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Uveitis is a common ophthalmic disorder that can be
induced in hamsters by a single intravitreal injection
of bacterial lipopolysaccharide (LPS). To examine the
therapeutic effects of melatonin on uveitis, a pellet of
melatonin was implanted subcutaneously 2 hours be-
fore the intravitreal injection of either vehicle or LPS.
Both 24 hours and 8 days after the injection, inflam-
matory responses were evaluated in terms of i) the
integrity of the blood-ocular barrier, ii) clinical signs,
iii) histopathological studies, and iv) retinal function.
Melatonin reduced the leakage of proteins and cells in
the anterior segment of LPS-injected eyes, decreased
clinical signs such as dilation of the iris and conjunc-
tival vessels, and flare in the anterior chamber, and
protected the ultrastructure of the blood-ocular barrier.
A remarkable disorganization of rod outer segment
membranous disks was observed in animals injected
with LPS, whereas no morphological changes in photo-
receptor outer segments were observed in animals
treated with melatonin. Furthermore, melatonin pre-
vented a decrease in LPS-induced electroretinographic
activity. In addition, melatonin significantly abro-
gated the LPS-induced increase in retinal nitric-oxide
synthase activity, tumor necrosis factor-«, and nu-
clear factor kB p50 and p65 subunit levels. These
results indicate that melatonin prevents the clinical,
biochemical, histological, ultrastructural, and func-
tional consequences of experimental uveitis, likely
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through a nuclear factor kB-dependent mechanism,
and support the use of melatonin as a new therapeu-
tic strategy for the treatment of uveitis. (4m J Pathol
2008, 173:1702—-1713; DOI: 10.2353/ajpath.2008.080518)

Uveitis is a frequent ophthalmic disorder characterized
by an acute, recurrent, or persistent ocular inflammation
with disruption of the blood-ocular barrier (BOB), accom-
panied by protein leakage and leukocyte infiltration into
the aqueous humor. Despite the fact that uveitis is one of
the main causes of eye morbidity and loss of visual
functions, the complexity of the biochemical and immune
mechanisms involved in its generation and development
remain unknown. Several lines of evidence support that
the disease is due to damage generated by infiltrated
leukocytes, which release cytokines'? and other inflam-
matory chemical mediators, like arachidonic acid metab-
olites,® reactive oxygen species,*® and nitric oxide
(NO),® among many others. Arachidonic acid metabolites
regulate vascular permeability, chemotaxis, and contrib-
ute to uveitis amplification.”® In addition, activated
phagocytes synthesize large amounts of NO through a
reaction catalyzed by the inducible isoform of NO syn-
thase (INOS).>'° At present, the therapy for uveitis, gen-
erally based on the use of corticoids, is essentially di-
rected toward pain reduction and avoiding lesions of
ocular tissues.' "2 However, the immunosuppressive ef-
fect of corticoids may contribute to the development of
the systemic disease, and their chronic use could induce
cortisonic glaucoma.'® ' Non-steroidal anti-inflammatory
drugs are also indicated for uveitis treatment, but they
may delay the reparation process and coagulation, or
produce acute renal insufficiency, gastrointestinal hem-
orrhage, or ulceration.®'®
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Endotoxin-induced uveitis (EIU), a widely recognized
experimental model for uveitis,'” is induced by the ad-
ministration of bacterial lipopolysaccharide (LPS), a com-
ponent of Gram-negative bacterial outer membranes.
LPS enhances the expression of various inflammatory
mediators, such as tumor necrosis factor (TNF)-«," inter-
leukin (IL)-6,"2 prostaglandin E2,® and NO,*'® all of
which contribute to the development of the disease. Sev-
eral lines of evidence support that EIU mimics central
features of human uveitis, such as the breakdown of the
BOB, and infiltration of leukocytes. Although EIU was
originally used as a model of anterior uveitis, increasing
evidence shows that it also involves inflammation of the
ocular posterior segment with recruitment of leukocytes
that adhere to the retinal vasculature and infiltrate the
vitreous cavity.'®

Melatonin (5-methoxy-N-acetyltryptamine) is an endoge-
nous neuromodulator in the retina of vertebrates.?°22 We
have demonstrated that mean hamster retinal melatonin
levels significantly increase after pinealectomy, supporting
that in the golden hamster as in other species, retinal
melatonin is generated within the tissue itself.?® In con-
trast to the hormone of pineal origin, which is secreted to
the body fluids, retinal melatonin is thought to act locally
within the eye.?* It was demonstrated that melatonin has
an important immunomodulatory role and it may provide
neuroprotection in different systems.?® Although the full
range of physiological actions of melatonin is still not
completely known, it has been demonstrated that mela-
tonin possesses widespread free radical scavenging and
antioxidant activities,?®?” and that some of its scaveng-
ing actions are likely due to its metabolites, cyclic 3-hy-
droxymelatonin, N1-acetyl-N2-formyl-5-methoxykynura-
mine, and N-acetyl-5-methoxykynuramine.?®° Several
lines of evidence suggest that melatonin may act as a
protective agent in ocular conditions such as photokera-
titis, cataract, glaucoma, retinopathy of prematurity, and
ischemia/reperfusion injury (for a review see *°). Besides
its antioxidant effect, several other mechanisms are con-
sidered to be involved in neuroprotection induced by
melatonin, including its interaction with calmodulin®' and
microtubular components,® blockade of intracellular
Ca®" levels increase,®® inhibition of the nitridergic path-
way,**%% decrease in vascular endothelial growth factor
levels, 37 and decrease in retinal glutamate synaptic
concentrations,®® among others. In this context, the aim
of the present work was to analyze the therapeutic effect
of melatonin in the golden hamster EIU.

Materials and Methods

Reagents and Drugs

All reagents were obtained from Sigma Chemical Co. (St.
Louis, MO).

Animals

Male Syrian hamsters (average weight 120 = 20 @),
derived from a stock supplied by Charles River Breeding
Laboratories (Wilmington, MA), were kept under a 14
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hours light: 10 hours dark lighting schedule (lights on at
0600 hours), with free access to food and water. All of the
experiments were conducted in accordance with the As-
sociation for Research in Vision and Ophthalmology
Statement for the Use of Animals in Ophthalmic and
Vision Research. Intravitreal injections, implantation of
the pellet of melatonin, as well as sacrifice of animals,
were performed between 10 a.m. and 12 p.m.

Induction of Experimental Uveitis

Hamsters were anesthetized with ketamine hydrochloride
(150 mg/kg) and xylazine hydrochloride (2 mg/kg) by i.p.
administration. A drop of proparacaine (0.5%) was ad-
ministered in each eye for local anesthesia. With a Ham-
ilton syringe and a 30-gauge needle, 2 ul of LPS from
Salmonella typhimurium (0.5 mg/ml in sterile pyrogen-free
saline) was injected into one eye of anesthetized ham-
sters, while an equal volume of vehicle (sterile pyrogen-
free saline solution) was injected in the fellow eye. Injec-
tions were applied at 1 mm of the limbus, and the needle
was left in the eye for 60 seconds to allow aqueous humor
to flow out; this small volume prevented the increase in
intraocular pressure and volume loss. One group of ham-
sters was subcutaneously implanted with a single pellet
of melatonin (5 mg with 3% w/v vegetable oil) com-
pressed in a cylinder of 2.5 mm diameter and 1 mm
length), while a control group was sham-operated without
pellet implanting. Vehicle or LPS were intravitreally in-
jected 2 hours later.

Clinical Score

Six different parameters were considered when examin-
ing hamster eyes 24 hours after the intravitreal injection of
vehicle or LPS in the presence or absence of melatonin.
Clinical severity of these signs was graded on a scale
from O to 16, as follows: degree of conjunctival (0 to 3)
and episcleral hyperemia (0 to 3), degree of cornea
inflammation (0 to 3), degree of alteration of iris and pupil
(vasodilatation, synechia, presence of exudates at the
pupil rim, and degree of miosis) (0 to 3). The absence (0)
or presence of a cataract was scored 1 or 2 (less or more
than 50% of the lens surface, respectively), whereas the
degree of opacity of the posterior segment was scored 0
to 2. The animals were examined by a masked observer
in a random order.

Integrity of the BOB
Aqueous Humor Samples

Animals were euthanized and the aqueous humor was
collected immediately from each eye by anterior cham-
ber puncture using a 30-gauge needle under a surgical
microscope. Cell count and protein concentration in
aqueous humor samples obtained 24 hours after the
injection of vehicle or LPS were assayed to assess BOB
integrity. The number of cells was manually counted us-
ing a Neubauer hemocytometer, and the number of cells
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per ul was obtained by averaging the results of four fields
from each sample.

Protein concentration in aqueous humor was deter-
mined by the method of Lowry et al®*® using bovine serum
albumin as standard. Aqueous humor samples were
stored on ice until testing, and cell counts and protein
concentration were measured on the day of sample
collection.

Lanthanum Tracer Studies

After anesthesia and thoracotomy, animals were per-
fused through the left ventricle with three perfusates,
according to the method of DePace et al.*® The initial
perfusate was 10 to 15 ml of 1% NaNOj in normal saline.
This was immediately followed by a 10-minute infusion with
50 to 100 ml of ionic lanthanum solution composed of 20
mmol/L La(NO);.6H,0, 80 mmol/L NaCl, 3.5 mmol/L KCI,
1.0 mmol/L CaCl,, 1.0 mmol/L MgCl,, and 1.0 mmol/L glu-
cose, pH 7.4. Lanthanum nitrate solution was followed by
an additional 10-minute perfusion with 50 to 100 ml of 2%
glutaraldehyde and 2% paraformaldehyde prepared in a
sulfate-salt solution containing 43 mmol/L Na,SO,, 16
mmol/L NaHCO,, 10 mmol/L sodium acetate, 3.5 mmol/L
KCI, 1.0 mmol/L CaCl,, 1.0 mmol/L MgCl,, 1.0 mmol/L
glucose, 1.6 mmol/L Na,HPO,, 0.4 mmol/L NaH,PO,,
and 33 mmol/L sucrose at pH 7.4. La,(SO,); is insoluble,
and electron dense precipitates facilitate ultrastructural
localization of lanthanum. After perfusion, the retina was
dissected out and after several washings, and tissue
blocks were postfixed in 1% aqueous osmium tetroxide
for 1 hour and processed for electron microscopy.

Histological Examination
Light Microscopy

Hamsters were euthanized 24 hours or 8 days after
vehicle or LPS injection. Eyes were immediately enucle-
ated and stored in phosphate-buffered saline containing
4% formaldehyde for 24 to 48 hours. Eyecups were then
dehydrated, embedded in paraffin, and sectioned with a
microtome at 5-um thickness. The nictitans membrane
was maintained in each eye to facilitate orientation. Each
section was cut along the vertical meridian of the eye
through the optic nerve head. In all cases microscopic
images were digitally captured with a Nikon Eclipse E400
microscope (illumination: 6-V halogen lamp, 20W,
equipped with a stabilized light source) via a Sony SSC-
DC50 camera. The microscope was set up for Koehler
illumination. The camera output was digitized into a
520 X 390 pixel matrix (each pixel with 0 to 255 gray
levels) with a Leadteck WinView 601 video capture card,
displayed on a computer monitor, and saved as an image
of 24 bit RGB in BMP format. For morphometric image
processing, digitalized captured images were trans-
ferred to Scion Image for Windows analysis system
(Scion Corporation B 4.0.2). Sections were stained with
H&E and observed by a masked pathologist. Thickness
of the ganglion cell layer, inner plexiform layer, inner

nuclear layer, outer plexiform layer, outer nuclear layer,
and outer and inner photoreceptor segments were mea-
sured for each eye in micrometers in the same topo-
graphic region of retina. Six measurements (magnifica-
tion = original X400) were obtained at 0.5 mm dorsal and
ventral from the optic disk and averaged for each eye.

The number of neutrophils and macrophages located
at both plexiform layers, and in inner and outer photore-
ceptor segments, was quantified. These layers were cho-
sen for quantification due to the absence of neuronal and
glial nuclei that could interfere with morphological iden-
tification of infiltrated cells. In six sections of whole retina
for each eye, the total number of infiltrated cells and the
proportion of neutrophils/macrophages were analyzed
and expressed in number of infiltrated cells/100 um of
retina (magnification = original x400).

Immunohistochemistry

Antigen retrieval was performed by heating (90°C) for
30 minutes unstained paraffin sections immersed in ci-
trate buffer, pH 6. For immunodetection of glial cells,
sections were incubated overnight at 4°C with a mouse
monoclonal anti-vimentin (clone V9, 1:100; DAKO, CA) or
with a mouse monoclonal anti-glial fibrillary acidic protein
(GFAP; 1:400; Sigma Chemical Co., St. Louis, MO). A
labeled streptavidin-biotin immunohistochemical staining
was performed using the LSAB2 System HRP Dakocyto-
mation, according to manufacturer’s instructions. Some
sections were treated without the primary antibodies to
confirm the specificity of immunoreactivity. To determine
Muller cell density, the number of vimentin-labeled Mdller
cells in the inner plexiform layer was counted. Four mea-
surements (magnification = original X400) were ob-
tained at a 0.5 and 1.5 mm dorsal and ventral from the
optic disk and averaged for each eye. The measure-
ments were expressed in cells/100 um of retina.

Electron Microscopy

For electron microscopy studies, tissue samples were
fixed in 2% glutaraldehyde in 0.1 mol/L sodium phos-
phate buffer (pH 7.2) for 24 hours. Then, tissues were
postfixed with 2% osmium tetroxide in sodium phosphate
buffer. Dehydration was accomplished by gradual etha-
nol series and tissue samples were embedded in epoxy
resin. Semithin sections were stained with toluidine blue
and ultrathin sections were stained with uranyl acetate
and lead citrate. Afterward, sections were viewed and
photographed using a Zeiss M-109 Turbo transmission
electron microscope.

Electroretinography

Electroretinographic activity was assessed in dark-
adapted hamsters as previously described.*’ After 6
hours of dark adaptation, hamsters were anesthetized
with ketamine and xylazine under dim red illumination.
Phenylephrine hydrochloride (2.5%) and 1% tropicamide
(Alcon Laboratories, Buenos Aires, Argentina) were used



to dilate the pupils, and the cornea was intermittently
irrigated with balanced salt solution (Alcon Laboratories,
Buenos Aires, Argentina) to maintain the baseline record-
ing and to prevent keratopathy. Hamsters were placed in
a Ganzfeld light stimulator. All recordings were com-
pleted within 20 minutes of the induction of anesthesia
and animals were kept warm during and after the proce-
dure. A reference needle electrode was placed through
the ear, a grounding electrode was attached to the back
of the head, and a gold ring-shaped electrode was
placed in contact with the central cornea. A 15-W red
light was used to enable accurate electrode placement.
This maneuver did not significantly affect dark adaptation
and the red light was switched off during the recordings.
Electroretinograms (ERGs) were recorded from both
eyes simultaneously and the response to one flash of
unattenuated white light (4 ms) from a photic stimulator
set at maximum brightness (350 cd s/m? without filter)
was amplified (gain set at 100), filtered (1.5-Hz low-pass
filter, 1000 Hz high-pass filter), notch activated, and reg-
istered with an Akonic BIO-PC device (Akonic, Buenos
Aires, Argentina). Each recording presented was the re-
sponse to a single flash, and started simultaneously with the
application of the stimulus. The a-wave amplitude was mea-
sured as the difference between the recording at onset and
the trough of the negative deflection, whereas the b-wave
amplitude was measured from the trough of the a-wave to
the peak of the b-wave. The latencies of the a- and
b-waves were measured as the time from stimulus onset
to the maximum negative (a-wave), or positive (b-wave)
deflections. The mean latencies and peak-to-peak ampli-
tudes of the responses from each group of hamsters
were compared. ERGs were performed 8 days after the
injection of LPS or vehicle and they were assessed by
operators who were blind with respect to the treatment
applied to each eye.

NOS Activity Assessment

Animals were sacrificed by decapitation 24 hours after
vehicle or LPS injections, and NOS activity was assessed
as previously described.®* Briefly, each retina was ho-
mogenized in 100 wl of buffer solution containing 0.32
mol/L sucrose and 0.1 mmol/L EDTA, pH 7.4. Reaction
mixtures contained 50 ul of the enzyme source and 50 ul
of a buffer stock solution (final concentrations: 10 mmol/L
HEPES, 3 mmol/L CaCl,, 1 mmol/L NADPH, 5 uM FAD, 1
mmol/L p-mercaptoethanol, L-°H-arginine, [5 uCi/ml, pu-
rity greater than 98%], and 1uM L-arginine). After incu-
bation at 37°C for 30 minutes, the reaction was stopped
by adding 200 wl of buffer containing 50 mmol/L HEPES,
10 mmol/L EDTA, and 10 mmol/L EGTA, pH 5.5, and
cooling the tubes for 5 minutes. The solution was mixed
with 600 wl of resin Dowex AG50W-X8 (Na™* form) to
remove L-arginine, and centrifuged at 10,000 X g for 5
minutes. L-*H-citrulline in the supernatant was quantified
by liquid scintillation counting. Nonenzymatic conversion
of L-*H-arginine to L-°H-citrulline was tested by adding
buffer instead of the enzyme source.
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Enzyme-Linked Immunosorbent Assay for TNFa

Each retina was homogenized in 150 wl of buffer contain-
ing 20 mmol/L imidazole hydrochloride, 100 mmol/L KCl,
1 mmol/L MgCl,, 1 mmol/L EGTA, 1% Triton, 10 mmol/L
NaF, 1 mmol/L sodium molybdynate, and 1 mmol/L EDTA
supplemented with a cocktail of protease inhibitors be-
fore use. Samples were cleared by centrifugation for 10
minutes at 13,000 rom. TNFa levels were estimated with
enzyme-linked immunosorbent assay kits (TNF [Mono/
Mono] Set of BD Biosciences Pharmingen, San Diego,
CA), according to the manufacturer’s instructions. The
reaction was stopped and absorption was measured in
an enzyme-linked immunosorbent assay reader at 450
nm. All measurements were performed in duplicate.

Western Blot Analysis for p65 and p50 Subunit
of Nuclear Factor-«B

Animals were sacrificed 3 hours after vehicle or LPS
injection in the presence or absence of melatonin. Reti-
nas (two per condition) were homogenized in 200 ul of
buffer A (10 mmol/L HEPES; pH 7.9, 1 mmol/L EDTA, 1
mmol/L EGTA, 10 mmol/L KCI, 1 mmol/L dithiothreitol,
supplemented with a cocktail of protease inhibitors. After
15 minutes at 4°C, the tubes were gently vortexed for 15
seconds, and nuclei were collected by centrifugation at
8000 X g for 15 minutes. The pellets were resuspended
in 70 ul buffer A supplemented with 20% (v/v) glycerol
and 0.4 mol/L KCI, and mixed for 30 minutes at 4°C.
Nuclear proteins were obtained by centrifugation at
13,000 rpm for 15 minutes, and aliquots of the superna-
tant (nuclear extracts) were stored at —80°C. For Western
blot analysis, samples were boiled in Laemmli sample
buffer, and equal amounts of protein (50 ng) were sep-
arated by 10% SDS-polyacrylamide gel electrophoresis.
Polyclonal antibodies specific for p65 and p50 subunit of
NFkB (1:500; Santa Cruz), were used for immunodetec-
tion. Anti-B-actin was used as control of equal loading
and transfer efficiency. Band intensities were measured
on a densitometric scanner (Amersham) and expressed
in arbitrary units. Equal loading and transfer was ensured
by reprobing the membranes for B-actin.

Melatonin Assessment

Retinal melatonin levels were assessed as previously
described®® in non-implanted animals (control), or 24
hours and 8 days after the implantation of a melatonin
pellet. Briefly, retinas were homogenized in 2 ml of 0.1
mol/L HCI, and melatonin was extracted from the whole
homogenate with 5 ml of dichloromethane. The organic
phase was washed twice with 2% NaHCO, and distilled
water. Aliquots of 1.5 ml of the organic layer were dried
under vacuum and stored at —20°C until the radioimmu-
noassay was performed. The samples were resuspended
in 100 ul of buffer (6 mmol/L NaNg, 0.1 mol/L KH,PO,,
and 0.1% gelatin, pH 7.5) and then mixed with ®H-mela-
tonin (20,000 to 24,000 dpm, specific activity 38.8 Ci/
mmol) and 50 ul of a melatonin antiserum kindly provided
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Figure 1. Effect of LPS on protein concentration and cell number in aqueous
humor from golden hamster eyes, 24 hours after injection. Both parameters
were significantly higher in LPS- than in vehicle-injected eyes. Melatonin
significantly reduced protein concentrations (panel A) and cell number
(panel B) in the aqueous humor from LPS-injected eyes. Data are mean = SE
(n = 10 eyes per group), **P < 0.01 vs. vehicle- injected eyes; a: P < 0.01 vs
LPS-injected eyes by Tukey's test.

by Dr. Takashi Matozaki (Laboratory of Biosignal Sci-
ences, Institute for Molecular and Cellular Regulation,
Gunma University, Japan). The mixture was incubated for
2 hours at 37°C. The bound/free separation was per-
formed by the dextrancharcoal method, and the radioac-
tivity of supernatant was measured by a liquid scintillation
counter. Melatonin values were obtained from a melato-
nin standard curve, with an assay limit sensitivity of 20 pg
per tube.

Statistical Analysis

Statistical analysis of results was made by a two-way
analysis of variance followed by a Tukey’s test, or by a
Mann-Withney U-test, as stated.

Results

Figure 1 shows protein concentration and infiltrated cell
count in the aqueous humor from eyes injected with
vehicle or LPS in the presence or absence of a subcuta-

! A'D: .G
. S r

neous pellet of melatonin. Twenty four hours after the
injection of LPS, increased amounts of proteins and cells
were detected in the aqueous humor (Figure 1, A and B,
respectively). Histological examination showed a high
number of neutrophils in vitreous humor and retina at 24
hours postinjection of LPS, whereas mainly macrophages
laying over the retinal pigment epithelium (RPE) were
present 8 days after endotoxin injection (data not shown).
Melatonin significantly reduced the content of proteins
and cell number in eyes injected with LPS.

Signs of uveitis, such as dilation of the iris and con-
junctival vessels, and flare in the anterior chamber, were
observed 24 hours after the intravitreal injection of LPS.
The clinical score of vehicle- or LPS-injected eyes, as well
as representative images of golden hamster eyes in-
jected with LPS or vehicle in the presence or absence of
melatonin are shown in Figure 2. The treatment with mel-
atonin significantly decreased the clinical score of LPS-
injected eyes.

One day after the injection of LPS, the histological
analysis revealed severe inflammatory signs affecting the
iris-ciliary body, limbus, vitreous humor, and retina, show-
ing massive inflammatory cell infiltration (Figure 3, A and
F) as compared with vehicle (Figure 3D). In a later phase
(8 days postinjection of LPS), the inflammation de-
creased (Figure 3C) but disorganization of photoreceptor
outer segments persisted (Figure 3l). In these eyes, ret-
inal detachments and loss of photoreceptors were ob-
served (Figure 3K). In animals treated with melatonin, a
significant reduction in the number of inflammatory cells
infiltrating the eye was observed (Figure 3B and G). After
24 hours of injection, the mean thickness of the retina and
all retinal layers was significantly higher in eyes injected
with LPS than in vehicle-injected eyes, whereas the thick-
ness of the retina and retinal layers from eyes injected
with LPS and supplied with melatonin was significantly
lower than in LPS-injected eyes (Table 1, Figure 3G).
After 8 days, an LPS-induced thickness increase per-
sisted only in the photoreceptor layer, which was also
prevented by melatonin (Table 1, Figure 3, H-J).

Protein (mg/ml aqueous humor)

wehicle  melatonin LPS LPS + melatonin

Figure 2. Left panel: Representative photographs of 2 eyes/group injected with vehicle or LPS in the presence or absence of melatonin, as follows: vehicle (A,
B); melatonin (C, D); LPS (E, F); LPS + melatonin (G, H). Note the following clinical signs: white asterisk: conjunctival hyperemia; black asterisk: cataract;
arrow: synechiae, and arrowhead: episcleral hyperemia. Right panel: Clinical score of hamster eyes injected with vehicle or LPS in the presence or absence
of melatonin. After 24 hours of intravitreal injections, LPS significantly increased the clinical score, whereas the presence of melatonin significantly reduced the
effect of LPS. Data are mean & SE (1 = 15 eyes per group), **P < 0.01 vs. vehicle injected eyes; a: P < 0.01 vs. LPS-injected eyes by Mann-Whitney U-test.



To further analyze the inner and outer blood retinal
barrier (BRB), a lanthanum tracing analysis was per-
formed. In vehicle-injected eyes, electron dense tracer
deposits were observed in blood vessels lumina (data not
shown) whereas in LPS-injected eyes, the tracer filling
almost the entire length of intercellular junctions of endo-
thelial cells and reaching the basement lamina was fre-
quently observed (Figure 4, A-B). The treatment with
melatonin prevented these alterations. In this case, the
tracer did not traverse beyond the endothelial cells into
the capillary basement lamina of the pericapillary space
(Figure 4, C-D). The analysis of the outer BRB, consti-
tuted by RPE cell junctions, also revealed differences
among experimental groups, as shown in Figure 4. In

Table 1. Total Retinal and Retinal Layer Thickness (in pum)
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Figure 3. Micrographs of hematoxylin and eosin
stained sections of anterior chamber angle and
retina, 24 hours or 8 days after vehicle or LPS
injection in the presence or absence of melato-
nin. An intense inflammatory cell infiltration was
observed in anterior chamber structures 24
hours after LPS injection (A). The treatment with
melatonin decreased cell infiltration (B). Eight
days after LPS injection no signs of inflammation
were observed in the anterior chamber angle
(©). Sections of representative retinas obtained
24 hours after the following treatments: vehicle
(D), vehicle + melatonin (E), LPS (F), LPS +
melatonin (G). Note the altered thickness of ret-
inal layers, focal hemorrhages and cellular infil-
tration induced by LPS injection (F), and the
apparently normal morphology in retinas from
eyes injected with LPS in the presence of mela-
tonin (G). Representative retinas obtained 8 days
after the following treatments: vehicle (H), LPS
(D, LPS + melatonin (J). No evident morpholog-
ical differences were appreciated between treat-
ments, except for disorganization of the photo-
receptor outer segments observed in eyes
injected with LPS (asterisk, D). This is also
shown at high magnification in photograph K.
Shown are images representative of four different
preparations. AC, anterior chamber; CB, cilliary
body; GCL, ganglion cell layer; IPL, inner plexi-
form layer; INL, inner nuclear layer; OPL, outer
plexiform layer; ONL, outer nuclear layer; OS,
outer segments; scale bar: A-C, K = 30 um; D-J =
50 wm.

retinas from eyes injected with LPS, electron dense de-
posits were detected in the luminal surface of the chorio-
capillary layer through the extracellular matrix, both be-
tween uveal melanocytes and fibroblasts, as well as filling
the Bruch’s membrane and the space among microvilli of
the RPE basal labyrinth (Figure 4, E-F). In addition, lan-
thanum deposits were observed in intercellular junctions
among RPE cells, penetrating the neural retina (Figure
4G). In animals treated with melatonin, tracer deposits
were observed at the luminal surface of the choriocapil-
lary layer capillaries and on the Bruch’'s membrane, but
not between apical prolongations of RPE cells surround-
ing photoreceptor external segments (Figure 4, H-1). The
tracer was frequently observed deeply seeping into the

24 hours 8 days

LPS + LPS +

Vehicle Melatonin LPS Melatonin Vehicle Melatonin LPS Melatonin

Retina 132 £ 20 137 = 26 250 = 46** 130 + 182 127 =18 117 £ 15 1562 + 29 133 = 21
(ON] 26 £ 4 27 =10 55 £ 17** 26 * 6% 21 x5 24 £ 2 40 + 23** 24 + 5%
ONL 36 4 36 *+8 70 = 16** 35 + 8 33+8 32=+4 39 +6 34 +6
OPL 82 8+2 21 £ 6™ 8 + 2¢ 104 8+2 8+4 8+2
INL 20+ 2 19+6 40 = 12** 17 £ 6° 22+ 3 14 =2 184 22+5
IPL 25+6 27 4 47 = 8 28 * 4* 28+ 2 22+ 2 25+ 10 27 £ 6
GCL 15+5 133 36 = 8 17 = 82 20+ 5 123 12+5 154

OS, photoreceptor outer segments; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL,
ganglion cell layer. Data are mean = SE (n = 4 retinas/group) in um.**P < 0.01 vs. vehicle injected eyes; a: P < 0.01 vs. LPS-injected eyes by

Tukey'’s test.
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RPE interspaces, filling almost the entire length of inter-
cellular junctions, but it was prevented from reaching the
neural retina by tight junctions (Figure 4J).

Retinal immunoreactivity for GFAP and vimentin were
analyzed at 24 hours and 8 days after the intravitreal
injection of vehicle or LPS in animals untreated or treated
with melatonin. After 24 hours, the injection of LPS as
compared to vehicle induced an increase in retinal GFAP
levels (Figure 5, A-B), while after 8 days (Figure 5, D-E)
a further increase of this parameter was observed. At
both intervals, GFAP immunoreactivity was associated
with activated retinal astrocytes and Mduller cells. The
treatment with melatonin prevented the increase in GFAP
immunoreactivity both at 24 hours and 8 days after LPS
injection (Figure 5, C and F, respectively). Vimentin im-
munostaining (Figure 5, G-1) did not change in any of the
experimental groups at 24 hours or at 8 days postinjec-
tion (data not shown). No significant differences were
observed in the density of stained Muller cell processes
in any experimental group (data not shown).

At the ultrastructural level, a high disorganization of
photoreceptor outer segments was observed in retinas
from LPS-injected eyes, with an increased intercellular
space filled with membranous debris and macrophages
(Figure B6A). In retinas from eyes treated with LPS, altered
shapes of photoreceptor outer segment’'s disks and in
some cases, loss of their external membrane, were ob-
served (Figure 6B). Edemas were frequently observed in
RPE (Figure 6E). In retinas from eyes injected with LPS in

Figure 4. Analysis of the inner (A-D) and outer
(E-J) BRB integrity at transmission electron mi-
croscopy, 24 hours after LPS injection with or
without melatonin. (A): Transverse section of a
capillary from LPS-injected eye. Lanthanum was
localized on the luminal surface of endothelial
cells as well as filling intercellular spaces (ar-
row, A). At higher magnification, the intercellu-
lar space showed a deep penetration of the
tracer (B). In eyes injected with LPS from animals
treated with melatonin the electron-dense tracer
was restricted to the luminal side of tight junc-
tions (arrows, C). Note that the diffusion of the
tracer was blocked half way down the intercel-
lular space by an intercellular tight junction (ar-
rowhead, D). In LPS-injected eyes the tracer
was mainly localized in cytoplasmic vacuoles
(E), in the basal labyrinth (F), and beyond cell
junctions of the RPE up to the region of photo-
receptor outer segments (G). In eyes injected
with LPS from animals treated with melatonin,
the tracer was principally arrested by the Bruch’s
membrane (H). Small amounts of the tracer were
observed in the basal labyrinth (I and in the
intercellular space between RPE cells up to tight
junctions, but not penetrating the neural retina
(). AP, apical prolongations; CBL, capillary
basement lamina; BL, basal labyrinth. Scale bar:
ACF G LJ=1pumB D=025pumE=3
pm; H =5 pum.

the presence of melatonin, outer segments (OS) were
similar in structure to that observed in retinas from vehi-
cle-injected eyes, eg, stacks of membranous disks rela-
tively well ordered and enclosed in a cell membrane
(Figure 6, C-D). In the RPE, phagosomes were regularly
observed (Figure 6F).

Figure 7 shows representative scotopic ERG traces
recorded 8 days after intravitreal injection of vehicle or
LPS in the presence or absence of melatonin, while the
average amplitudes of scotopic ERG a- and b-waves are
depicted in the right panel of the same Figure. The ERG
a- and b-wave amplitude was significantly lower in eyes
injected with LPS than in those from eyes injected with
vehicle. The presence of melatonin prevented these elec-
troretinographic changes. The ERG a- and b-wave laten-
cies did not change among all of the experimental groups
(data not shown). Therefore, the functional analysis also
showed that visual function was successfully rescued
from retinal damage during inflammation by melatonin.

To get insight into the mechanism of action of melato-
nin in experimental uveitis, retinal NOS activity and TNF«
levels were assessed after 24 hours of vehicle or LPS
injection in animals untreated or treated with melatonin.
As shown in Figure 8, LPS increased both parameters
and melatonin significantly prevented the effect of LPS.
Figure 9 shows representative Western blot analysis of
nuclear NFkB p50 and p65 subunit levels in retinas from
eyes injected with vehicle or LPS in the presence or
absence of melatonin. After 3 hours of injection, LPS



Figure 5. Effect of vehicle or LPS in the presence or absence of melatonin on
retinal GFAP and vimentin levels. Upper panel: Immunohistochemistry anti-
GFAP 24 hours after the following treatments: vehicle (A), LPS (B), LPS +
melatonin (C). Middle panel: Immunohistochemistry for anti-GFAP, 8 days
after the following treatments: vehicle (D), LPS (E), LPS + melatonin (F). At
both intervals, GFAP-immunoreactivity was observed in astrocytes and Miil-
ler cells, throughout the plexiform layer, and outlining angular nuclear
profiles in the inner nuclear layer after LPS injection. Melatonin reduced
GFAP immunoreactivity at both intervals, showing only few positive Miiller
cells. Lower panel: Immunohistochemistry anti-vimentin of retinas from ve-
hicle (G), LPS-injected (H) or LPS -injected eyes in the presence of melatonin
(D, 24 hours after injections. No differences in vimentin immunoreactivity
were observed among groups. Scale bar = 30 um.

significantly increased nuclear levels of NFkB p50 and
p65 subunits, while melatonin prevented the effect of
LPS.

Retinal melatonin levels were assessed at different
intervals after the implantation of the subcutaneous pel-
let. A significant increase of this parameter (P < 0.01)
was observed 24 hours but not 8 days after the pellet
implantation (eg, control [non-implanted]: 0.21 = 0.02, 24
hours after: 0.33 = 0.03, and 8 days after: 0.26 = 0.02 ng
melatonin/mg protein; n= 8 retinas/group).

Discussion

Uveitis is the most frequent form of intraocular inflamma-
tion and is a major cause of visual disability. The present
results indicate that melatonin significantly attenuated
biochemical, clinical, histological, ultrastructural, and
functional alterations induced by experimental uveitis,
probably through an NFkB-dependent mechanism. It was
previously shown that melatonin significantly reduces
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edematous effects of experimental uveitis in the guinea
pig retina.*? The present results further support the pre-
ventive action of melatonin in experimental uveitis by
showing its beneficial effect at different levels.

Experimental models of uveitis were developed in sev-
eral species by LPS intravenous, intraperitoneal, or foot-
pad administration. In this report, we used an intravitreal
injection of the endotoxin since this maneuver avoids
systemic inflammations and allows the use of the con-
tralateral eye (which did not show clinical or histological
changes in comparison with non-injected eyes [data not
shown]) as control, minimizing the number of animals,
and decreasing their mortality. As described in other
species,®3 the intravitreal injection of LPS in the golden
hamster induced several signs of uveitis such as disrup-
tion of the BOB, dilatation of conjunctival vessels, iridial
hyperemia, and flare in the anterior chamber. In addition
to these anterior segment (anterior chamber, iris, and
ciliary body) alterations, the examination of the posterior
segment showed retinal vasculitis, hemorrhagic exu-
dates, focal destruction of photoreceptors, and retinal
infiltration. Clinical and histopathological abnormalities
were evident at 24 hours postinjection and were mostly
recovered by 8 days. These results support that intravit-
real injection of LPS in the hamster evoked a reproducible
and characteristic acute inflammatory response that
mimics central features of human uveitis.

Melatonin significantly decreased the effect of LPS on
protein concentration and cell number in hamster aque-
ous humor, suggesting that it could contribute to pre-
serve BOB integrity. In agreement, it was shown that
melatonin attenuates the postischemic increase in blood-
brain barrier permeability following ischemic stroke in
mice,** reduces cerebral edema, and decreases blood-
brain barrier permeability in rats.*® In addition, it was
demonstrated that melatonin protects endothelial barrier
integrity and preserves microvascular blood perfusion
after ischemia reperfusion in hamster cheek pouch.*® As
we will discuss later, the present report also provides
ultrastructural evidence on the effect of the methoxyin-
dole on BOB preservation.

In the presence of melatonin, a significant reduction of
clinical signs induced by LPS was observed. This effect
was not specific for particular signs, since all were re-
duced in the presence of melatonin. The decrease in
anterior clinical signs correlated with a decrease in ante-
rior segment inflammation. In the presence of melatonin,
reduced cell infiltration was observed in the iris, ciliary
body, limbus, retina, and vitreous. The BRB is part of the
BOB, consisting in cells that are joined tightly together,
constituted by non-fenestrated capillaries of the inner
retinal circulation and tight-junctions between retinal pig-
ment epithelium cells. The BOB is a barrier created by
endothelium of capillaries of the retina, iris, and ciliary
epithelium, as well as the retinal pigment epithelium. The
results of inner and outer BRB analysis using lanthanum
as an ultrastructural tracer showed that in LPS- injected
eyes, the tracer filled spaces between adjacent endothe-
lial cells and between photoreceptor outer segments,
indicating a breakdown of both BRBs, which was pre-
vented by melatonin. In melatonin- treated eyes, lantha-
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num deposits were never observed in the albuminal side
of retinal endothelial cells or extending beyond the RPE.
It seems likely that in animals treated with melatonin, tight
junctions were functional, being capable of preventing
extravasations of the tracer through intercellular spaces.
This finding is compatible with the observations by Kaur
et al®® who demonstrated that melatonin protects the
inner BRB in the rat hypoxic retina.

Muiller cells play an important role in the maintenance
and regulation of the BRB, as they have a close spatial
relationship with retinal blood vessels.*” GFAP up-regu-
lation is a hallmark of reactive astrocytes*® and retinal
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Figure 7. Scotopic ERGs of hamster injected 8 days before with vehicle or
LPS in the presence or absence of melatonin. Left panel: representative
scotopic ERG traces. Right panel: average amplitudes of scotopic ERG a-
and b- waves. A significant reduction in the amplitude (but not their laten-
cies) of both scotopic ERG a- and b-wave amplitude was observed in eyes
injected with LPS, whereas melatonin significantly reduced these ERG alter-
ations. Data are mean * SE (n = 20 eyes/group). **P < 0.01 vs. vehicle
injected eyes; a: P < 0.01 vs. LPS-injected eyes by Tukey’s test.

Figure 6. Ultrastructural analysis of photorecep-
tors from retinas obtained 8 days after LPS injec-
tion in the presence or absence of melatonin.
LPS injection provoked a high disorganization of
photoreceptor outer segments (A). At a higher
magnification, the space between cells and the
altered shape of membranous disks can be ob-
served (B). The same retinal region in eyes from
animals treated with melatonin showed ultra-
structural preservation of photoreceptor outer
segments (C). At a higher magnification the in-
tegrity of the stack of disks is clearly shown (D).
In LPS-injected eyes, wider intercellular spaces
and cytoplasmatic edema in some regions of the
RPE were observed (E). In melatonin-treated an-
imals, the apical region of RPE showed large
amounts of phagosomes with ingested disk ma-
terial (asterisk, F). Scale bar: A = 5 um; B and
D =1 wum; C, E, and F = 2 um. BL, basal
labyrinth; OS, outer segments; RPE, retinal pig-
ment epithelium; TJ, tight junction.

pathology modulates its expression.*?5° Muller cells that
do not express GFAP under physiological conditions are
known to express GFAP in pathological situations.>">?
The present results indicate that the injection of LPS
provoked a significant alteration in retinal Muller cells, as
shown by an increase in GFAP immunoreactivity that was
prevented by melatonin.

To assess retinal function in experimental uveitis,
scotopic flash ERGs were performed in eyes from ani-
mals injected with LPS or vehicle, since the hamster has
a predominantly rod-retina. A significant reduction of a-
and b-wave amplitude, but not their latencies, was ob-
served after 8 days of intravitreal injection of LPS. The
fact that ERG alterations were evident at a period in which
most of the clinical and histological changes were not
evident (8 days), suggests that LPS provoked retinal
sequelae that were also prevented by melatonin. Eight
days after the injection of LPS, a high disorganization of
photoreceptors outer segments persisted. At ultrastruc-
tural level, significant alterations of cell architecture were
observed with widened intercellular spaces containing
dense bodies and membranous debris. These results
support a correlation between retinal morphology and
electroretinographic activity. The amplitude of the a-wave
depends on the integrity of the photoreceptors and on
absorption of quanta in photoreceptors, whereas the am-
plitude of the b-wave depends on that of the a-wave and
reflects bipolar and Muller cells function. This way, LPS-
induced alterations in photoreceptor morphology could
be involved in a-wave changes, while alterations in Mdller
cells (GFAP up-regulation) might provoke a decrease in
the b-wave amplitude. As shown herein, histological al-
terations induced by LPS were prevented by melatonin,
therefore it is not surprising the recovery in ERG induced
by the methoxyindole. In addition, in melatonin-treated
eyes, large amount of phagosomes were observed in
RPE cells, which could indicate an active renovation and
repairing of outer segment membranous disks.

There remains to be established the mechanism/s in-
volved in the protection induced by melatonin. It is well
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Figure 8. Effect of LPS on retinal NOS activity and TNFa levels. One day after
injections, both parameters were significantly higher in LPS- than in vehicle-
injected. Melatonin, which was ineffective per se, significantly reduced NOS
activity (panel A) and TNFa levels (panel B) in the retina from LPS-injected
eyes. Data are mean * SE (n = 8 retinas/group), **P < 0.01 vs. vehicle-
injected eyes; a: P < 0.01 vs. LPS-injected eyes by Tukey's test.

established that LPS induces iNOS expression as well as
a cascade of cytokine synthesis in different systems (for
a review see °3). The present results show that melatonin
decreased the effect of LPS on two key signals involved
in inflammatory processes, such as NOS activity and
TNFa levels. NFkB is one of the most important transcrip-
tion factors in transcriptional regulation of inflammatory
proteins.®>*® Activated NFkB translocates to the nucleus,
where it binds to kB binding sites in the promoter regions
of target genes, and induces the transcription of pro-
inflammatory mediators, eg, iNOS, TNFea, cyclooxygen-
ase-2, and IL-1b, IL-6, and IL-8.%¢ The fact that melatonin
prevented the LPS-induced increase in nuclear levels of
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Figure 9. Top panel: Western blot analysis of nuclear NFkB subunits p50
and p65 levels. Each lane was loaded with 50 ug of nuclear proteins, as
described in the Material and Methods. Middle, bottom panel: Data are
mean * SEM (7 = 8 retinas/group) of densitometric values for p50 and p65
levels relative to B-actin band intensity, **P < 0.01 vs. vehicle injected eyes;
a: P < 0.01 vs. LPS-injected eyes, by Tukey's test.

p50 and p65 could account for the decrease in NOS
activity and TNFa levels. These results suggest that NFkB
could be a main target for the anti-inflammatory effect of
melatonin in EIU. In agreement with these results, it was
demonstrated that melatonin inhibits INOS expression by
inhibiting the activation of NFkB in immunostimulated
murine macrophages,®” rat skeletal muscle,®® and C6
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glioma cells.®® Furthermore, it was shown that melatonin
reduces colonic inflammatory injury®® and carbon tetra-
chloride-induced hepatic fibrogenesis®' by down-regu-
lating pro-inflammatory molecules such as TNFa medi-
ated by NF«B inhibition.°

Uveitis, a disease with potentially blinding sequels
(synequiae, cataracts, and macular and optic nerve
edema, with loss of vision and loss of the eye), remains a
challenging field to ophthalmologists, as the disease
causes significant morbidity, and the use of traditional
forms of treatment is restricted by limited effectiveness
and considerable side effects. As mentioned before, oc-
ular inflammation is mainly treated with topical and/or
systemic application of corticosteroids. During long-term
treatment with corticosteroids, however, care must be
taken to guard against both ocular and systemic compli-
cations such as cataract, glaucoma, diabetes, hyperten-
sion, and osteoporosis. Therefore, the establishment of
additive anti-inflammatory approaches is desirable to de-
crease the rate and degree of these complications. The
present results suggest that melatonin, which lacks ad-
verse collateral effects even at high doses, could be a
promising resource in the management of uveitis. Alone
or combined with corticosteroid therapy, the anti-inflam-
matory effects melatonin may benefit patients with
chronic uveitis and decrease the rate and degree of
corticosteroid-induced complications. Although in the
present study only the preventive effect of melatonin in
experimental uveitis was demonstrated, this “relative
weakness” does not preclude its clinical relevance. In-
deed, uveitis is a common consequence of ocular sur-
gery (cataract surgery and vitrectomy, among others).
Thus, even as preventive strategy, the present results
suggest that melatonin, a very safe compound for human
use, should be included in the ophthalmic therapeutic
resources.
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