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Abstract

Melatonin, a small organic molecule synthesized by the pineal gland and the retina, has a variety
of physiologic functions such as circadian clock pacemaker and antioxidant. Retinal melatonin is
down-regulated by light and is barely detectable during the day. The absence of melatonin in the
retina during prolonged light exposure may contribute to light-induced retinal degeneration. We
sought to investigate the impact of melatonin in the light-exposed retina using proteomic
approaches. We exposed mice to either light (250-300 lux) for 12 h followed by 12 h of darkness
or the same intensity of continuous light for 7 days. In half of the animals exposed to continuous
light, melatonin was injected each night. Proteomic analysis of the retina from these three groups
of animals showed that five proteins prominently up-regulated by constant light were down-
regulated by melatonin treatment. These five proteins were identified as vimentin, serine/
threonine-protein phosphatase 2A, Rab GDP dissociation inhibitor alpha, guanine nucleotide-
binding protein G alpha, and retinaldehyde-binding protein.

These five proteins are known to be involved in several cellular processes that may contribute to
light-induced retinal degeneration. Identification of melatonin target proteins in our study provides
a basis for future studies on melatonin’s potential in preventing or treating light-induced retinal
degeneration.
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1. Introduction

Light isomerizes cis-retinyl imine chromophore to #rans isomer of cone opsin and rhodopsin,
which is essential for visual perception. However, light can also accelerate photoreceptor
cell death by apoptosis. Even though light has been proposed as a risk factor for many eye
diseases, including age-related macular degeneration (AMD) and retinitis pigmentosa (RP),
the signaling mechanisms that lead to degeneration are not understood at the molecular
level.

Melatonin (N-acetyl-5-methoxytryptamine) is a paracoid and autocoid molecule derived
from tryptophan, nocturnally synthesized in the pineal gland and the retina of mammals
[1,2]. Melatonin interacts with G-protein coupled melatonin receptors in amacrine,
horizontal, ganglion, and photoreceptor cells in the retina [3,4]. Melatonin also interacts
with nuclear receptors and intracellular proteins such as calmodulin, tubulin, and calreticulin
[5]. Daily production and secretion of melatonin shows striking daily organization with
peaks during each night and very low levels during the day. This pattern is regulated by both
the endogenous circadian clock and environmental tuning by light [6]. As a circadian
pacemaker, melatonin modulates many rhythmic processes in the eye such as retinomotor
movements, neurotransmitter release, and retinal pigment epithelium (RPE) phagocytosis
[7,8]. Furthermore, ocular melatonin is an effective anti-oxidative molecule that crosses cell
membranes and the blood-retina-barrier to react with many reactive oxygen and nitrogen
species, including hydroxyl radicals, superoxide anions, and nitric oxide [9,10]. Since many
eye diseases are caused by oxidative stress, the retinal melatonin cycle is a prime candidate
for normal maintenance of retinal health and a potential therapy for oxidative retinal
diseases.

In this work, we investigate the effects of continuous light and melatonin repletion upon
protein targets of melatonin in the retina. Proteomic strategies are used to compare protein
expression patterns among mice maintained under three different conditions: 12 h light/12 h
dark cyclic conditions; and constant light conditions with or without daily melatonin
repletion. By comparing the constant light group to the light/dark group, we identified 22
proteins, the levels of which were markedly changed by constant light. We identified five of
these proteins that showed a reversal of the constant light-induced expression changes after
melatonin treatment. These five proteins, up-regulated by constant light and down-regulated
by repletion of melatonin, are involved in phototransduction, rhodopsin trafficking, and 11-
cis retinal regeneration. Identification of melatonin targets in our study provides a
foundation for future studies to determine melatonin’s potential in the treatment of certain
retinal degenerations.
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2. Materials and methods

Animals were handled in compliance with the Association for Research in Vision and
Ophthalmology (ARVO) statement on the Use of Animals in Ophthalmic and Vision
Research. 12-Week-old female C3HeB/FeJ mice were purchased from Jackson Laboratory
(Bar Harbor, ME) and housed under a 12 h light/12 h dark cyclic lighting condition (250—
300 lux of full spectra fluorescent room light) for 2 weeks. The time is referred to as HALO
(Hour After Light On), with light on at HALO 0, and off at HALO 12. Animals were
divided into three groups (12 mice/group). The first group of mice was housed in the 12 h
light/12 h dark condition and treated with melatonin vehicle solution (0.3% ethanol-saline)
at HALO 14 for 7 days. The second group was housed in constant room light (250-300 lux)
for 7 days and also treated with vehicle solution (0.3% ethanol-saline) at HALO 14. The
third group was also kept in constant room light as above but treated with melatonin
(Sigma—Aldrich) via intraperitoneal injection at a dose of 50 pg/kg body wt of mouse at
HALO 14.

2.1. Sample preparation, electrophoresis and western blot

After treatment all mice were euthanized at HALO 18. After euthanasia, the eyes were
rapidly removed from animals and retinas were isolated by microscopic dissection. Retinas
were washed with a solution (250 mM sucrose, 10 mM Tris—HCI, pH 7.0) to remove
contaminants before addition of lysis buffer (30 mM TrisCl, 2 M thiourea, 7 M urea, 4%
CHAPS, and protease inhibitors). Samples were then sonicated in pulses for 30 seconds until
cells were completely lysed. The crude lysate was centrifuged at 20,817 x g for 30 min at

4 °C. Proteomic procedures including mass spectrometry analysis were performed as
previously described [11-13]. Blot membranes were incubated overnight at 4 °C with a goat
polyclonal antibody against vimentin (1:1000 dilution, Santa Cruz) in blocking buffer.
Protein concentrations of bands on the blot were analyzed semi-quantitatively by
densitometer, PDQuest, and ImageJ software, and compared with positive controls including
actin and tubulin (Neomarkers).

2.2. Statistical analysis

Values are presented as the mean + SEM in three independent experiments. Statistical
significance of differences among the analyzed groups was determined by performing post
hoc comparison and one-way ANOVA. p < 0.05 was considered statistically significant.

3. Results

3.1. Constant light alters proteomic profile in the retina

We compared retinal proteome between mice that were kept in the 12 h light/12 h dark
cyclic condition and in continuous light. Retinas from three mice (7= 3) were isolated from
each group of animals and retinal proteins were separated by two-dimensional
electrophoresis (Fig. 1). Constant light exposure markedly decreased the expression of 10
proteins and increased the expression of 12 proteins, compared to the light/dark control
group. Each of the differentially expressed protein spots were excised from the gels and
analyzed by MALDI-TOF mass spectrometry for identification. Twenty-two proteins that

Int J Biol Macromol. Author manuscript; available in PMC 2017 February 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 4

were down- or up-regulated by constant light are listed in Tables 1 and 2. Tandem time-of-
flight mass spectrometry (TOF-TOF) identified three proteins that were up-regulated by
constant light as peroxiredoxin (Prx) 2, Prx 6, and retinaldehyde-binding protein
(CRALBP). Representative spectra are shown in Fig. 2A and B. The peptide with m/z=
1211.675 was identified as an amino acid sequence of QITVNDLPVGR in Prx 2, and the
peptide with m/z=2030.928 corresponds to FHDFLGDSWGILFSHPR in Prx 6.

3.2. Melatonin treatment reprogrammed proteomic profile in light-exposed retina

We then compared proteomic profiles between mice that were kept in continuous light +
melatonin treatment. Retinas were isolated from each group of animals (7= 3) and retinal
proteins were separated by 2D-PAGE (Fig. 3). Melatonin treatment lowered the expression
of 17 proteins and raised levels of 6 proteins, when compared to mice in constant light
without melatonin. Twenty-three proteins that were down- or up-regulated by melatonin
treatment are shown in Tables 3 and 4.

3.3. Five light-elevated proteins in the retina were down-regulated by melatonin treatment

Five of the proteins up-regulated by continuous light were either completely or partially
down-regulated by melatonin treatment. Magnified 2D-PAGE gel images of these five
proteins from all three groups of mice are shown in Fig. 4A, and spot densities are analyzed
semi-quantitatively using the total intensity of all spots from the corresponding gel for
normalization. The relative intensities of each spot are shown in Fig. 4B. These five proteins
were identified as vimentin, serine/threonine-protein phosphatase 2A, Rab GDP dissociation
inhibitor alpha (GDI), guanine nucleotide-binding protein G, subunit alpha and
retinaldehyde-binding protein (CRALBP). The identity of one of these five proteins,
CRALBP, was further confirmed by TOF-TOF mass spectrometry. The peptide with m/z=
2425.301 was identified as ELQELVQAQAASGEELALAVAER in CRALBP1.

3.4. Melatonin treatment eliminates post-translational modifications of vimentin induced
by constant light

Coomassie blue stained 2D gels showed a series of spots with a similar molecular weight to
vimentin. Mass spectrometry identified all of these spots, shown by arrows in Fig. 5A, as
vimentin. Typically, the most basic spot of this charge train is the unmodified form, and the
additional spots are assumed to be modified post-translationally. By comparing the
Coomassie blue stained 2D gel images among the three groups of mice, we found an
additional spot at the acidic end that was increased in constant light and disappeared after
melatonin repletion (Fig. 5A). Subsequently, 2D-western blotting using an anti-vimentin
antibody confirmed our observation (Fig. 5B). Hence, our result suggests that vimentin
undergoes additional post-translational modification when exposed to continuous light, and
melatonin reverts the vimentin modification to the original form.

4. Discussion

We have identified five major melatonin target proteins. These proteins are up-regulated by
constant light and diminished by supplementation of melatonin during the subjective night.
These results indicate that melatonin acts as a downstream regulator of light and confers its
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beneficial effects by blocking constant light effects on target protein expression. Since these
five proteins are known to participate in several light-induced cellular processes that may
trigger retinal degeneration, melatonin may protect the retina from light-induced damage by
modulating these five proteins after usual daily light exposure.

Exposure to continuous light at intensities ordinarily encountered during daytime causes
retinal degeneration [14]. The equivalent light hypothesis suggests that a subset of inherited
retinal degenerations, featured with a variety of photoreceptor molecular defects that
produce electrical signals equivalent to those produced by real light, is triggered by the same
mechanism [15]. How constant light induces retinal degeneration remains unknown,
although many mechanisms have been proposed, including defects in rhodopsin
regeneration, accumulation of free radicals, and a continuous low level of CaZ* resulting
from an excessively active phototransduction cascade [16]. Considering the versatile
functions of melatonin in the retina, it is possible that deprivation of retinal melatonin
contributes substantially to light-induced retinal degeneration. In our study, we identified 22
proteins differentially expressed in the retina during constant light exposure. Most of the
down-regulated proteins belong to the crystallin family. Alpha A and B crystallins have
chaperone functions to prevent heat or oxidative stress-induced protein aggregation [17].
Alpha crystallin also inhibits apoptosis and enhances the resistance of cells to stress.
Decreased levels of alpha A and B crystallins indicate a general loss of chaperone function
and a disruption of homeostasis in retinas that have been continuously exposed to light. Prx
2 and Prx 6, antioxidant enzymes using cysteine residues to decompose peroxides, are up-
regulated by constant light, which indicates increased oxidative stress in retinas exposed to
constant light [18].

Melatonin interferes with various apoptotic pathways through an anti-apoptotic signaling
mechanism [19]. The daily administration of melatonin to rds/ rd's mouse, an animal model
for retinitis pigmentosa, reduces the rate of photoreceptor cell loss [20]. A case control study
on 100 age-related macular degeneration patients showed that melatonin, taken each night at
bedtime for 3 months at a dosage of 3 mg/day, delays macular degeneration in most patients
[21].

Our results show that melatonin depletion, a major effect of constant light, may cause
changes of the key protein expressions in the retina. The melatonin target proteins, up-
regulated by constant light, may be key mediators of light-induced retinal degeneration. By
down-regulation of the five target proteins, melatonin may slow or block the process of
light-induced retinal degeneration.

Reverse regulation of light-induced retinaldehyde-binding protein (CRALBP) by melatonin
might imply a key protection mechanism against light-induced retinal degeneration.
CRALBP is a key retinoid chaperone involved in the visual cycle, to regenerate 11-cis-
retinol, the precursor of the chromophore at a high rate [22]. Regeneration of the
chromophore 11-c/sretinal is a key pathway in the process of light-induced retinal
degeneration [16]. Excess absorption of photons by rhodopsin triggers light-induced retinal
damage. Mice that lack rhodopsin or mice that were treated with the visual cycle inhibitors

Int J Biol Macromol. Author manuscript; available in PMC 2017 February 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 6

are protected from light-induced retinal damage [23]. Light-induced CRALBP may
accelerate the retinal damage through the higher rate of the visual cycle.

Rab proteins, up-regulated by melatonin, are members of the Ras superfamily of GTPases
and are involved in rhodopsin trafficking, a process of rhodopsin translocalization to the site
of outer segment disk formation [24]. After completion of rhodopsin trafficking and GTP
hydrolysis, Rab is retrieved by Rab GDP dissociation inhibitor (GDI), and is delivered to its
initial compartment. We observed up-regulation of GDI in constant light which suggests a
potential role for a higher turnover of Rab. This process may lead to a higher trafficking rate
of rhodopsin and triggering of retinal degeneration. Strikingly, melatonin attenuated the
light-induced GDI up-regulation and therefore expected to protect the retina from light-
induced pathological pathways.

Up-regulation of G, by constant light may lead to continuous activation of transduction
pathway in ipRGC and disrupt the circadian clock in retinal recovery during the nocturnal
dark phase for outer segment disk shedding and phagocytosis. Disruption of this circadian
organization may induce an imbalance of daily maintenance of rod outer segment and
eventually lead to apoptotic photoreceptor cell death. Melatonin-induced decrease of G,
expression may resynchronize these nocturnal protective mechanics in the retina during
constant light exposure.

Modifications of vimentin are essential reactions of filament dynamics. Changes of vimentin
phosphorylation are directed to reorganization of the intermediate filament network and
altered function of Miller cells. Hyperphosphorylation of vimentin can disassemble
intermediate filament into soluble monomeric form. Mdller cells are the major glial cells in
the retina and play crucial roles in maintaining neuroretinal architecture and support
neuronal survival. Our results suggest that vimentin and Mdller cells might be critically
involved in the process of light-induced damage in the retina. By reducing the light-induced
post-translational modification of vimentin, melatonin may assist to maintain the proper
filament network in Mdiller cells, which subsequently supports neuronal survival and
architecture in the retina.

Several kinases and phosphatases are involved in regulating the phosphorylation state of
vimentin. Serine/threonine protein phosphatase 2A (PP2A) directly interacts with vimentin
and is involved in regulating the dynamics of intermediate filament. PP2A interacts with
Bcl-2, a potent anti-apoptotic protein activated by phosphorylation on Ser70. PP2A
dephosphorylates and inactivates Bcl-2, and induces apoptosis. PP2A also negatively
regulates the Erk signaling pathway. In our study, PP2A was markedly up-regulated in
constant light, possibly due to post-translationally modified vimentin. Melatonin-mediated
down-regulation of PP2A may regulate the formation of more stabilized vimentin post-
translationally and negatively regulate apoptosis.

In this study, we noticed that there were melatonin-induced up-regulated proteins, but not
affected initially by constant light. The proteomic changes caused by constant light during
the subjective night at 18 HALO may be different at the other circadian time point. In the
absence of round-the-clock sampling in 12 h light/dark, dark/dark and constant light with
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and without melatonin, we cannot conclude whether the protein changes seen result from
circadian proteomic phase shifting. The study was, however, involved a carefully selected
and controlled circadian time, indicating that the changes observed are real at 18 HALO,
when melatonin or placebo is given daily at 14 HALO 4 h before sampling time. These
experimental discoveries of proteomic changes caused by light at night and reversed by
melatonin, despite constant light, are provocative. They provide the potential mechanisms
responsible for light-induced retinal changes by melatonin. Profound protein changes occur
with constant light at night, and many of them are modulated or reversed by melatonin.
Regardless of the mechanisms, this study clearly raises therapeutic possibilities for
melatonin in the treatment of retinal degeneration, especially initiated by prolonged
exposure of light.

Taken together, our results clearly demonstrate that supplementation of melatonin to mice
with constant light-exposed retina /n7 vivo partially reverses light-induced protein changes
significantly. Constant light eventually results in retinal dysfunction, at least in our rodent
model. This study provides a stimulus to understand constant light-induced retinal
pathologies as well as whether melatonin provided at night may prevent or alleviate
degenerative pathway.
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Fig. 1.
Two-dimensional electrophoretic analysis of retinal proteins from the light/dark group and

the constant light group. Retinas were isolated from mice that were exposed to 12 h light/12
h dark cyclic condition or constant room light condition. Two hundred microgram proteins
were separated by using 11 cm isoelectric focusing gradient strip (pH 5-8) and 8-12%
precast gradient gel. Proteins were visualized by Coomassie blue staining. Arrows are
showing spots with differential intensities. (A) Retinal proteome of mice exposed to cyclic
light/dark condition; (B) retinal proteome of mice exposed to constant light condition.
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Peptide sequencing using TOF-TOF mass spectrometry. Protein spots that were identified
by MALDI-TOF as Prx 2 and Prx 6 were further analyzed by TOF-TOF mass spectrometry.
Selected peptides were sequenced as Prx 2, and Prx 6, respectively. Representative mass
spectra for Prx 2 and Prx 6 are shown. X-Axis represents mass to charge ratio (/7/2) and Y-

axis shows relative intensity.
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Fig. 3.
2D-SDS-PAGE analysis of retinal proteins from constant light group and melatonin treated

group. Retinas were isolated from mice that were housed in constant light conditions treated
with or without melatonin. Arrows are showing spots of up- or down-regulation. (A) Retinal
proteome of mice exposed to constant light and treated with control vehicle; (B) retinal
proteome of mice exposed to constant light and treated with melatonin.
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2D-SDS-PAGE and quantitative analysis of the target proteins. (A) Magnified gel images
with arrows showing five proteins, up-regulated by constant light and down-regulated by
melatonin. #12, vimentin; #13, serine/threonine-protein phosphatase 2A; #14, Rab GDP
dissociation inhibitor alpha; #17, guanine nucleotide-binding protein; #18, retinaldehyde-
binding protein. Left panel: cyclic light/dark; middle panel: constant light; right panel:
constant light and melatonin. (B) Semi-quantitative analysis of five proteins. Number
indicates the relative intensity of each spot. Values are shown in mean + SD (= 3).
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(A) vimentin (B)
Light/Dark Light/Dark ‘e
Constant light Constant light .o
Melatonin treated
Melatonin treated ” -9
vimentin p-actin

Fig. 5.
2D-SDS-PAGE and western blot analysis. (A) Magnified Coomassie blue stained 2D gel

image. Arrows represent vimentin. (B) 100 pg retinal proteins were separated by using 7 cm
IPG strips and 10% SDS-PAGE gel and visualized by western blot with anti-vimentin
polyclonal antibody. Arrow shows new spots of vimentin induced by constant light. Upper
panel: cyclic light/dark condition; middle panel: constant light; bottom panel: constant light
and melatonin.
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