainment of seasonal and
circadian rhythms. Moreover, melatonin has proven to be
an antioxidant and anti-inflammatory molecule, able to
reduce or mitigate cell damage associated with oxidative
stress and inflammation processes that underlie neurode-
generative disorders (reviewed by [21-23]. In this line,
experimental evidence strongly supports the actions of
melatonin and its metabolites as a direct and indirect
antioxidant [24-27], scavenging free radicals [24], stimulat-
ing antioxidant enzymes, and enhancing the activities of
other antioxidants [28]. Moreover, the anti-inflammatory
properties of melatonin have been accepted as a major pro-
tective mechanism on brain injury [29, 30]. In addition, sev-
eral other mechanisms may be involved in neuroprotection
induced by melatonin, like inhibition of the nitridergic path-
way [31], and decreasing cyclooxygenase-2 (COX-2) activity
[32], and vascular endothelial growth factor levels [33].

Besides the pineal gland, melatonin is also biosynthe-
sized in the retina, where it behaves as an endogenous neu-
romodulator [34]. Melatonin may act as a protective agent
in ocular conditions such as photo-keratitis, cataract,
retinopathy of prematurity, and ischemia/reperfusion
injury [35-37], as well as human refractory central serous
chorioretinopathy [38]. Moreover, we have previously
shown the beneficial effect of melatonin against retinal
glaucomatous [39], uveitic [32, 40, 41], and type 2 diabetic
[33] damage.

Since inflammatory response and oxidative stress play
crucial roles in the progression of ON [42-44] the combi-
nation of immunomodulators and antioxidants is expected
to improve the prognosis of ON [43]. In that context, the
aim of the present report was to analyze the beneficial
effect of melatonin on functional and histological alter-
ations produced by experimental ON induced by the
microinjection of LPS in the rat optic nerve.

Melatonin and optic neuritis

Materials and methods
Animals

Male Wistar rats (300 £ 50 g) were housed in a standard
animal room with food and water ad /libitum under con-
trolled conditions of temperature (21 4+ 2°C), luminosity
(200 lux), and humidity, under a 12-hr light/12-hr dark
lighting schedule (lights on at 8:00 AM). All animal proce-
dures were in strict accordance with the Association for
Research in Vision and Ophthalmology (ARVO) State-
ment for the Use of Animals in Ophthalmic and Vision
Research. The ethic committee of the School of Medicine,
University of Buenos Aires (Institutional Committee for
the Care and Use of Laboratory Animals, (CICUAL))
approved this study, and all efforts were made to minimize
animal suffering.

Experimental model of ON

Animals were anesthetized with ketamine hydrochloride
(150 mg/kg) and xylazine hydrochloride (2 mg/kg) admin-
istered intraperitoneally. Animal’s head was shaved and
the skin was disinfected with povidone-iodine (Pervinox).
A lateral canthotomy was made to perform an incision of
2-3 mm. Lacrimal glands and extraocular muscles were
dissected to expose 3 mm of the retrobulbar optic nerve
under a surgical microscope. The optic nerve sheaths were
opened longitudinally and a microinjection was performed
with a 30G needle attached to a Hamilton syringe (Hamil-
ton, Reno, NV, USA). The needle was inserted into the
optic nerve as superficially as possible, 2 mm posterior to
the globe, and 1 pL of 4.5 ug/ul. Salmonella typhimurium
LPS (Sigma Chemical Co., St Louis, MO, USA) in pyro-
gen-free saline, was injected for approximately 10 s. After
injection, the skin incision was sutured and antibiotics
were topically administered to prevent infection.

Melatonin treatment

A group of rats was subcutaneously implanted with a pel-
let of melatonin (20 mg with 3% w/v vegetable oil) com-
pressed in a bronze cylinder of 2.5 mm diameter and
I mm length), while a control group was sham-operated
without pellet implanting. The administration way and
dose of melatonin were selected on the basis of previous
reports [39, 41].

Experimental design

In most of the experiments, vehicle was injected into one
optic nerve and the contralateral optic nerve was injected
with LPS. In these experiments, vehicle-injected optic
nerves served as control because in a previous study, we
found that vehicle injection per se did not affect optic
nerve function and histology [20]. For the assessment of
pupil light reflex (PLR), rats were injected with vehicle or
LPS into one optic nerve, while the contralateral optic
nerve remained intact. The pellet of 20 mg melatonin was
implanted 1 day before vehicle or LPS injection, and was
replaced every 10 days, and to analyze the therapeutic
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effect of melatonin, a pellet of 20 mg melatonin was
implanted at 4 days after vehicle and LPS injection, and
was also replaced every 10 days. A total number of 156
rats were used for the experiments, distributed as follows:
38 rats in which one optic nerve was injected with vehicle
and the contralateral optic nerve was injected with LPS in
the absence of melatonin (eight animals for visual evoked
potential (VEP) recording, five animals for anterograde
transport study, five animals for immunohistochemical
studies and luxol fast blue staining, five animals for semi-
thin section analysis, five animals for lipid peroxidation
measurement, five animals for Western blotting, and five
animals for TNF« assessment); the same amount of rats
was implanted with a pellet of 20 mg melatonin 24 hr
before vehicle and LPS injections, and were equally dis-
tributed for each assay. In addition, eight rats in which
one optic nerve was injected with vehicle or LPS and the
contralateral optic nerve remained intact, and eight rats
that were similarly treated but received a pellet of mela-
tonin 24 hr before vehicle or LPS injections, were used for
PLR assessment. Finally, to analyze the therapeutic effect
of melatonin, eight animals in which one optic nerve was
injected with vehicle and the contralateral optic nerve was
injected with LPS in the absence of melatonin, and the
same number of animals that were similarly treated but
received a pellet of 20 mg melatonin at 4 days after vehicle
and LPS injections were used for VEP recordings, and
eight rats in which one optic nerve was injected with vehi-
cle or LPS and the contralateral optic nerve remained
intact, and eight rats that were similarly treated but
received a pellet of 20 mg melatonin at 4 days after vehicle
or LPS injections, were used for PLR assessment.

Visual evoked potential recording

Animals were anesthetized as described above. Under
stereotaxic control, two stainless steel electrodes, used as
positive electrodes, were surgically placed 3 mm lateral to
the inter-hemispheric suture and 5.6 mm behind bregma
penetrating the cortex to approximately 0.5 mm. Refer-
ence electrodes were placed 2 mm lateral to the midline
and 2 mm anterior to the bregma, as previously described
[20]. The electrodes were isolated and covered with dental
acrylic; skin was sutured with nylon 5/0, and antibiotics
were administered topically.

After 5 days of electrode implantation, animals were
dark adapted for 6 h, and anesthetized as described
before. All recordings were made within 20 min after
injection of anesthetic. The pupils were dilated with
proparacaine (Alcon Midryl, Alcon Laboratories, Buenos
Aires, Argentina), and the cornea was intermittently irri-
gated with saline solution. Each eye was individually
recorded, occluding the contralateral eye with black car-
bon paper and cotton, and an average of 70 stimuli was
recorded. Eyes were stimulated with unattenuated white
light (1 Hz) by a photo stimulator with an intensity of
5 cds/m?, with filters for low and high frequency
(0.5-100 Hz, respectively) and a 12.5 mV gain. The ampli-
tude of N1-P2, and latency of P1, N1 and P2 components
of VEPs were assessed with a software Akonic Bio-PC
(Akonic, Buenos Aires, Argentina) coupled to a PC.
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Pupillary light reflex

Animals were injected with vehicle or LPS in one optic
nerve while the contralateral optic nerve remained intact,
and dark-adapted for 2 h. The eye in which the nerve was
injected with vehicle or LPS was stimulated with high
intensity light (1200 lux) for 30 s and the PLR was
recorded in the contralateral (intact) eye. The recordings
were made under infrared light with a digital video camera
(Sony DCR-SR60, Tokyo, Japan), as previously described
[45]. The sampling rate was 30 frames per second. Images
were acquired with OSS Video Decompiler Software (One
Stop Soft, New England, USA). The results were
expressed as the percentage of the pupil contraction before
(steady state) and 30 s after the light pulse.

Cholera toxin p-subunit transport studies

At 18 days postinjection of vehicle or LPS, rats were anes-
thetized, and a drop of 0.5% proparacaine (Anestalcon,
Alcon Laboratories, Buenos Aires, Argentina) was topi-
cally administered for local anesthesia. Using a 30G
Hamilton syringe (Hamilton, Reno, NV, USA), 4 uL of
0.1% cholera toxin f-subunit (CTB) conjugated to Alexa
488 dye (Molecular Probes Inc., Eugene, OR, USA) in
0.1 mol/L PBS (pH 7.4) was injected into the vitreous, as
previously described [46]. The injections were bilaterally
applied 1 mm from the limbus, and the needle was left in
the eye for 30 s to prevent volume loss. Three days after
injection, rats were anesthetized and intracardially per-
fused. Brains were carefully removed, postfixed overnight
at 4°C, and immersed in a graded series of sucrose solu-
tions for cryoprotection; coronal sections (40 um) were
obtained using a freezing microtome (CM 1850, Leica,
Leica Microsystems, Buenos Aires, Argentina), mounted
in glasses and viewed under an epifluorescence microscope
(BX50, Olympus, Duarte, CA, USA). Every other coronal
section was used for the SC retinorecipient area recon-
struction, using Matlab (The Math- Works Inc., Natick,
MA, USA). Digital images were converted to 8-bit grays-
cale, and the optic density of CTB staining was calculated.
The total length was measured and divided into bins
(4 um), from the medial to lateral region. CTB quantifica-
tion was performed by dividing the total pixel area by
CTB+ pixels. Finally, a colorimetric thermal representa-
tion was applied (from 0% = blue to 100% = red). The
number of sections and the thickness (2X) were used for a
final reconstruction of the retinal projection to the SC.

Histological evaluation

Animals were deeply anesthetized and intracardially per-
fused with saline, followed by a fixative solution (4%
paraformaldehyde in phosphate buffer (PBS), pH 7.2). Eye
cups and optic nerves were obtained from the optic nerve
head to the optic chiasm and postfixed in fixative solution
for 24 hr at 4°C. After several washes, the samples were
dehydrated, cleared in butanol and embedded in paraffin.
Serial transversal sections (5 um) were obtained using a
microtome (Leica, Leica Microsystems, Buenos Aires,
Argentina). Some retinal sections were used for histological



analysis (hematoxylin-eosin (H&E) staining). Measure-
ments (400x) were obtained at 1 mm dorsal and ventral
from the optic disk. The average thickness (in um) of the
total retina, inner plexiform layer (IPL), inner nuclear layer
(INL), outer plexiform layer (OPL), outer nuclear layer
(ONL), and photoreceptor outer segments (OS) were mea-
sured. For each sample, the average of four different
sections was used as the representative value. After
deparaffinization, some sections were hydrated and
immersed overnight at 60°C in 0.1% luxol fast blue (Bio-
pack, Buenos Aires, Argentina) in acidified 95% ethanol.
Differentiation and counterstaining were carried out with
0.01% Li,CO3 and incubation for 5 min in 0.5% neutral
red (Biopack, Buenos Aires, Argentina). Sections were
mounted and viewed under an optic microscope (Nikon
Eclipse E400, Tokyo, Japan). Light microscopic images
(200x) were digitally captured via a Nikon Coolpix S10
camera (Nikon, Tokyo, Japan).

Semi-thin section processing

Anesthetized rats were intracardially perfused with saline
solution, followed by a fixative solution containing 4%
formaldehyde and 2% glutaraldehyde in 0.1 mol/L PBS
(pH 7.4). Optic nerves were carefully removed, and por-
tions (2 mm) near the eye were obtained and embedded in
the same fixative solution for 24 hr. After several washings,
some tissue blocks were postfixed in 2% aqueous osmium
tetroxide in sodium phosphate buffer, for 1 hr. Dehydra-
tion was accomplished by gradual ethanol series, and tissue
samples were embedded in epoxy resin. Semi-thin sections
(0.5 um) obtained with an ultramicrotome (Ultracut E,
Reichert-Jung, Austria) were stained with toluidine blue,
and used for morphometric analysis. Light microscopic
images (200x and 1000x) were digitally captured using a
Nikon Eclipse E400 microscope via a Nikon Coolpix S10
camera (Nikon, Tokyo, Japan). Images obtained were
assembled and processed using Adobe Photoshop CSS5
(Adobe Systems, San Jose, CA, USA) to adjust brightness
and contrast. Analysis image software (Image J, National
Institutes of Health, Bethesda, Maryland, USA; http://im-
agej.nih.gov/ij/) were used to determinate axonal density.

Immunohistochemical studies

Antigen retrieval was performed by heating slices at 90°C
for 30 min in citrate buffer (pH 6.3). The following anti-
bodies were used: a goat anti-ionized calcium binding
adaptor molecule 1 (Iba-1) antibody (1:500; Abcam Inc.,
Buenos Aires, Argentina), a mouse anti-ED1 antibody
(1:500; Abcam Inc., Buenos Aires, Argentina), a mouse
monoclonal anti-glial fibrillary acidic protein (GFAP)
antibody conjugated to Cy3 (1:1200; Sigma Chemical Co.,
St Louis, MO, USA), a donkey anti-mouse secondary
antibody conjugated to Alexa 488 (1:500; Molecular
Probes, Buenos Aires, Argentina), and a donkey anti-goat
secondary antibodies conjugated to Alexa 568 (1:500;
Molecular Probes, Buenos Aires, Argentina). Sections
were immersed in 0.1% Triton X-100 in 0.1 mol/L PBS
for 10 min, incubated with 2% normal horse serum for
1 hr for unspecific blockade, and then incubated overnight
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at 4°C with the primary antibodies. After several wash-
ings, secondary antibodies were added, and sections were
incubated for 2 hr at room temperature. Regularly, some
sections were treated without the primary antibodies to
confirm specificity. For each nerve, results obtained from
four separate regions were averaged, and the mean of 5
nerves was recorded as the representative value for each
group. For immunodetection of RGCs, retinas were care-
fully detached and flat-mounted with the vitreous side up
in superfrost microscope slides (Erie Scientific Company,
Portsmouth, New Hampshire, USA). Whole-mount reti-
nas were incubated overnight at 4°C with a goat anti-
Brn3a antibody (1:500; Santa Cruz Biotechnology, Buenos
Aires, Argentina). After several washes, a donkey anti-
goat secondary antibody conjugated to Alexa 568 (1:500;
Molecular Probes, Buenos Aires, Argentina) was added,
and incubated for 2 hr at room temperature. Finally, reti-
nas were mounted with fluorescent mounting medium,
(Dako, Glostrup, Denmark), and observed under an epi-
fluorescence microscope (BX50; Olympus, Tokyo, Japan)
connected to a video camera (3CCD; Sony, Tokyo,
Japan), attached to a computer running image analysis
software (Image-Pro Plus; Media Cybernetics Inc.,
Bethesda, MD, USA). For each retina, results obtained
from five separate quadrants were averaged, and the mean
of 5 eyes was recorded as the representative value.
Immunofluorescence studies were performed by analyzing
comparative digital images from different samples by using
identical exposure time, brightness, and contrast settings.

Morphometric analysis

All the images obtained were assembled and processed
using Adobe Photoshop CS5 (Adobe Systems, San Jose,
CA, USA) to adjust brightness and contrast. No other
adjustments were made. For all morphometric image pro-
cessing and analysis, digitalized captured TIFF images
were transferred to Imagel software (National Institutes
of Health, Bethesda, Maryland, USA; http://imagej.nih.-

gov/ij)).

Measurement of thiobarbituric acid reactive
substances (TBARS) levels

Two optic nerves were homogenized in 250 uL of 15 mm
potassium buffer plus 60 mm KCI, pH 7.2, and TBARS
levels were analyzed as previously described [39]. The reac-
tion mixture contained: optic nerve homogenate (100 uL),
25 uL 10% SDS, and 465 uL mL 0.8% thiobarbituric acid
dissolved in 10% acetic acid (pH 3.5), and this solution
was heated to 100°C for 60 min. After cooling, the precipi-
tate was removed by centrifugation at 3200 g for 10 min.
Then, 1.0 mL water and 5.0 mL of n-butanol-pyridine
mixture (15:1, vol/vol) were added and the mixture was
vigorously shaken and centrifuged at 2000 g for 15 min.
The absorbance of the organic layer was measured at an
emission wavelength of 553 nm by using an excitation
wavelength of 515 nm with a Jasco FP 770 fluorescence
spectrophotometer (Japan Spectroscopic Co. Ltd., Tokyo,
Japan). The range of the standard curves of malondialde-
hyde bis-dimethyl acetal (MDA) was 10-2000 pmol.
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Results were expressed as nanomol MDA /mg of wet tis-
sue, and the intrassay coefficient of variation was lower
than 8%.

Western blotting

Optic nerves were homogenized in 250 uL of a buffer con-
taining 10 mm HEPES, 1 mm EDTA, 1 mm EGTA,
10 mm KCI, 0.5% (v/v) Triton, pH 7.9, supplemented with
a cocktail of protease inhibitors (Sigma Chemical Co., St
Louis, MO, USA). After 15 min at 4°C, homogenates
were gently vortexed for 15 s and centrifuged at 900 g for
10 min at 4°C. Supernatants were used to determine pro-
tein concentration. Proteins (100 ug/sample) were sepa-
rated in SDS, 12% PAGE. After electrophoresis, proteins
were transferred to polyvinylidene difluoride membranes
for 60 min at 15-V in a Bio-Rad Trans-Blot S.D. system
(Bio-Rad Laboratories, Hercules, CA, USA). Membranes
were blocked in 3% BSA in Tris-buffered saline (pH 7.4)
containing 0.1% Tween-20 for 60 min at room tempera-
ture and then incubated overnight at 4°C with a rabbit
polyclonal anti-cyclooxygenase-2 (COX-2) antibody
(1:200) and a rabbit polyclonal anti-inducible isoform of
nitric oxide synthase (NOS-2) antibody (1:200). Mem-
branes were washed and then incubated for 1 hr with a
horseradish peroxidase-conjugated secondary antibody.
Immunoblots were visualized by enhanced chemilumines-
cence Western blotting detection reagents (Amersham Bio-
sciences, Buenos Aires, Argentina). Autoradiographical
signals were quantified by densitometry using ImageQuant
software and adjusted by the density of b-actin. For each
group, the mean of 5 retinas were recorded as the repre-
sentative value. Protein content was determined by the
method of Lowry et al. [47], using BSA as the standard.

Assay for TNF« level assessment

Optic nerves were homogenized in 150 ul. of phosphate
saline buffer (PBS), pH 7.0, supplemented with 10% fetal
bovine serum heat inactivated and a cocktail of protease
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inhibitors. Samples were cleared by centrifugation for
10 min at 15 700 g. TNFo levels were determined as previ-
ously described [14], using specific rat enzyme-linked
immunosorbent assays (ELISA) using antibodies and stan-
dards obtained from BD Biosciences, Pharmingen, San
Diego, CA, USA, according to the manufacturer’s instruc-
tions. The reaction was stopped and absorbance was read
immediately at 450 nm on a microplate reader (Model
3550, BIO-RAD Laboratories, California, USA). The
intrassay coeflicient of variation was lower than 5%, and
assay sensitivity was 0.5 pg/mL.

Protein level assessment

Protein content was determined by the method of Lowry
et al. [47] using BSA as the standard.

Statistical analysis

Data are presented as mean + standard error (SE). Statis-
tical analysis of results was performed by two-way analysis
of variance (ANOVA), followed by Tukey’s test. P values
below 0.05 were considered statistically significant.

Results

To assess the effect of melatonin on the visual pathway
dysfunction induced by experimental ON, flash VEPs were
recorded at 21 days postinjection of vehicle or LPS into
the optic nerve. Fig. 1 depicts the average VEP amplitude
registered in animals untreated or treated with melatonin,
in which one optic nerve was injected with vehicle, and the
contralateral optic nerve was injected with LPS. LPS
induced a significant decrease (72%, P < 0.05 versus con-
trol) in VEP NI1-P2 component amplitude, which was
completely (P < 0.01 versus LPS) prevented by melatonin.
Representative waveforms of VEPs from all the experi-
mental groups are also shown in Fig. 1. No significant
differences in VEP amplitudes were evident in vehicle-
injected optic nerves in the presence or absence of

P2

Fig. 1. Effect of LPS and melatonin on
VEPs. Left panel: average amplitude of
VEP N1-P2 component. Rat optic nerves
were injected with vehicle or LPS in the
presence or absence of a pellet of 20 mg
melatonin, and VEPs were recorded at
21 days postinjection. Data are the mean +
S.EM. (n=28 eyes/group). *P <0.05
versus vehicle-injected optic nerves in the
absence of melatonin, a: P < 0.01 versus
LPS-injected optic nerves in the absence
of melatonin, by Tukey’s test. Right
panel: representative VEP traces from all
the experimental groups.
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Fig. 2. Effect of LPS and melatonin on consensual PLR. Left panel: The rat pupil diameter (relative to the limbus diameter) was mea-
sured at 21 days postinjection of vehicle or LPS into the optic nerve, and the percentage of pupil constriction was calculated in the con-
tralateral eye whose optic nerve remained intact. Data are the mean + S.E.M. (n = 8 eyes/group). *P < 0.05 versus vehicle-injected optic
nerves in the absence of melatonin, a: P < 0.05 versus LPS-injected optic nerves in the absence of melatonin, by Tukey’s test. Right: Rep-
resentative images of the consensual PLR in an animal in which one optic nerve was injected with vehicle or LPS in the absence or pres-
ence of a pellet of 20 mg melatonin.

Rostral Medial Caudal Dorsal view

Vehicle + Mel

(7]
=
+
w
o
—

Fig. 3. Retinal projections in the SC. Left panel: Photomicrographs showing the CTB staining patterns in the retinotopic layers of the SC
of rats injected with vehicle in one optic nerve and LPS in the contralateral optic nerve, in the absence or presence of melatonin. Three
representative sections (rostral, medial, and caudal) are shown. A clear reduction in the density of retinal terminals and zones of no CTB
staining were found in the SC contralateral to LPS-injected optic nerves, as compared with the SC contralateral to optic nerves injected
with vehicle. A pellet of 20 mg melatonin preserved retinal anterograde transport through LPS-injected optic nerves. Shown are photomi-
crographs representative of five animals. Scale bar = 500 um. Right panel: Dorsal views of a retinotopic SC map reconstruction.
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melatonin, and no differences in P1, N1, and P2 latencies The active anterograde transport from RGCs to the
were observed among groups (data not shown). To further superior colliculus (SC) was analyzed using CTB intravitre-
analyze the effect of melatonin on the visual dysfunction ally administered to animals in which one optic nerve was
induced by experimental ON, the PLR was examined in injected with vehicle and the contralateral optic nerve was
animals untreated or treated with melatonin in which one injected with LPS. In the absence of melatonin, a reduction
optic nerve was injected with vehicle or LPS, while in both in CTB staining was observed in the entire retinotopic pro-
cases, the contralateral optic nerve remained intact. When jection to the SC contralateral to optic nerves injected with
light stimulated eyes whose optic nerves were injected with LPS, whereas melatonin preserved CTB labeling in the SC.
LPS, a significant decrease (27%, P < 0.05 versus control) Melatonin did not affect retinal anterograde transport in
in the pupil contraction of the contralateral intact eye was the vehicle-treated optic nerve (Fig. 3).

observed, whereas melatonin, which showed no effect per Microglia/macrophages in the optic nerve were analyzed
se, completely (P < 0.05 versus LPS) prevented the effect by Iba-1 and ED1 immunostaining, as shown in Fig. 4. A
of LPS on the PLR, as shown in Fig. 2. significant increase (~5 fold, P < 0.01 versus control) in
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Fig. 4. Microglia/macrophage and astrocyte analysis in the rat optic nerve. Panel A: Representative photomicrographs showing Iba-1
(upper panel), ED1 (middle panel) and GFAP (lower panel) immunostaining in cross-sections from optic nerves at 21 days postinjection
of vehicle or LPS in the presence or absence of a pellet of 20 mg melatonin. Scale bar = 200 um. Panel B: Analysis of Iba-1(+), ED1(+),
and GFAP(+) area. Data are the mean = S.E.M. (n = 5 optic nerves per group); *P < 0.05, **P < 0.01, versus vehicle-injected optic
nerves in the absence of melatonin, a: P < 0.05 versus optic nerves injected with LPS in the absence of melatonin, by Tukey’s test.
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Iba-1(+)area in optic nerves was observed at 21 days Demyelination was assessed by luxol fast blue staining.
postinjection of LPS. Melatonin did not affect the increase Signs of demyelination (50% of decrease in luxol fast blue
in Iba-1(+) area and significantly (64%, P < 0.01 versus staining, P < 0.05 versus control) were evident at 21 days
LPS) prevented the increase in EDI1(+) area induced by postinjection of LPS, whereas melatonin completely
LPS. In vehicle-injected optic nerves, no detectable ED1- (P <0.05 versus LPS) prevented the occurrence of
immunoreactivity was found. To investigate astrocyte demyelination signs in LPS-injected optic nerves (Fig. 5).
reactivity in vehicle- or LPS-injected optic nerves, GFAP- Optic nerve axons were analyzed by toluidine blue stain-
immunoreactivity in optic nerve cross-sections was exam- ing, as shown in Fig. 6. In the absence of melatonin, LPS
ined. As shown in Fig. 4, a significant (162%, P < 0.05 induced a significant decrease (46%, P < 0.01 versus con-
versus control) increase in GFAP(+) area was evident at trol) in axon number, which was not evident in animals
21 days postinjection of LPS, whereas in animals treated treated with melatonin (P < 0.01 versus LPS). A morpho-
with melatonin, GFAP-immunoreactivity was similar to metric analysis of retinal sections performed at 21 days
that observed in vehicle-injected optic nerves. Melatonin postinjection of vehicle or LPS, revealed no differences
did not affect Iba-1-, ED1-, and GFAP-immunoreactivity in the total retina, IPL, INL, OPL, ONL, and OS
in vehicle-injected optic nerves. layer thickness. To specifically examine RGCs, Brn3a-
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Fig. 5. Effect of LPS and melatonin on rat optic nerve myelination. Left panel: Representative cross-sections from optic nerves at 21 days
postinjection of vehicle or LPS in the absence or presence of melatonin, stained with luxol fast blue. A compact myelin staining was
observed in vehicle-injected optic nerves from animals untreated or treated with melatonin. Note a less stained area in LPS-injected optic
nerve in the absence of melatonin, which was not evident in rats treated with a pellet of 20 mg melatonin. Scale bar = 50 um. Right
panel: Evaluation of optic nerve demyelination by quantification of the staining intensity. LPS induced a significant demyelination of the
optic nerve which was prevented by melatonin. Data are mean + S.E.M. (n: 5 optic nerves/group). *P < 0.05 versus vehicle-injected optic
nerves in the absence of melatonin, a: P < 0.05 versus LPS-injected optic nerves in the absence of melatonin, by Tukey’s test.
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Fig. 6. Effect of LPS on optic nerve axons. Left panel: Representative images of cross-sections from vehicle- or LPS-injected optic nerves
in the absence or presence of melatonin, stained with toluidine blue. Note the homogeneity of the staining in vehicle-injected optic nerves
from rats untreated or treated with melatonin. In LPS-injected optic nerves, a less stained area was observed, which was not evident in
LPS-injected optic nerves from animals treated with melatonin. Scale bar = 25 um. Right panel: The injection of LPS into the optic nerve
induced a significant decrease in axon number, which was prevented by a pellet of 20 mg melatonin. Data are mean + S.E.M. (n: 5 optic
nerves/group). **P < 0.01 versus vehicle-injected optic nerves in the absence of melatonin, a: P < 0.01 versus LPS-injected optic nerves in
the absence of melatonin, by Tukey’s test.
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Fig. 7. Analysis of retinal structure and RGC number. Panel A: Representative photomicrographs of rat retinal sections from an eye
whose optic nerve was injected with vehicle or LPS, in the presence or absence of melatonin. No evident alterations in retinal morphologic
features were observed among group. Panel B: Total retinal and retinal layer thicknesses in all experimental groups. IPL, inner plexiform
layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; OS, photoreceptor outer and inner segment.
Panel C: Representative photomicrographs of Brn3a immunostaining in flatmounted retinas whose optic nerves were injected with vehicle
or LPS in the absence or presence of a pellet of 20 mg melatonin. Panel D: Quantification of Brn3a(+) cells. Data are the mean + S.E.M.
(n = 5 retinas/group). **P < 0.01 versus vehicle in the absence of melatonin, a: P < 0.01 versus LPS in the absence of melatonin, by

Tukey's test. Black scale bar = 50 um, white scale bar = 100 um.

immunostaining was analyzed in flatmounted retinas. A
significant decrease in Brn3a(+) cell number (54%,
P < 0.01 versus control) was observed at 21 days postin-
jection of LPS, as shown in Fig. 7, which was completely
(P < 0.01 versus LPS) prevented by melatonin.

Figure 8 shows NOS-2, COX-2, and TNFu levels, as
well as lipid peroxidation, in vehicle or LPS-injected optic
nerve from animals untreated or treated with melatonin.
The injection of LPS induced a significant increase in
NOS-2 (260%, P < 0.01 versus control), COX-2 (132%,
P < 0.01 versus control), and TNFa (176%, P < 0.01 ver-
sus control) levels, and in lipid peroxidation (200%,
P < 0.01 versus control), whereas melatonin completely
(P <0.01 versus LPS) prevented the increase in NOS-2,
COX-2, and TNFu levels, and partly (P < 0.05 versus con-
trol, P <0.01 versus LPS) prevented the increase in
TBARS levels induced by LPS. When a pellet of 20 mg
melatonin was implanted at 4 days after vehicle or LPS
injection, a complete preservation (P < 0.01 vs. LPS) of
visual functions (VEPs and PLR) against damage induced
by experimental ON was observed, as shown in Fig. 9.

Discussion

For the first time, the present results indicate that mela-
tonin provided visual function improvement in experimen-
tal ON, as shown by the preservation of VEPs and PLR.
The functional protection was consistent with improved
histopathologic outcomes (reduced microglial/macrophage
reactivity, astrocytosis, demyelination, and axon and RGC
loss), as well as with a decrease in inflammatory factors
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(NOS-2, COX-2, and TNFa) and oxidative damage. As
previously shown [20], the consequences of LPS injection
into the rat optic nerve can be apportioned to approxi-
mately two phases: an early phase (up to 7 days postinjec-
tion), characterized by functional (VEPs, PLR)
alterations, and microglial/macrophage reactivity in the
optic nerve, followed by a late phase (at 21 days postinjec-
tion), at which functional alterations and microglial/
macrophage reactivity persist, and reactive gliosis,
demyelination, and axon and RGC loss become evident.
In this report, we chose to wait 21 days postinjection of
LPS, in order to maximize functional and histological
visual pathway damage, and to discard the possibility of a
transient protection by melatonin. Moreover, we used pel-
lets of 20 mg melatonin for reaching a continuous dosing
to reduce the animal manipulation associated with a daily
administration, and because in a previous report we
showed the success of this dose and administration way
for protecting the retina and optic nerve against damage
induced by experimental glaucoma in rats [39]. In previous
reports, we showed that melatonin prevents ocular inflam-
mation in hamsters and cats with experimental uveitis [40,
41], and in dogs submitted to cataract surgery [37]. The
present results further confirm the anti-inflammatory
properties of melatonin in the visual pathway, in this case,
by showing that melatonin was effective in preserving the
optic nerve function and histology, as well as RGC num-
ber against damage induced by experimental ON. Glau-
coma and ON are the two major degenerative causes of
optic nerve damage [5], and a common feature of these
optic neuropathies is RGC loss and axonal damage.
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Fig. 9. Effect of a delayed treatment with melatonin on the visual pathway dysfunction induced by experimental ON in rats. At 4 days
postinjection of vehicle or LPS into the optic nerve, a pellet of 20 mg melatonin was implanted subcutaneously, and VEP and PLR were
assessed at 21 days postinjection. Left panel: average amplitude of VEP N1-P2 component. Right panel: Percentage of pupil constriction
Data are the mean + S.E.M. (n = 8 eyes/group). *P < 0.05, **P < 0.01 versus vehicle in the absence of melatonin, a: P < 0.01 versus

LPS in the absence of melatonin, by Tukey’s test.

Therefore, the present results are also consistent with the
therapeutic effect of melatonin against experimental glau-
comatous damage [39].

Visual evoked potential recording is considered an
objective means of functional assessment of the integrity
of the visual pathway [48]. In fact, VEP alteration is one

of the most characteristic electrophysiological signs
observed in patients with ON, and remains as the
preferred test for the detection of clinical and subclinical
ON [49, 50]. Besides VEPs, pupillary testing is perhaps
the most important bedside examination technique in
suspected acute ON [51, 52]. As shown herein, melatonin
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prevented the alterations in VEPs and PLR provoked by
LPS-induced ON.

In rodents, most (~98%) RGC axons project contralat-
erally to the SC [53]. A defective axonal transport was
described in mice with EAE-ON [54]. In agreement, LPS-
induced ON provoked a “misconnection” between the
retina and the SC, whereas melatonin prevented the deficit
in the anterograde transport from the retina to its main
synaptic target in rodents.

Microglial/macrophage activation is a key component
of the inflammatory response. Increasing evidence indi-
cates that an early inflammatory response contributes to
the late stages of brain injury that result in neurological
function loss [55], and it has been demonstrated that
microglial activation and their progression towards a
phagocytic state can lead to progressive and cumulative
neuronal cell loss [56]. Iba-1 labels both quiescent and
activated microglia/macrophage (providing an index of
microglial/macrophage density), whereas abundance of the
lysosomal antigen EDI1 offers a measure of microglial
phagocytic activity [57]. Although no changes in Iba-1(+)
area were detected in LPS-injected optic nerves, melatonin
decreased phagocytic microglial activation (as shown by a
decrease in ED-1 immunoreactivity) induced by experi-
mental ON. In agreement with these results, it has been
demonstrated that melatonin restrains the activation of
microglia following traumatic brain injury [29], and atten-
uates LPS-induced increase in microglial reactivity in the
neonatal rat brain [58]. Besides microglia, it has been
shown that astrocyte responses contribute to EAE-ON
pathology [59]. In this line, melatonin significantly pre-
vented the reactive gliosis (assessed by GFAP-immunor-
eactivity) in LPS-injected optic nerves.

Melatonin has a potent protective effect on white mat-
ter, enhancing oligodendroglial maturation and myelina-
tion [60]. In agreement, melatonin prevented the
occurrence of demyelination signs (as shown by luxol fast
blue staining) in the optic nerve induced by LPS injection.
Although we could not ascertain whether the protection
induced by melatonin primarily occurred in axons or glial
elements, our results could suggest that alterations in the
bidirectional communication between axons and glial cells
induced by experimental ON can be positively affected by
melatonin. In addition, since axonal damage often results
in axonal degeneration and permanent loss of the cell
body, the preservation of RGC number is consistent with
the prevention of axon loss induced by melatonin.

There remain to be established the mechanism/s
involved in the therapeutic benefit of melatonin in experi-
mental ON. Improper upregulation of inflammatory sig-
nals such as TNFa, COX-2, and NOS-2 has been
associated with the pathophysiology of EAE-ON [61].
Moreover, oxidative stress is known to induce neuronal
damage in experimental ON [44]. As shown herein,
melatonin prevented the increase in NOS-2, COX-2, and
TNF-o levels, which could be consistent with the reduced
microglial activation, and optic nerve lipid peroxidation,
which is consistent with its well-known antioxidant activ-
ity. Thus, it seems likely that melatonin may attenuate the
severity of experimental ON by exerting anti-inflammatory
and antioxidant effects. Established strategies for the

370

treatment of EAE-ON mainly target the autoimmune
response by using anti-inflammatory, immunomodulatory,
and immunosuppressive agents, but none of them have
clear neuroprotective properties [62]. In fact, corticoid
pulse therapy as the standard treatment for human ON
can only promote the recovery of visual acuity, but does
not prevent RGC degeneration and does not improve ulti-
mate visual outcome [11-13]. Since a significant RGC loss
seems to be the main cause of permanent visual function
damage in both experimental models of ON and patients
with ON, an optimal therapeutic strategy may require a
combination of a immunosuppressive and anti-inflamma-
tory treatment combined with a neuroprotective agent
[43]. The present results support that melatonin could be
able to fulfill these requirements, since it suppressed visual
impairment, prevented optic nerve structural alterations
and RGC loss, and decreased inflammatory signals and
oxidative stress induced by experimental ON. Despite the
preventive effect of melatonin in LPS-induced ON, the
translational relevance of these results is limited by the
fact that melatonin was administered before LPS injection.
Therefore, the following experiments were performed to
analyze whether melatonin also preserves visual function
when the treatment is initiated after the onset of ON. It is
important to emphasize the fact that a significant decrease
in VEP amplitude and PLR is already evident at 1 day
postinjection of LPS and persists for at least 21 days
postinjection [20]. As shown herein, a delayed treatment
with melatonin (administered at 4 days postinjection of
LPS) significantly reduced the visual dysfunction (VEP
and PLR) induced by experimental ON, supporting that
melatonin not only prevented, but also reduced the pro-
gression of optic nerve damage. Overall, the current study
demonstrates an ability of melatonin to significantly pre-
serve visual functions in experimental ON, with reduction
of inflammation, astrocytosis, demyelination, and axon
and RGC loss. These neuroprotective effects may involve
anti-inflammatory and/or antioxidant effects; and by either
mechanism, melatonin, a very safe compound (even at
high doses) for human use, could represent a promising
potential therapy for primary ON.
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