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Regulatory mechanism of melatonin on the
retinal ganglion cell photoreaction in mice
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Abstract. The study aimed to analyze the regulatory
mechanism of melatonin (MLT) on the retinal ganglion
cell photoreaction in mice. Forty-eight, 3-week-old healthy
ICR mice, regardless of gender, were randomly divided into
4 groups. Group A was exposed to an illumination/dark time
of 0 h/24 h, 6 h/18 h in group B, 12 h/12 h in group C and
18 h/6 h in group D, for up to 6 weeks. Four mice in each group
were sacrificed at week 1, 3 and 6, respectively, for harvesting
of retinal ganglion cells. ELISA was used to detect nocturnal
plasma MLT levels at midnight. Immunohistochemistry was
used to detect the expression of the retinal MLT receptor and
the expression levels of inducible nitric oxide synthase (iNOS)
and c-fos protein. The plasma MLT levels, MLT receptor levels
and c-fos protein expression levels of group C, after 1, 3 and
6 weeks of light application, were the highest, followed by
groups B and D, while group A had the lowest levels. For each
illumination time, the iNOS levels of group C were the lowest
and group A was the highest. Differences were all statistically
significant (P<0.05). In conclusion, appropriate illumination
regimens can increase c-fos protein, decrease iNOS activity
and regulate the physiological activities of the retinal ganglion
cells by regulating the expressions of MLT and its receptor.

Introduction

Melatonin (MLT) is a neuroendocrine hormone produced by
the pineal gland under physiological conditions and is regulated
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by the suprachiasmatic nucleus, according to the circadian
rhythm (1). MLT can regulate circadian rhythms, the sleep and
wakefulness circadian phase and improve sleep (2). According
to recent studies, MLT also plays an important role in anti-oxida-
tive stress, as well as in anti-inflammatory and anti-apoptotic
processes (3). The MLT receptor is widely distributed in retinal
ganglion cells, and it may be involved in the formation of light
reaction pathways and all forms of retinopathy (4).

The present study aimed to analyze the regulatory mecha-
nism of MLT on mouse retinal ganglion cell photoreaction.

Materials and methods

Animals. A total of 48 healthy, 3-week-old ICR mice (male
or female), weighing 7.2+1.3 g, were purchased from Charles
River (Boston, MA, USA). The mice were maintained at
conventional breeding temperature (23+2°C) and relative
humidity (55+5%). The animals were then randomly divided
into 4 groups. Group A had an illumination/dark cycle of
0 h/24 h, group B had 6 h/18 h, group C had 12 h/12 h and
group D had 18 h/6 h. The dark condition was breeding room
brightness <0.0004 cd/m?. The mice underwent these treat-
ments for up to 6 weeks. Four mice were sacrificed by cervical
dislocation at week 1, 3 and 6, respectively, and retinal
ganglion cells were harvested. Enzyme-linked immuno-
sorbent assay (ELISA) was used to measure nocturnal
plasma MLT levels at midnight, and immunohistochemical
staining was used to detect expression of the retinal MLT
receptor and the expression levels of inducible nitric oxide
synthase (iNOS) and c-fos protein.

The study was approved by the Ethics Committee of Qilu
Hospital of Shandong University (Shandong, China).

Test method. Mice were anaesthetized by peritoneal injection
of 10% chloral hydrate at midnight, the chest was quickly
opened to expose the heart, and the left ventricle was punc-
tured to collect 5 ml of blood in EDTA anticoagulant tubes.
Blood was maintained at room temperature, and centrifuged
for 15 min at 2,500 x g, the supernatant was aspirated and
stored at -80°C until testing.

Reagents and instruments. The MLT kit was purchased from
Abcam (Cambridge, UK). Mouse monoclonal MLT receptor
antibody (dilution, 1:200; catalog no. abl167108), mouse
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Table I. Comparison of the plasma levels of melatonin (pg/ml).
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I1lumination

Groups 1 week 3 weeks 6 weeks F-value P-value
A 68.7x12.3 63.5+142 64.6x15.5 0.627 0.538
B 125.9+36.7 136.2+37.8 127.9+34.5 0.349 0.126
C 166.8+42.5 172.4+40.3 169.6+42.7 0.528 0.727
D 133.4+32.1 145.5+£32.6 137.7£33.5 0.109 0.935
F-value 8.624 8.769 8.928

P-value <0.001 <0.001 <0.001

Group A had an illumination/dark time of 0 h/24 h, group B had 6 h/18 h, group C had 12 h/12 h and group D had 18 h/6 h. MLT, melatonin.

polyclonal iNOS antibody (dilution, 1:200; catalog no. ab21775)
and mouse monoclonal c-fos antibody (dilution, 1:200; catalog
no. ab208942) were purchased from Abcam (Cambridge, UK).
SP immunohistochemistry kit was purchased from ZSGB-BIO
Co., Ltd. (Beijing, China), and the diaminobenzidine (DAB)
chromogenic reagent kit was obtained from Wuhan Boster
Biological Technology Co., Ltd. (Wuhan, China).

Benchtop was purchased from Sunray Borui Experimental
Equipment Co.,Ltd. (Beijing, China), ELISA kit was purchased
from Thermo Fisher Scientific, Inc. (Waltham, MA, USA),
tissue slicing machine was purchased from Leica (Wetzlar,
Germany),digital micropipette was purchased from Finnpipette
(Vantaa, Finland), micro-ophthalmic surgical instruments
were purchased from Suzhou Medical Supplies Factory Co.,
Ltd. (Suzhou, China), Nikon optical microscope was purchased
from Nikon (Tokyo, Japan), and the Image-Pro Plus profes-
sional image analysis system (6th edition) was purchased from
Media Cybernetics (Rockville, MD, USA).

ELISA. The kit was stored at room temperature (20-28°C),
the standards and samples for testing were added to the
wells with each well containing 100 ul. Subsequently, 50 ul
of enzyme-linked affinity reagent was added to each well
and mixed, the microtiter plate was covered and allowed
to incubate for 60 min at 37°C, and the wells were washed
5 times with cleaning solutions. Substrate I and II (50 1 each)
were successively added to each well and mixed fully at room
temperature for 15 min in the dark. Stop solution (50 ul) was
then added and mixed to fully stop the reaction. The ELISA
plate reader (Bio-Rad, Hercules, CA, USA) was used to read
optical density (OD) values at 450 nm, within 30 min and
calculations for the test sample values were made by referring
to the standard curve.

Tissue harvesting and processing. The eyeballs were quickly
enucleated and surrounding soft tissue was removed, a small
amount of freshly prepared fixing solution was injected at
the edge of the corneoscleral to the vitreous chamber with a
1 ml syringe, the eyeball was soaked in the mixed stationary
liquid for 24 h until the tissue hardened, the cornea was cut off
along the cornea ring, under a microscope (Olympus, Tokyo,
Japan), and the remaining eyeball was soaked in the mixed
stationary liquid to fully fix for 24 h. It was then washed in
flowing water for 24 h, and underwent conventional gradient

alcohol dehydration, and xylene paraffin embedding. The wax
blocks were cut into 5 sections, with each slice cut at 4 ym
thickness for immunohistochemical staining. Tissue sections
were placed on glass slides treated with polylysine and placed
in a thermostat set to 60°C for 3 h.

Immunohistochemistry. Slides were dewaxed by conventional
methods, washed twice with distilled water for 5 min, incubated
in phosphate-buffered saline (PBS) for 5 min, incubated for
10 min at room temperature with freshly prepared 3% H,O,,
and soaked in PBS three times for 5 min. Slides then underwent
microwave antigen retrieval. After cooling, they were washed
with distilled water and blocked in normal goat serum at room
temperature for 30 min. The serum was discarded and primary
antibody (1:300) was added (PBS was used as a negative control
in place of primary antibody) and placed at 4°C for 20 h. The
slides were allowed to rewarm for 1 h at room temperature,
and soaked in PBS four times for 5 min. Biotin-labelled
secondary antibody was added and allowed to incubate at 37°C
for 10 min, after which the slides underwent PBS cleaning
three times for 5 min. Horseradish peroxidase-labeled strep-
tavidin solution (S-A/HRP) was added and incubated at 37°C
for 10 min, followed by PBS cleaning three times for 5 min.
DAB was added for color development and distilled water was
used 10 min later to terminate the reaction. The slides were
then counterstained with hematoxylin for 3 min, washed with
running water for 5 min, treated with hydrochloric acid alcohol
differentiation, washed for 5 min, and treated with gradient
alcohol dehydration, xylene, and neutral balata. Sections on the
slides were observed under a microscope (Olympus), and we
chose regions that had integrate cells and were well stained to
collect data for computer input. Image-Pro Plus 6.0 was used to
choose the immune yellow area in the image as AOI, to record
the IOD value calculated by the software, and then to calculate
the average optical density.

Statistical analysis. The data were analyzed by SPSS 19.0
statistical software (Chicago, IL, USA). Quantitative data were
expressed as mean + standard deviation. Comparison between
groups was made using one-way ANOVA test followed by
post hoc test (Least Significant Difference). Enumeration data
are expressed as case number or percentage, and comparisons
between groups were performed using the y” test. P<0.05 was
considered to indicate a statistically significant difference.
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Table II. Relative expression levels of the melatonin receptor.
[llumination

Groups 1 week 3 weeks 6 weeks F-value P-value
A 0.09+0.02 0.10+0.02 0.09+0.02 0.264 0.336
B 0.27+0.04 0.32+0.06 0.35+0.07 6.328 0.019
C 0.43+0.03 0.48+0.06 0.54+0.05 6.635 0.017
D 0.28+0.05 0.31+0.05 0.36+0.08 6.269 0.021
F-value 9.302 9426 9.687
P-value <0.001 <0.001 <0.001

MLT, melatonin.

Figure 1. Expression of the melatonin (MLT) receptor by immunohis-

tochemistry. MLT receptor levels in the groups A-D were measured by
immunohistochemistry and show that levels increase with illumination time.

Results

Comparison of the plasma levels of MLT. A comparison of
the light reactions of the 4 groups at week 1, 3 and 6 revealed
no statistical differences (P>0.05). At the same time-points,
group C had the highest MLT levels, followed by group B and
group D, while group A had the lowest, and the differences
were statistically significant (P<0.05) (Table I).

Comparison of MLT receptor expression levels. MLT
receptor was stained pale brown, mainly located in the retinal
pigment on the outer cortex and the kernel layer. The expres-
sion was detected inside the nucleus and cytoplasm. At each
time-point, the MLT receptor expression levels of group C
was the highest, followed by groups B, D and A, and the
differences were statistically significant (P<0.05). Except for
group A, the MLT receptor expression levels of the other three
groups increased with illumination time, and the differences
were statistically significant (P<0.05) (Table II and Fig. 1).

Comparison of iNOS levels. iINOS is mainly located in the
retinal ganglion cell layer, inner nuclear layer, photore-
ceptor cell layer and choroid mesenchymal tissue. For each
time-point, the iNOS level of group C was the lowest, followed
by groups B and D, while group A was the highest, and the
differences were statistically significant (P<0.05) (Table III
and Fig. 2).

Comparison of c-fos protein level. Expression of c-fos protein
in the retina is mainly in amacrine cells and ganglion cells.
For each time-point, the c-fos protein levels of group C
was the highest, followed by groups B and D, and group A
which was the lowest, and the differences were statistically
significant (P<0.05). Except for group A, the MLT receptor
expression levels of the three remaining groups increased
with illumination time, and the differences were statistically
significant (P<0.05) (Table I'V and Fig. 3).

Discussion

The retina is the major site of synthesis of MLT apart from
the epiphysis. MLT exerts an influence on the eyes through
paracrine signaling. Its biosynthesis is controlled by circadian
rhythm, as its secretion peaks at night and drops during the
day, a process which is dually regulated by external light and
the body clock (5). The MLT receptor has seven transmem-
brane segments, and is a member of the G protein-coupled
receptor superfamily (6). The physiological function of MLT
is to communicate information about circadian rhythms to
the body in response to outside light (7). In addition, it may
play an important role in immunomodulation, antioxidation,
neuroprotection, and tumor inhibition (7). Furthermore, MLT
may have a role in ophthalmological diseases such as diabetic
retinopathy, age-related macular degeneration, glaucoma,
cataract and myopia (8).

By setting different illumination times, and analyzing the
regulatory mechanism of MLT in the retinal ganglion cells of
healthy mice, we observed that at each time-point, group C
had the highest MLT levels, followed by group B and D, and
then by group A which had the lowest, and the differences
were statistically significant, whereas in the comparison of
illumination time at 1, 3 and 6 weeks, there was no statistical
difference in the illumination times. This suggests that the
influence of circadian rhythm on MLT was greater than the
illumination time (9). At each time-point, the MLT receptor
expression levels of group C was the highest, followed by
group B, group D and then by group A, and the differences were
statistically significant. Apart from group A, the MLT receptor
expression levels of the three remaining groups increased
with illumination time, and the differences were statistically
significant. This suggests that expression of the MLT receptor
not only relates to circadian rhythm but also illumination time,



1494

Table III. Comparison of iNOS levels.
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[llumination
Groups 1 week 3 weeks 6 weeks F-value P-value
A 0.44+0.09 0.45+0.08 0.43+0.07 0.946 0.724
B 0.36+0.07 0.35+£0.08 0.34+0.06 0.638 0.552
C 0.29+0.06 0.27+0.07 0.28+0.04 0.725 0.639
D 0.38+0.06 0.37+0.07 0.35+0.05 0.526 0.402
F-value 7.669 7.924 7.853
P-value <0.001 <0.001 <0.001
iNOS, inducible nitric oxide synthase.
Table IV. Expression of c-fos protein level.

Ilumination
Groups 1 week 3 weeks 6 weeks F-value P-value
A 0.08+0.02 0.09+0.02 0.07+0.02 0.534 0.303
B 0.27+0.05 0.32+0.06 0.35+0.07 6.234 0.022
C 0.36+0.05 0.39+0.06 0.43+0.05 6.525 0.018
D 0.28+0.04 0.33+0.05 0.35+0.06 6.317 0.020
F-value 7.968 8.302 8421
P-value <0.001 <0.001 <0.001

Figure 2. Expression of inducible nitric oxide synthase (iNOS) by immuno-
histochemistry. Levels of iNOS in groups A-D were measured by immuno-
histochemistry and show that they were lowest in group C at all time-points.

such that by extending the illumination time, the expression
levels of the MLT receptor can increase (10). The comparison
of iNOS levels among the different groups suggests there
are no statistical differences; for each time-point, the iNOS
levels of group C was the lowest, followed by group B and D,
while highest in group A, and the differences were statistically
significant. The stimulation of light makes retinal bipolar cells
release the neurotransmitter glutamate. Glutamate interacts
with the N-methyl-D-aspartate (NMDA) receptor on amacrine
cells expressing iNOS, thus increasing internal flow of Ca?*
and iNOS activity, and increasing NO. NO can in turn, activate
the soluble guanylyl cyclase (sGC) in ganglion and bipolar
cells, increase cyclic guanosine monophosphate (cGMP)

Figure 3. Expression of c-fos by immunohistochemistry. The levels of c-fos
in groups A-D were measured by immunohistochemistry and show that they
were highest in group C at all time-points.

concentrations, and produce the cGMP gating cation current.
Therefore, NO possibly regulates the activity of ganglion and
bipolar cells through activation of these pathways to influence
the transmission of visual information (11).

At each time-point, the c-fos protein level of group C was
the highest, followed by groups B and D, and group A which
had the lowest levels. The differences were statistically signifi-
cant. With the exception of group A, MLT receptor expression
levels of the remaining three groups increased with illumina-
tion time, and the differences were statistically significant. The
c-fos gene can be induced by second messengers, and is also
called the immediate early gene (12). C-fos is upregulated in
stationary cells following external stimulus. The c-fos gene
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and its protein product is not only involved in normal cellular
growth and differentiation, but also participates in the process
of information transmission and energy metabolism within
cells (13). Hossokawa et al (14) reported that different visual
stimuli induce the outer edge of the chicken hypothalamus
and the inner edge of the geniculate body to upregulate
c-fos expression. Aronin et al (15) showed that light changes
the retinal nucleoprotein reaction level, which suggests that the
expression of c-fos may be part of the ‘light/dark environment’
biological clock mechanism. When Zambia underground mice
were treated with light stimulation, c-fos expression was found
in the retina and brain (16). Light stimulation of transplanted
retina can also induce c-fos expression of the mouse superior
colliculus (17).

In conclusion, appropriate illumination can increase c-fos,
decrease iNOS activity and regulate the physiological activi-
ties of retinal ganglion cells by regulating the expressions of
MLT and its receptor. The results of the present study provide
a basis for further analysis of the function of MLT on the retina
under pathological conditions.
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