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A B S T R A C T

Melatonin, an important neuromodulator involved in circadian rhythms, modulates a series of physiological
processes via activating its specific receptors, namely Mel1a (MT1), Mel1b (MT2) and Mel1c receptors. In this
work, the localization of Mel1b receptor was studied in pigeon retina using double immunohistochemistry
staining and confocal scanning microscopy. Our results showed that Mel1b receptor widely existed in the outer
segment of photoreceptors and in the somata of dopaminergic amacrine cells, cholinergic amacrine cells, gly-
cinergic AII amacrine cells, conventional ganglion cells and intrinsically photosensitive retinal ganglion cells,
while horizontal cells, bipolar cells and Müller glial cells seemed to lack immunoreactivity of Mel1b receptor.
That multiple types of retinal cells expressing Mel1b receptor suggests melatonin may directly modulate the
activities of retina via activating Mel1b receptor.

1. Introduction

In vertebrates indoleamine hormone melatonin, acting as a neuro-
modulator, regulates various physiological processes, such as sleep-
wake cycle, pubertal development, core body temperature, oncogen-
esis, immune function and seasonal adaptation (Pandi-Perumal et al.,
2008), in the central nervous system (CNS). In nonmammalian verte-
brates three subtypes of specific receptor, namely Mel1a (corresponds
to mammalian MT1), Mel1b (corresponds to mammalian MT2) and
Mel1c receptor, have been isolated, cloned, and sequenced (Pandi-
Perumal et al., 2008; Reppert et al., 1995; Reppert et al., 1994; Tosini
et al., 2012; Huang et al., 2013; Klosen et al., 2019). In the vertebrate
retina melatonin, acting as a paracrine hormone, is synthesized and
secreted in a circadian manner with high level at night and low level
during the daytime, and regulates various types of neurons in retina to
modulate various visual activities, including resting potentials (Fischer
et al., 2008; Nao-i et al., 1989), membrane conductances (Cosci et al.,
1997), and multiple types of membrane channels (van den Top et al.,
2001; Yang et al., 2011).

Recent works have described significant high-resolution room-
temperature X-ray free electron laser structures of human MT1 receptor
(Stauch et al., 2019) and human MT2 receptor (Johansson et al., 2019)
respectively. Then drug development will be facilitated the design of
future tool compounds and therapeutic agents to contribute to maintain
natural circadian rhythms against shift work, travel, and ubiquitous
artificial lighting (Huang et al., 2013; Wiechmann and Sherry, 2013).
Once the compounds or agents are developed, they will be bound to use
to target melatonin receptors.

Our previous study showed the expression of MT1 and MT2 re-
ceptors in the rat, and we found the co-expression of MT1 and MT2

receptors in M1-type intrinsically photosensitive retinal ganglion cells
(GC) (Sheng et al., 2015). However, current studies suggests that the
cellular expression of these receptors is highly species-dependent and
neuron subtype-dependent (Huang et al., 2013). That may be indeed
related to the divergent biological rhythms between nocturnal animals
and diurnal animals. Lots of works about the localization of melatonin
receptors have been done in the retina of nocturnal animals, such as rat
(Yang et al., 2011; Sheng et al., 2015; Mennenga et al., 1991; Fujieda
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et al., 1999; Zhao et al., 2010), mouse (Sengupta et al., 2011; Baba
et al., 2009) and guinea pig (Fujieda et al., 2000). Although these
studies are fruitful, most of them focus on MT1 receptor. In other words,
information regarding retinal expression of MT2 or Mel1b receptor in
vertebrates is rather scant, letting alone MT2 or Mel1b receptor in the
retina of diurnal animals. In diurnal animals, such as human, melatonin
exerts its neuromodulation widely (Reppert et al., 1995; Wiechmann
and Smith, 2001; Scher et al., 2003; Scher et al., 2002; Ikegami et al.,
2009). Morphological study on mRNA expression shows that melatonin
receptors exist in different layers in the chick retina (Natesan and
Cassone, 2002). Wiechmann and his colleagues' work shows that Mel1b
receptor is located in rod and cone photoreceptors, horizontal cells
(HCs) and GCs, but not in dopaminergic and GABAnergic amacrine cells
(AC) in retina of Xenopus laevis (Wiechmann et al., 2004), which is quite
different from our results in pigeon retina (see below). Above all, de-
tailed research on the systematical cellular localization of MT2 or Mel1b
receptor is urgently needed both in retina of diurnal animal and noc-
turnal animal.

The flying bird retina with one or two foveae has high acuity re-
gions. The pigeon has two regions of high retinal GCs density and one
fovea (Querubin et al., 2009), which makes the visual acuity of the
pigeon be comparable to it in human eyes (Rodrigues et al., 2016).
These characteristics prompt us to introduce the pigeon as a new model
system to study the vision. The purpose of this work is to demonstrate
the cellular localization of Mel1b receptor in pigeon retina. We found
that immunofluorescence for Mel1b receptor existed in rods and cones,
dopaminergic ACs, cholinergic ACs, glycinergic AII ACs, conventional
GCs and intrinsically photosensitive retinal GCs, while no obvious la-
beling for Mel1b receptor was detected in the somata of HCs, bipolar
cells (BCs) and Mülller cells.

2. Materials and methods

2.1. Animals

1-year-old pigeons (Columba livia domestica) with free access to
food and water were used in this research. Pigeon house was kept at a
temperature from 22 °C to 28 °C and under a humidity of 40 ± 10%.
Pigeons were housed for at least 20 days in a 14-h light (~1000 lx): 10-
h dark (LD) cycle before experiments. To avoid any possible diurnal
impacts on protein expression, all retinas were harvested and im-
mediately fixed 5–7 h after light onset (Zeitgeber Time 5–7). A total of
12 pigeons were sacrificed in the present study. Use and handling of
animals were strictly in accordance with the U.S. National Institutes of
Health guidelines for the Care and were approved by Institutional
Animal Care and Use Committees of Qilu University of Technology. All
efforts were made to minimize the number of animals used and their
suffering.

2.2. Tissue preparation

Pigeons were deeply anesthetized with 20% urethane and eyecups
were immediately immersed in fresh 4% paraformaldehyde in 0.1 M
phosphatic buffered saline (PBS, pH 7.4) for 30min. After fixation, the
eyecups were chilled sequentially in 10% (w/v), 20% and 30% sucrose
in 0.1 M PBS at 4 °C, and then embedded in optimal cutting temperature
compound (OCT, Miles Inc., Elkhart, IN, USA). A freezing microtome
(Leica Microsystems, Wetzlar, Germany) was used to cut frozen sections
vertically at 14 μm thickness, and sections were then mounted on ge-
latin chromium-coated slides and stored at −20 °C for further proces-
sing.

2.3. Antibodies

The Mel1b receptor antibody (Sheng et al., 2015), being purified
from rabbits, targets the epitope of the 3rd intracellular loop (amino

acid residues 232–246: (C) RKAKATRKLRLRPSD) of the mouse MT2

receptor (1:100 dilution, AMR-032, Alomone laboratories, Jerusalem,
Israel). Then a series of well-established primary antibodies (see Table 1
for a complete list) and secondary antibodies (see Table 2 for a com-
plete list) were used during immunohistochemistry double-staining and
Western blot experiments.

2.4. Immunohistochemistry

Sections were blocked in a buffer containing 6% normal donkey
serum, 0.2% Triton X-100 in 0.1 M PBS for 1.5 h at room temperature,
and then incubated with the primary antibodies in incubation buffer
(3% normal donkey serum, 1% bovine serum albumin and 0.2% Triton
X-100 in 0.1M PBS) at 4 °C for 2 days. After 6 rinses in PBS, binding
sites of the primary antibodies were revealed by further incubating with
the fluorescent second antibodies for 1.5 h at room temperature in the
dark. In control experiments, the entire procedure was identical except
that the sections were incubated in a mixture of Mel1b receptor anti-
body and an excessive dose of corresponding immunizing peptide
(AMR-032, Alomone laboratories), which were mixed for 5 h in ad-
vance. All double labeling experiments have been performed on at least
3 birds.

2.5. Confocal laser scanning microscopy and data analysis

The sections were viewed and immunofluorescence images were
acquired at 40× magnification using a Fluoview FV1000 confocal laser
scanning biological microscope (Olympus Corporation, Tokyo, Japan).
To avoid any possible reconstruction stacking artifact, double-labeling
was precisely evaluated by sequential scanning on single-layer optical
sections. The settings (laser intensity, gain and contrast) of the confocal
microscope were the same for the photographs shown in Fig. 1B and B'.
All analysis were performed offline. Images were resized and adjusted
for global brightness and contrast using the software Photoshop CS3
(Adobe Systems, San Jose, CA, USA).

2.6. Western blot

Equivalent amounts of freshly extracted retinal lysate (20 μg/lane)
were electrophoresed on 10% SDS-PAGE and then electrophoretically
transferred onto PVDF membranes. Non-specific binding was blocked in
a blocking buffer (pH 7.6) containing 20mM Tris-HCl, 137mM NaCl,

Table 1
Primary antibodies used in this study.

Antigen Host Source Working dilution

Mel1b Rabbit AMR-032, Alomone laboratories,
Israel

H: 1:100;
W:1:1000

Rho4D2 Mouse ab98887, Abcam plc., UK H: 1:2000
S-opsin Goat sc-14363, Santa Cruz Bio-

technology, USA
H: 1:500

L/M-opsin Goat sc-22117, Santa Cruz Bio-
technology, USA

H: 1:500

CB Mouse 300, Swant, Switzerland H: 1:2000
ChX10 Sheep ab16141, Abcam plc., UK H: 1:400
TH Mouse T1299, Sigma, USA H: 1:5000
ChAT Goat AB144P, Chemicon, USA H: 1:800
PV Mouse 235, Swant, Switzerland H: 1:1000
Brn3a Goat sc-31984, Santa Cruz Bio-

technology, USA
H: 1:800

Melanopsin Mouse sc-515838, Santa Cruz Bio-
technology, USA

H: 1:100

CRALBP Mouse ab15051, Abcam plc., UK H: 1:500

Abbreviations: Rho4D2, Rhodopsin; CB, calbindin D-28 k; ChAT, choline acet-
yltransferase; TH, tyrosine hydroxylase; Gly, glycine; PV, parvalbumin;
CRALBP, cellular retinaldehyde-binding protein; H, immunohistochemistry; W,
Western blot.
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0.1% Tween-20 (TBST) and 3% (w/v) skimmed milk for 1.5 h at room
temperature. The blots were then incubated with the Mel1b receptor
antibody used in immunohistochemistry experiment overnight on a
shaker in 4 °C, followed by horseradish peroxidase (HRP)-linked donkey
anti-rabbit IgG (see Table 2) for 1.5 h at room temperature. Im-
munoblots were visualized by enhanced chemiluminescence (ECL,
Amersham Biosciences, Piscataway, NJ, USA), and finally captured
using ChemiDoc XRS System with Image Lab software (Bio-Rad, Her-
cules, CA, USA). To estimate the molecular weight (MW), a widely-used
pre-stained protein ladder (26,617, Thermo Scientific, Waltham, MA,
USA) was used. In control experiments, the blots were incubated in a
mixture of Mel1b receptor antibody and an excessive dose of corre-
sponding antigen peptide.

3. Results

3.1. Expression profile of Mel1b receptor in pigeon retina

Western blot analysis of Mel1b receptor in the retinal homogenates
of pigeon showed that the antibody against Mel1b receptor clearly re-
cognized a robust band at approximately 45 kDa (Fig. 1A). The band of
45 kDa corresponded to the previous study (Reppert et al., 1995; Zhao
et al., 2010). No such immunoreactive band was visible when the an-
tibody was pre-incubated with the corresponding antigen peptide
(Fig. 1A'). These data indicated that the protein recognized by the an-
tibody used in this work may indeed be Mel1b receptor.

In vertical sections of pigeon retina (Fig. 1B), Mel1b receptor signal
was visible in the outer retina, which may be the OS of rods and/or
cones. A few Mel1b receptor signals were also clearly observed in the
INL. Based on the positions and shapes of these cells, they might be
HCs, BCs, ACs, displaced GCs or Müller cells. Meanwhile, im-
munostaining for Mel1b receptor was clear in the GCL, which could be
displaced ACs and/or GCs. However, no obvious Mel1b receptor im-
munolabeling was detected in the outer plexiform layer (OPL) and inner
plexiform layer (IPL). When the antibody was pre-treated with the

antigen peptide, only a low level of background was visible (Fig. 1B').
Fig. 1B″ shows the multiple layers of retina clearly.

3.2. Cellular localization of Mel1b receptor in the rods and cones

To explore the cellular localization of Mel1b receptor in the outer
retina of pigeon, we firstly conducted double fluorescent labeling ex-
periments using the antibody against Mel1b receptor along with spe-
cific and reliable markers to mark photoreceptors. Fig. 2A-A", graphs of
the vertical section from pigeon retina, double-immunolabeled with the
antibodies against Mel1b receptor and Rho4D2 (a rod marker (Ghosh
et al., 2009; Ritchey et al., 2010)) showed the Mel1b receptor was co-
labeled with the Rho4D2. Quantitative analysis showed that Mel1b
immunoreactivity signals were detectable in the OS of all rods
(n=138) observed in 10 retinal sections (see Table 3, the same below).
Fig. 2B-B" showed graphs of the vertical section from pigeon retina
double-immunolabeled with the antibodies against Mel1b receptor and
short-wave-opsin (S-opsin, a blue cone marker (Ji et al., 2012; Ortin-
Martinez et al., 2014)). Overlapping signals revealed that Mel1b re-
ceptor was detectable in the OS of blue cones. Totally, 55 S-opsin-po-
sitive blue cones observed in 9 retinal sections were all Mel1b-positive.
Fig. 2C-C", graphs of the vertical section double-immunolabeled with
the antibodies against Mel1b receptor and long/medium-wave-opsin
(L/M-opsin, a widely used marker for red/green cone (Ji et al., 2012)).
Double immunolabeling revealed that Mel1b receptor-immunoreactive
was observed obviously in the OS of red/green cones (33 out of 33 cells
from 3 sections).

3.3. Cellular localization of Mel1b receptor in the HCs and BCs

We further studied whether HCs and BCs expressed Mel1b receptor
or not. Fig. 3A-A", graphs of the vertical section double-immunolabeled
with the antibodies against Mel1b receptor and CB (a marker for HCs
(Rabie et al., 1985; Liu et al., 2011)). CB-immunostained HCs were
located at the distal margin of the INL. As shown in the merged image

Table 2
Secondary antibodies used in this study.

Description Source Working dilution

Alexa Fluor 488-conjugated donkey anti-rabbit IgG A-21206, Invitrogen, USA H: 1:200
Alexa Fluor 555-conjugated donkey anti-mouse IgG A-31570, Invitrogen, USA H: 1:200
Alexa Fluor 555-conjugated donkey anti-goat IgG A-21432, Invitrogen, USA H: 1:200
Alexa Fluor 555-conjugated donkey anti-sheep IgG A-21436, Invitrogen, USA H: 1:200
Horseradish peroxidase-linked donkey anti-rabbit IgG 31,458, Millipore, USA W: 1:2000

Abbreviations: H, immunohistochemistry; W, Western blot.

Fig. 1. Expression of Mel1b receptor in pigeon re-
tina. (A) Western blot analysis of whole pigeon retina
homogenates for the Mel1b antibody marks a main
band of ~45 kDa. MW scale (kDa) is shown on the
left. (A') No band was detected when primary anti-
body was pre-absorbed with the antigen peptide. (B)
Micrograph of the immunostaining profile of the
Mel1b antibody in pigeon retina. Bright fluorescent
signal for Mel1b receptor exists in the OS of photo-
receptors, INL and GCL. (B') Micrograph of vertical
section reveals that no obvious signal is visible when
the Mel1b antibody is pre-absorbed by the im-
munizing peptide. (B″) Micrograph of DAPI stained
retina shows the multiple layers of a retinal section.
Representative cells are indicated by arrowheads.
OS, outer segment; IS, inner segment; ONL, outer
nuclear layer; OPL, outer plexiform layer; INL, inner
nuclear layer; IPL, inner plexiform layer; GCL,
ganglion cell layer; MW, molecular weight. Scale
bar= 20 μm.
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(Fig. 3A"), the CB-positive HCs were not Mel1b receptor-labeled. To-
tally, 26 CB-positive cells from 10 vertical sections were all found to be
Mel1b-negative. Double labeling experiments with the antibodies
against Mel1b receptor (Fig. 3B) and ChX10 (a specific pan-BC marker
(Whitaker and Cooper, 2009; Zhang et al., 2012), Fig. 3B') showed that
the somata of the ChX10-positive BCs appeared to be lack of Mel1b
receptor. A total of 583 ChX10-positive cells in 23 vertical sections were
identified in the INL, and all of them were not co-labeled by Mel1b
receptor.

3.4. Cellular localization of Mel1b receptor in the ACs

Our data indicated that Mel1b receptor might not exist in the HCs
and BCs, we then conducted double labeling experiments of Mel1b

receptor in combination with special markers for different subtypes of
ACs to investigate whether the Mel1b receptor-related fluorescence in
the INL was signaled from the ACs.

The dopaminergic AC, labeled by TH (Scher et al., 2002;
NguyenLegros et al., 1997), was one category of GABAergic AC. Do-
paminergic AC (Kosaka et al., 1987; Wulle and Wagner, 1990; Contini
and Raviola, 2003), which was located almost exclusively in the in-
nermost row of the INL with its processes mainly arborizing in the
outermost stratum of the IPL. Double immunolabeling using anti-Mel1b
receptor and anti-TH antibodies revealed that dopaminergic ACs ex-
hibited strong Mel1b signal (Fig. 4A-A"). All of the dopaminergic ACs
observed in this study were co-labeled by Mel1b receptor (12 out of 12
cells from 9 sections). The cholinergic AC was another subpopulation of
GABAergic AC (Kosaka et al., 1988). ChAT-positive cholinergic ACs
were situated either in the INL or in the GCL, forming two mirror-
symmetric populations, and their processes formed two distinct bands
in S2 and S4 of the IPL (Voigt, 1986). Fig. 4B-B" showed ChAT-positive
cell were strongly Mel1b receptor-positive, while no obvious Mel1b
receptor signal existed in the two bands formed by the processes of the
cholinergic ACs. 105 cells with strong immunofluorescence signal for
ChAT were observed in 7 retinal sections, and they were mostly Mel1b-
positive (103 out of 105 cells). PV-immunolabeled AII AC (Wassle et al.,
1993), characterized by their bushy dendritic trees terminating at dif-
ferent levels within the IPL, was the most prominent subtype of glyci-
nergic AC. Double immunostaining experiment unequivocally demon-
strated Mel1b receptor was clearly expressed in AII ACs, while their
processes were not clearly labeled by Mel1b receptor (Fig. 4C-C"). In a
quantitative analysis involving 71 AII ACs collected from 18 vertical
sections, none of these AII ACs were not Mel1b-immunoreactive.

Fig. 2. Confocal laser scanning fluorescence micro-
photographs, showing the distribution of Mel1b re-
ceptor in rods and cones. (A–A") Co-labeling of
Rho4D2 (A, red) and Mel1b (A', green) in a rod-
dominant section. Note that Mel1b immunostaining
is visible in Rho4D2-labeled OS of rods. (B–B″) Co-
labeling of S-opsin (B, red) and Mel1b (B', green) in a
cone-rich vertical section. Merged image (B″) reveals
the Mel1b receptor is more widely present in OS of
blue cone. (C–C″) Co-labeling of L/M-opsin (C, red)
and Mel1b (C′, green) in a cone-rich section.
Yellowish in merged image (C″) indicates Mel1b re-
ceptor is expressed in red/green cones.
Representative cells are indicated by arrowheads.
Scale bar= 20 μm. (For interpretation of the refer-
ences to colour in this figure legend, the reader is
referred to the web version of this article.)

Table 3
Positive rates for Mel1b receptor in retinal cells.

Cell type Positives %

Rod 138/138 100
Blue cone 55/55 100
Red/green cone 33/33 100
HC 0/26 0
BC 0/583 0
Dopaminergic AC 12/12 100
Cholinergic AC 103/105 98
AII AC 71/71 100
Brn3a-labeled GC 443/443 100
IpRGC 10/10 100
Müller cell 0/94 0

Fig. 3. Confocal laser scanning fluorescence micro-
photographs, showing the distribution of Mel1b re-
ceptor in HCs and BCs. (A–A") Co-labeling of CB (A,
red) and Mel1b (A', green) in vertical section. Note
that Mel1b immunoreactivity is not detectable in CB-
labeled HCs. (B–B″) Co-labeling of ChX10 (B, red)
and Mel1b (B′, green) in vertical section. No overlap
in merged image (B″) indicates ChX10-positive BCs
are not immunostained by Mel1b receptor.
Representative cells are indicated by arrowheads.
Scale bar= 20 μm. (For interpretation of the refer-
ences to colour in this figure legend, the reader is
referred to the web version of this article.)
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3.5. Cellular localization of Mel1b receptor in the GCs

The Mel1b receptor-positive cells in the GCL could be either GCs or
displaced ACs (Fig. 1A). For further confirmation that GCs indeed ex-
pressed Mel1b receptor, we then performed double staining of Mel1b
receptor and Brn3a (Fig. 5A-A"). The overlapping staining patterns in-
dicated that Brn3a-labeled GCs (Nadal-Nicolas et al., 2009) were co-
labeled by Mel1b receptor (443 out of 443 cells, 13 vertical sections). It
was noteworthy that in the GCL some neurons, which were Mel1b-po-
sitive but Brn3a-negative, might be displaced ACs (such as cholinergic
AC in Fig. 4B-B") or Brn3a-negative GCs. The ipRGC, which project to
SCN to set circadian clock, was a special melanopsin-containing GCs
(Berson et al., 2002; Hattar et al., 2002). This subtype GC could not be
labeled by Brn3a, but it could be immunoreactive with melanopsin
(Jain et al., 2012). Double labeling using the antibodies against Mel1b
receptor and melanopsin revealed that all melanopsin-positive ipRGCs
we found existed in the innermost row of the INL, but not in the GCL,
and Mel1b receptor was expressed in the somata of ipRGCs (10 out of
10 cells, 7 vertical sections, Fig. 5B-B").

3.6. Cellular localization of Mel1b receptor in the Müller cells

The Müller cell with soma in the INL was the principal glial cell of
the vertebrate retina. Two main trunks of the Müller cells moved to-
ward both limiting surfaces of the retina. In the nerve fiber layer (NFL)/
GCL, the trunks were enlarged to endfeet, while the trunks in the ONL

ensheathed photoreceptor cell bodies (Fig. 6A). They played a crucial
role in supporting the neurons (Subirada et al., 2018). Double-labeling
of Mel1b receptor and CRALBP (a specific marker for labeling both
somata and processes of Müller cells (Wurm et al., 2009)) was con-
ducted (Fig. 6A-A"). Our data showed no overlap of the staining of
Mel1b receptor and CRALBP (0 out of 94 cells, 9 vertical sections),
which indicated that Müller cells might not express Mel1b receptor.

4. Discussion

Melatonin, coordinating with its specific receptors in the retina, is a
major modulator of rhythmic activities, such as sleep (Pandi-Perumal
et al., 2008; Huang et al., 2013; Dubocovich and Markowska, 2005).
Abundant studies focused on Mel1a or MT1 receptor have been done,
but very few data about Mel1b or MT2 receptor are now available. Like
the Mel1a or MT1 receptor, Mel1b or MT2 receptor is also involved in
retinal information processing (Yang et al., 2011; Zhao et al., 2010;
Savaskan et al., 2007; Wiechmann and Sherry, 2012). Moreover, cir-
cadian rhythm-related Mel1b or MT2 receptor is unstudied well on
retinal cellular localization in nocturnal animals and diurnal animals.
Our lab's previous studies show the melatonin receptor MT2 is im-
munocytochemically located in the Rod-ON-BCs, RGCs and ipRGCs in
the adult rat (Yang et al., 2011; Sheng et al., 2015; Zhao et al., 2010).
While Wiechmann and his collogues show us Mel1b receptor is found in
OFF-BCs, ACs and GCs in the retina of Xenopus laevis (Wiechmann and
Sherry, 2012). However, their findings above are different from their

Fig. 4. Confocal laser scanning fluorescence micro-
photographs, showing the distribution of Mel1b re-
ceptor in different AC subtypes. (A–A") Co-labeling
of TH (A, red) and Mel1b (A', green) in vertical
section. Note that Mel1b immunoreactivity is visible
in TH-labeled dopaminergic ACs in the innermost
part of the INL. One representative neuron (A")
double labeled with TH and Mel1b is indicated by
arrowhead. (B–B″) Co-labeling of ChAT (B, red) and
Mel1b (B′, green) in vertical section. Yellowish in
overlapped image (B″) indicates ChAT-labeled
mirror-symmetric cholinergic ACs are Mel1b re-
ceptor immunoreactive (arrowheads). (C–C″) Co-la-
beling of PV (C, red) and Mel1b (C′, green) in vertical
section. Superimposed image (C″) with yellowish
reveals PV-labeled glycinergic ACs are labeled by
Mel1b receptor (arrowheads). Note that processes of
ACs above seem to be Mel1b-negative, Scale
bar= 20 μm. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)

Fig. 5. Confocal laser scanning fluorescence micro-
photographs, showing the distribution of Mel1b re-
ceptor in retinal GCs. (A–A") Co-labeling of Brn3a (A,
red) and Mel1b (A', green) in vertical section. Note
that Mel1b immunoreactivity is visible in Brn3a-la-
beled GCs. Two representative neurons double la-
beled with Brn3a and Mel1b (A", yellow) are in-
dicated by arrowheads. Many neurons, lacking Brn3a
immunoreactive but Mel1b receptor-positive in the
GCL (indicated by arrows), may be Brn3a-negative
GCs or displaced ACs. (B–B″) Co-labeling of mela-
nopsin (B, red) and Mel1b (B′, green) in vertical
section. Merged image (B″) with yellowish indicates
co-localization of melanopsin and Mel1b in a dis-
placed melanopsin-positive ipRGC in the INL (ar-
rowhead). Scale bar= 20 μm. (For interpretation of
the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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previous study that Mel1b melatonin receptor is expressed in the inner
segments (IS) of rod and cone photoreceptors, HCs and GCs, but not
dopaminergic ACs and GABAergic ACs in Xenopus laevis retina
(Wiechmann et al., 2004). In regard to the specificity of the Mel1b
receptor antibodies, Western blot analysis demonstrate that the major
immunoreactive bands approximately correspond to 35, 42, 45, and 80
KDa in the neural retina, which might lead to non-specific staining in
Wiechmann's studies. Savaskan and his colleagues' studies show that
MT2 receptor is localized to IS of photoreceptors, BCs, GCs, OPL and IPL
in human retina (Savaskan et al., 2007). However, better understanding
on biological rhythm requires us to investigate the detailed cellular
location of Mel1b or MT2 receptor systematically.

In our study, we demonstrated more evidence about detailed cel-
lular localization of Mel1b receptor in pigeon retina by double im-
munofluorescence labeling. Mel1b receptor-positive signals were found
in OS of rods and cones, and somata of dopaminergic ACs, cholinergic
ACs, glycinergic AII ACs, conventional GCs and ipRGCs. However, we
failed to detect obvious Mel1b receptor-immunoreactive in either HCs
or BCs who seem to be the major source of the processes in the OPL.
And no clear Mel1b receptor-immunoreactive was detected in the IPL.
Currently, there is few, if any, evidence available regarding whether
Müller cells express Mel1b receptor or not. Our results have proved
Mel1b receptor might be negative in this glia cells in pigeon retina. The
prominent neuron subtype-dependence of Mel1b receptor expression
consistently shows the complicated and crucial regulation of melatonin
system. However it seems that both in the diurnal animals and noc-
turnal animals Mel1b receptor or MT2 receptor always exists in GCs, the
only type of output neurons in the retina. That indicates us melatonin
system may regulate visual center indirectly in a circadian manner no
matter in diurnal animals or nocturnal animals. These difference of
Mel1b receptor or MT2 receptor expression and its abundant physio-
logical function in the retina between diurnal animals and nocturnal
animals might be used to explain the diverse circadian rhythms. It is
noteworthy that the similarities and differences of cellular localization
of Mel1b or MT2 receptor seem unclear in diurnal animals or nocturnal
animals, and much more research works need to be done.

Melatonin system, functionally coupled with circadian rhythm-re-
lated dopamine system or melanopsin system, is involved in modulating
retinal rhythmicity (Sengupta et al., 2011; Ribelayga et al., 2004;
Sakamoto et al., 2005; Pack et al., 2015). In this study, we provided
new potential evidence, at least in part, to indicate the interactions
between melatonin system and dopamine system or melanopsin system
because of Mel1b receptor being indeed expressed in both dopami-
nergic ACs and melanopsin-positive GCs. However, that whether the
other two melatonin targets Mel1a and Mel1c receptors owing the si-
milar cellular localization on dopaminergic ACs and melanopsin-posi-
tive GCs remains unclear. And more works focusing on the positive
interactions between melatonin system and dopamine system or mel-
anopsin system, even the interaction of these three systems, should be
done for further. Rods and cones response to light directly and mod-
ulate visual functions (Pandi-Perumal et al., 2008; Kolb and Famiglietti,

1974; Hack et al., 1999; Hattar et al., 2003; Hannibal et al., 2007). ACs
modulate GCs a lot and GCs are the only type of output neuron in the
retina. Interestingly, Mel1b receptor prefers to be expressed in both
outer neurons (rods and cones) and inner neurons (ACs and GCs), which
may imply melatonin system modulates the retinal rhythmicity from
the beginning and at the end of signal pathway in the retina, and then
maintains the circadian rhythm in CNS.
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