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Abstract

To investigate the pattern of neural differentiation and synaptogenesis in the mouse retina, immunolabeling, BrdU assay and transmission
electron microscopy were used. We show that the neuroblastic cell layer is the germinal zone for neural differentiation and retinal lamination.
Ganglion cells differentiated initially at embryonic day 13 (E13), and at E18 horizontal cells appeared in the neuroblastic cell layer. Neural
stem cells in the outer neuroblastic cell layer differentiated into photoreceptor cells as early as postnatal day 0 (P0), and neural stem cells in
the inner neuroblastic cell layer differentiated into bipolar cells at P7. Synapses in the retina were mainly located in the outer and inner plexi-
form layers. At P7, synaptophysin immunostaining appeared in presynaptic terminals in the outer and inner plexiform layers with button-like
structures. After P14, presynaptic buttons were concentrated in outer and inner plexiform layers with strong staining. These data indicate that
neural differentiation and synaptogenesis in the retina play important roles in the formation of retinal neural circuitry. Our study showed
that the period before P14, especially between PO and P14, represents a critical period during retinal development. Mouse eye opening occurs
during that period, suggesting that cell differentiation and synaptic formation lead to the attainment of visual function.
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Introduction

The retina is regarded as a part of the peripheral brain with a
complex structure that carries out photosensitive functions.
The highly laminated retina is recognized to have 10 layers by
hematoxylin and eosin staining. Within these 10 layers, the ret-
ina mainly consists of five types of neurons, including photore-
ceptor cells (rod and cone cells), horizontal cells, bipolar cells,
amacrine cells and ganglion cells (Reese, 2011). These neurons
form a complex network and function to process visual infor-
mation (Jones et al., 2012). Retinal development is a complex
process that involves neural differentiation and the expression
of genes following strictly spatiotemporal patterns (Le et al.,
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2002). After neural differentiation and the formation of neural
circuits, the retina can perform visual transduction; visual sig-
nals pass from photoreceptor cells to bipolar cells, and then to
ganglion cells. Horizontal cells and amacrine cells function to
integrate information (Collin, 2008). Conveying visual signals
among neurons depends on normal synaptic functions; there-
fore, synaptogenesis is very important for retinal development.
There are two synaptic layers in the retina, the outer plexiform
layer (OPL) and inner plexiform layer (IPL). The photorecep-
tor cells form synapses with horizontal cells and bipolar cells in
the OPL, while synapses are formed among bipolar cells, ama-
crine cells and ganglion cells in the IPL. The OPL is the first
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synaptic relay where photoreceptors, bipolar cells, and hori-
zontal cells interact synaptically, whereas the IPL is the second
synaptic relay for nerve impulses in the retina (Schiller, 2010).

The retina has been the focus of intense research efforts
because of its special functions and because it is an amena-
ble neurobiological model (Liang et al., 2009; Wei and Feller,
2011). Many studies have addressed retinal anatomy, devel-
opment and pathology (Ambati and Fowler, 2012), but few
studies have directly analyzed neural differentiation and syn-
aptogenesis in the developing murine retina. In this study,
we utilized 5-bromo-2'-deoxyuridine (BrdU) assays, electron
microscopy and immunofluorescence labeling to investigate
neural differentiation and synaptogenesis in the developing
mouse retina.

Materials and Methods

Animals

C57BL/6]J mice were obtained from the Model Animal Re-
search Center, Nanjing University, China. Adult male and
female mice were placed in breeding cages in standard labora-
tory animal housing with a 12-hour light/dark cycle. Embry-
onic or postnatal offspring were produced from timed preg-
nancies (E, embryonic day; EO, day of vaginal plug in mated
females; P, postnatal day; PO, the first 24 hours after birth).
Pups were born on E19. A total of 285 embryos and postnatal
pups at E8—18 and P0-180 were used in this study. All exper-
iments were carried out in accordance with the institutional
guidelines for animal welfare of Henan University, China.

To obtain embryonic mice at specific stages, pregnant dams
were anesthetized (intraperitoneal sodium pentobarbital, 40
mg/kg) and fetuses were harvested by cesarean section. From
E8 to 13, the whole embryos were fixed with 4% w/v parafor-
maldehyde in 0.1 M phosphate buffer (pH 7.2) for 2-3 days at
4°C. From day E14 onward, fetal eyeballs were carefully sepa-
rated and fixed in 4% paraformaldehyde for 1-2 days at 4°C.
For postnatal mice, pups were anesthetized (intraperitoneal
sodium pentobarbital, 20 mg/kg) and perfused transcardially
with 4% paraformaldehyde. Eyeballs were removed, and fixa-
tion with the same fixative was continued at 4°C for 1-2 days.

Histological staining

Embryos (E8-13) and eyeballs (E14 onward) were dehy-
drated in an ethanol gradient and embedded in paraffin.
After sectioning in an anterior to posterior axis at 5-7 pm,
hematoxylin-eosin staining was performed according to a
standard protocol.

Immunofluorescence

Paraffin-embedded embryonic heads (E8-13) or eyeballs
(E14 onward) were sectioned at 5-7 um in an anterior to
posterior direction, then mounted on poly-D-lysine-coated
glass slides (P1149, Sigma) and incubated at 55°C overnight.
The sections were deparaffinized by two 5-minute incuba-
tions in xylene and then serially transferred to 100%, 90%
and 70% ethanol solutions for 5 minutes each. The sections
were then washed in distilled water for 5 minutes. Sections
were rinsed in 0.01 M phosphate buffer and preincubated in
blocking solution (5% normal goat serum) for 30 minutes at

room temperature before immunofluorescence labeling. SOX2,
cyclin D1, proliferating cell nuclear antigen (PCNA), dou-
blecortin (DCX), NeuN, calbindin, B-tubulin, protein kinase
C-alpha (PKC-a), synaptophysin, choline acetyltransferase
(ChAT) and y-aminobutyric acid (GABA) were used as mark-
ers to visualize neural stem cells (SOX2, cyclin D1 and PCNA),
newborn neurons (DCX), mature neurons (NeuN), neuronal
microtubules (B-tubulin), photoreceptor cells (calbindin), bi-
polar cells (PKC-a), presynaptic vesicles (synaptophysin) and
amacrine cells (ChAT and GABA). Sections were incubated
overnight at 4°C with the indicated dilutions of the differ-
ent primary antibodies: rabbit polyclonal anti SOX2 (1:600;
AB97959, Abcam, Cambridge, MA, USA), rabbit polyclonal
anti-cyclin D1 antibody (1:300; IMG5703, Imgenex, Littleton,
CO, USA), mouse monoclonal anti-PCNA (1:100; ZM0213,
Shanghai Qikang Biological Technology, Shanghai, China),
mouse polyclonal anti-DCX (1:500; ab135349, Abcam), mouse
monoclonal anti-NeuN (1:500; MAB377B, Chemicon, Santa
Cruz, CA, USA), mouse monoclonal anti-calbindin (1:500;
ab82810, Abcam), rabbit polyclonal anti-PKC-a (1:10,000;
P4334, Sigma, St. Louis, MO, USA) and rabbit anti-synapto-
physin (1:500; AB9272, Abcam), rabbit polyclonal anti-ChAT
(1:200; AB143, Millipore, Billerica, MA, USA) and rabbit poly-
clonal anti-GABA (1:1,000; AB131, Millipore). After multiple
washes in 0.01 M phosphate buffer, appropriate secondary
antibodies were added at the indicated dilutions and incubated
at room temperature for 3 hours. The secondary antibodies
were: Alexa Fluro 488 donkey anti-mouse IgG (1:300; A21202,
Invitrogen, Carlsbad, CA, USA), Alexa Fluro 488 donkey an-
ti-rabbit IgG (1:300; A21206, Invitrogen), Alexa Fluro 568
goat anti-mouse IgG (1:600; A11004, Invitrogen) and Alexa
Fluro 568 goat anti-rabbit IgG (1:600; A11011, Invitrogen).
After immunoreaction, cover-slips were mounted under 65%
glycerol (in phosphate buffer) with 1:60,000 4',6-diamidi-
no-2-phenylindole (DAPI) (SC3598, Santa Cruz Biotechnolo-
gy, Santa Cruz, CA, USA) for counterstaining and then imaged
using an epifluorescence microscope (BX61, Olympus, Tokyo,
Japan) with rhodamine, fluorescein isothiocyanate or ultravio-
let filter sets. High-quality sections were photographed using a
laser confocal microscope (FV1000, Olympus), using separate
scans at 568 nm (red) and 488 nm (green).

BrdU labeling

The incorporation of BrdU, a marker of S-phase, was used
to investigate neural proliferation and neural stem cells
(Remvikos et al., 1991). BrdU (B-5002, Sigma) was diluted
in sterile physiological saline solution for a dose of 50-100
mg/kg, and then injected into pregnant mice at E8—17 or
into postnatal mice. To intensify labeling, a second identical
dose was given 3 hours later. Animals were killed 2 days after
injection. Fixation and embedding were performed as de-
scribed above and then eyes were sectioned at 5-7 pm using
a paraffin microtome. To visualize nuclear BrdU incorpo-
ration, sections were incubated in 4 N HCI for 10 minutes
to denature the DNA, then thoroughly rinsed (5x) in 0.2
M borate buffer (pH 8.0). Normal goat serum (0.5% v/v)
was then added to block nonspecific binding. Sections were
then incubated overnight at 4°C with mouse monoclonal
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anti-BrdU IgG (1:100; ZM-0013, Beijing Zhong Shan-Gold-
en Bridge, Beijing, China). After washing, Alexa Fluro
488-donkey anti-mouse IgG (1:300; A21202, Invitrogen)
was added and sections were incubated at room temperature
for 3 hours. Sections were mounted on glass slides and cov-
er-slips mounted under 65% glycerol plus 1:60,000 DAPI in
phosphate-buffered saline. Sections were imaged using the
fluorescence microscope, as described above.

Transmission electron microscopy

Pups at various ages were used for electron microscopy.
These animals were anesthetized intraperitoneally using 1%
pentobarbital sodium as described above. 4% paraformal-
dehyde and 1% glutaraldehyde (in 0.1 M phosphate buf-
fer) were used for perfusion through the left ventricle. The
eyeballs were then taken out, and the retinas dissected and
cut radially into 2 mm X 2 mm tissue pieces using a razor
blade. The samples were then fixed in 4% glutaraldehyde for
2—4 hours and washed for 15 minutes three times in 0.01 M
phosphate-buffered saline. After fixing in 1% osmic acid for
30 minutes and washing with 0.01 M phosphate-buffered
saline, the samples were dehydrated in an acetone gradient
of increasing concentration. After embedding in Epon 812
resin, the samples were polymerized at 37°C for 3 hours,
45°C for 6 hours, and 63°C for 24 hours. Samples were then
cut into 70-nm ultra-thin slices and stained with uranyl ac-
etate and lead citrate and observed by transmission electron
microscopy (S-3500N, Hitachi, Tokyo, Japan).

Results

Retinal development and lamination

Cornea, lens and retina could be identified in the eyeball as
early as E13. At this time, the retina consisted of a pigmented
epithelium layer and a retinal nerve layer or outer retina. Be-
tween the pigmented epithelium layer and the retinal nerve
layer, there was a narrow space that would be fused at P15. The
outer retina was relatively thick and comprised numerous neu-
roblasts or neural stem cells (Figure 1A). These neuroblasts
were dense and arranged neatly to form a neuroblastic cell lay-
er (NCL) (Figure 1A). Neural stem cells in the NCL could be
visualized with cyclin D1, Sox2 and PCNA immunochemistry
and the BrdU assay (Figure 1B—F). Thereafter, neural stem
cells started to differentiate into neurons, which migrated into
the putative ganglion cell layer (GCL) and further differenti-
ated into ganglion cells as early as E13 (Figure 1B and D). At
E17, ganglion cells in the GCL were labeled with the newborn
neuron marker, DCX (Figure 1B, D and F), and the densely
arranged ganglion layer was occupied with multiple layers of
cells (Figure 1B, D-F). The putative IPL was seen as a narrow
zone between the ganglion layer and the NCL (Figure 1D—
F). The GCL thinned with age, and ganglion cells became
arranged in a single layer in contrast to the widening IPL (Fig-
ure 1H and I). At E18, some neural stem cells inside the NCL
began to differentiate into horizontal cells (Figure 1F), which
initially did not assume their typical morphology. However,
the cells later extended their interconnected T-like dendrites,
which is typical morphology for horizontal cells (Figure 1G
and H). At this time, the newborn horizontal cells separated
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the NCL into two zones: an upper zone called the inner nucle-
ar layer (INL) and a lower zone called the outer nuclear layer
(ONL). The narrow space between the INL and ONL was the
OPL, which consisted of numerous axons of photoreceptor
cells and dendrites of horizontal cells and bipolar cells (Figure
1G-I). Having differentiated into various types of neurons,
the numbers of neural stem cells, BrdU-positive cells and
Sox2-positive cells were drastically reduced in the neuroblas-
toma. At P7, neural stem cells in the ONL were almost absent,
and only few stem cells remained in the INL (Figure 1G). The
zone between the ONL and the pigmented epithelial layer was
occupied by the dendrites of photoreceptor cells (rod cells and
cone cells) (Figure 1H and I), thus forming the typical adult
laminated retinal structure (Figure 11).

Neural differentiation in the retina

The NCL or germinal zone consists of numerous neural
stem cells. Stem cells contain various specific proteins, such
as cyclin D1, Sox2 and PCNA; therefore, they can be used
to mark stem cells by immunohistochemistry and BrdU
assays (Figure 1B-F). Neural stem cells in the retina could
also be recognized by transmission electron microscopy,
and they usually looked round and oval with little cyto-
plasm. For their cell size, the nuclei of neural stem cells
were relatively large with more heterochromatin. Some
organelles were detectable inside the cytoplasm, such as
mitochondria, endoplasmic reticulum and Golgi apparatus,
and free ribosomes and glycogen contents were high (Figure
2D). As retinal development progressed, neural stem cells
differentiated into various types of neurons, which became
more and more mature. The cells that differentiated earliest
were ganglion cells, which could be found in the GCL as
early as E13. With NeuN and p-tubulin double immuno-
labeling, newborn ganglion cells were observed to extend
long processes toward the pigmented epithelium to make
contact. Under transmission electron microscopy, ganglion
cells were observed to possess the ultrastructural character-
istics of neurons (Figure 2E). The long processes of gangli-
on cells retreated from the pigmented epithelium, and the
dendrites of ganglion cells were mainly located in the IPL
after P7 (data not shown), with their unmyelinated axons
located in nerve fiber layer (Figure 2E).

As early as E18, horizontal cells were DCX immunolabeled
inside the NCL. Initially, DCX-positive horizontal cells were
arranged in multilayers, and their arrangement was then
remodeled into a monolayer (Figure 1F-H; Figure 2B). At
P7, the bodies of horizontal cells were located near the edge
of the INL, but their dendrites stretched into the OPLina T
shape (Figure 1G and H). Later, the dendrites of DCX-pos-
itive horizontal cells branched repeatedly and extended into
the OPL, showing a fan-shape. Conversely, bipolar cells were
located within the INL and could be marked with PKC-a
immunolabeling after P7. Initially, cell bodies were arranged
in multilayers in the ONL near the OPL. Their short den-
drites extended into the OPL, and their long axons stretched
into the IPL and connected with ganglion cells. After P14,
bipolar cell numbers increased and were arranged densely
with typical morphology (Figure 2B). At P30, the retinal
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Figure 1 Retinal development and lamination in mice.

(A) The eyeball at E13 (DAPI staining). Cornea, lens and retina could be recognized. There was a narrow space (stars) between the outer retina and
pigmented epithelial layer. Numerous neural stem cells were packed densely in the NCL of the outer retina. (B) NCL and GCL at E13 (DCX and
cyclin D1 double immunolabeling). Numerous cyclin D1-positive neural stem cells (green) were observed in the NCL, and many DCX-positive
newborn neurons (red) were located in the GCL, suggesting that ganglion cells had differentiated and migrated into the GCL. (C) Neural stem cells
in the NCL at E18 (BrdU assay). BrdU-positive stem cells (green) were densely and specifically located in the NCL. (D) The migration of newborn
neurons from the NCL to the GCL (DCX and Sox2 double immunolabeling). The stem cells (green) in the NCL expressed Sox2, and the DCX-pos-
itive newborn neurons (red; arrow) inside the NCL were migrating toward the GCL. (E) The NCL and GCL at E17 (DAPI and PCNA immunola-
beling). Neural stem cells (green) in the NCL expressed PCNA. The gap between the GCL (blue) and the NCL was the IPL. (F) The formation of
horizontal cells (arrow) (cyclin D1 and DCX double immunolabeling). At E18, horizontal cells (red) appeared inside the NCL (green). Ganglion
cells (red) were DCX immunolabeled. (G) Horizontal cells (arrow) at P7 (DCX and Sox2 double immunolabeling). The bodies of horizontal cells
were located in the ONL, and their T-like dendrites extended to the presumptive OPL. Therefore, the horizontal cells (red) divided the NCL into
two zones, the INL and ONL. In the ONL, neural stem cells had differentiated into photoreceptor cells, but in the INL some Sox2-positive neural
stem cells (green) remained. At this age, the retinal lamination could be recognized by the GCL, IPL, INL and ONL. (H) Retinal lamination at
P10 with DAPI staining (blue) and synaptophysin (green) and DCX (red) immunolabeling. At this age, the OPL and RCL could be seen. (I) The
structure of the mature retina at P90. GCL, IPL, INL, OPL, ONL and RCL are marked. Scale bar: 300 um in A; 150 um in B-I. (A-H) Images were
obtained using fluorescence microscopy; (I) Image was obtained using an ordinary optical microscope.

E13: Embryonic day 13; P: postnatal day; DAPI: 4',6-diamidino-2-phenylindole; DCX: doublecortin; BrdU: 5-bromo-2'-deoxyuridine; PCNA: pro-
liferating cell nuclear antigen; NCL: neuroblastic cell layer; GCL: ganglion cell layer; IPL: inner plexiform layer; OPL: outer plexiform layer; INL:

inner nuclear layer; ONL: outer nuclear layer; RCL: rods and cones layer; H.E.: hematoxylin-eosin staining.

lamination was formed, and the rod and cone layer was also
observed (Figure 2C). Sometimes, suspected amacrine cells
could be visualized by ChAT and GABA immunolabeling in
the INL after PO; however, because of their unspecific shape
and unsatisfactory labeling, a further study is needed to de-
termine their identity (data not shown).

Photoreceptor cells can be visualized with calbindin im-
munolabeling (Lin et al., 2009). Photoreceptor cells consist of
three parts: outer segment, cell body and inner segment. The
outer segment is located between the pigmented epithelium
and the ONL to perform photoconversion. The inner segment
consists of axons that stretch toward the OPL. In this study, the
bodies of visual cells could be recognized by DAPI staining in
the ONL as early as P0. With calbindin immunochemistry, the
outer segments of visual cells could be recognized after P30
(Figure 2C), which became longer with age. Under electron
microscopy, the optic discs could be seen as early as PO, and
assumed typical features from P14 onward (Figure 2F).

Retinal development and synaptogenesis

Our focus for this study was the characterization of syn-
aptogenesis in the developing retina. The synapses mainly
exist in two retinal zones, the OPL and IPL. In the OPL, the
synapses were formed between the inner segment of pho-
toreceptor cells and the dendrites of bipolar cells or hori-
zontal cells. In the IPL, the synapses were formed among
axons of bipolar cells, amacrine cells, and the dendrites of
ganglion cells. Within the OPL and IPL, it was dense neuro-
pil with synapses among fibers (Figure 3D). Synaptophysin
is a specific protein that exists on presynaptic vesicles and
can, therefore, be used as a marker for presynaptic termi-
nals (Antonow-Schlorke et al., 2001). In our study, we used
synaptophysin to investigate synaptogenesis in the OPL and
IPL. In embryonic and early postnatal days before synapse
formation, synaptophysin was found only in the processes
of photoreceptor cells, especially in the outer segment (Fig-
ure 3A). The synaptophysin immunostaining then spread
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Figure 2 Neural differentiation in the retina.

(A) Differentiation of ganglion cells (Tubulin and NeuN double immunolabeling). At E18, the NCL and GCL could be identified in the outer ret-
ina. The bodies of ganglion cells were labeled with NeuN (red), and at this age, ganglion cells extended their Tubulin-positive processes (green)
toward the pigmented epithelium. (B) Differentiated bipolar cells (green) and ganglion cells (red) in retina (DCX and PKC-a double immunolabel-
ing). The bodies of bipolar cells were located in the INL near the OPL. However, their axons extended into the IPL and contacted ganglion cells to
form synapses (arrow). (C) Retinal lamination and the development of photoreceptor cells at P30 (DAPI staining and calbindin immunolabeling).
The retinal lamination was formed. The nuclei of the pigmented epithelium, inner nuclear cells, outer nuclear cells and ganglion cells were stained
with DAPI (blue). The pigmented epithelium is marked with (*). The RCL was immunolabeled with calbindin (red). (D) Ultrastructure of neural
stem cells in the NCL. Compared with the size of cells, the nuclei (N) were relatively large with more heterochromatin. There were few organelles in
the cytoplasm; but free ribosomes and glycogen were very numerous. (E) Ganglion cells and their nerve fibers in the GCL. Ganglion cell nuclei are
marked with N. (F) Ultrastructure of photoreceptor cells. The optic discs could be identified. Scale bar: 150 pm in A-C; 5 pm in D; 2 um in E; 200
nm in F. (A—C) Images were obtained using a fluorescence microscope. (D—F) Images were obtained by electron microscopy.

E.M.: Electron microscopy. E: embryonic day; P: postnatal day; DCX: doublecortin; DAPI: 4',6-diamidino-2-phenylindole; NCL: neuroblastic cell
layer; GCL: ganglion cell layer; INL: inner nuclear layer; OPL: outer plexiform layer; IPL: inner plexiform layer; RCL: rods and cones layer; ONL:
outer nuclear layer.
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Figure 3 Synaptogenesis in retina.

(A) At E17, synaptophysin (synap; green) expression was observed in photoreceptor cells, especially in the outer segment (arrow) (DCX and synap-
tophysin double immunolabeling). GCL (red) was labeled with DCX immunohistochemistry. (B) At P7, synaptophysin immunostaining appeared
in both outer and inner segments of photoreceptor cells (DCX and synaptophysin double immunolabeling). The inner segment formed synaptic
connections with horizontal cells (red). (C) At P30, synaptic connections were formed in the IPL and OPL (NeuN and synaptophysin double immu-
nolabeling); synaptophysin was expressed in these two layers densely and specifically. The ganglion cells and INL and some photoreceptor cells were
labeled with NeuN immunohistochemistry (red). The location of the RCL is marked. (D) Ultrastructure of neuropil in the IPL showing numerous
nerve fibers. (E) Ultrastructure of synapses in the IPL. Scale bars: 150 um in A—C; 2 pm in D; 70 nm in E. (A-C) Images were obtained using a fluo-
rescence microscope; (D—F) Images were obtained by electron microscopy. E.M.: Electron microscopy; E: embryonic day; P: postnatal day; DCX: dou-
blecortin; GCL: ganglion cell layer; IPL: inner plexiform layer; OPL: outer plexiform layer; INL: inner nuclear layer; RCL: rods and cones layer; NCL:
neuroblastic cell layer; ONL: outer nuclear layer.
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to both outer and inner segments of visual cells, appearing
in parallel radial structures in rod and cone layers and the
ONL (Figure 3B). At P5, synaptophysin was densely local-
ized at the ends of inner segments of photoreceptor cells.
From P10 onward, synaptophysin was no longer localized
in photoreceptor cell processes, but specifically in presyn-
aptic terminals. At P7, synaptic connections had formed
between the inner segments and horizontal cells, marking
the beginning of synapse formation (Figure 3B). At P5, syn-
aptophysin labeling also appeared in the IPL on dense but-
ton-like structures. After P14, the synaptophysin-positive
presynaptic terminals were concentrated densely in the OPL
and IPL (Figure 3C), and many synapses were observed in
the OPL and IPL by electron microscopy (Figure3F).

Discussion

The NCL serves as an anlage for retinal development

Like the brain, the retina also originates from neuroepitheli-
um. The outer retina or the neuronal cell layer is a continu-
um of the neuroepithelium, and the NCL in the outer retina
is the anlage for retinal lamination and neural differentia-
tion. Neurogenesis in the retina is a very orderly process. The
retinal neural stem cells in the neuroblast layer can differ-
entiate into various neurons and Miiller cells. The ganglion
cells differentiate first, followed by amacrine, cone and hori-
zontal cells, and rod photoreceptors shortly afterward. Bipo-
lar cells are the last neurons to differentiate (Guduric-Fuchs
et al., 2009; Bejarano-Escobar et al., 2012). In the mouse ret-
ina, neural differentiation begins prior to birth and is largely
completed before P14. For instance, the differentiation of
rods and bipolar cells starts before birth and continues for
1-2 weeks after birth (Young, 1985; Sharma et al., 2003).
Photoreceptor cells were observed at approximately E18 and
increased their numbers until P14. Horizontal cells were also
present in E19 retinas. PKC immunoreactive bipolar cells
developed postnatally and became distinguishable at P7. In
cats, the chronology of neural differentiation in the retina
is similar to that in mice. A distinct GCL was seen in the
innermost cells of the NCL, and primitive horizontal cells
appeared within the NCL, separating neuroblastic cell mass
into INL and ONL (Greiner and Weidman, 1980).

In this study, neural stem cells were immunolabeled with
Sox2 and PCNA, and a BrdU assay was used to study neural
proliferation in the mouse retina. We observed numerous
proliferating neural stem cells in the NCL during embryonic
development. The NCL is a key zone for retinal development
and neural differentiation. The earliest differentiated neurons
were retinal ganglion cells, which appeared in the GCL as early
as E13. At E18, the DCX-positive horizontal cells appeared
inside the NCL, serving as a boundary marker for the putative
ONL and the putative INL. Although DCX is a specific marker
of newborn neurons, according to their development, location
and morphological features, these DCX-positive cells were
presumed to be horizontal cells. Neural stem cells in the ONL
started to differentiate into photoreceptor cells. Conversely,
neural stem cells in the INL differentiated into bipolar cells
and amacrine cells. Amacrine cells appeared in the INL at ap-
proximately P0. In addition, bipolar cells started to differenti-
ate after P7 and peaked in numbers at P14. These PKC-a-posi-
tive bipolar cells are usually regarded as ON-type cells (Wissle

et al., 2009). The photoreceptor cells could be recognized as
early as PO. After P14, the photoreceptor cells became mature
with their typical ultrastructure as observed by electron mi-
croscopy. Our data on the chronological order of neural differ-
entiation were in line with previously reported studies (Young,
1985; Sharma et al., 2003). All neurons and glial cells differ-
entiate from neural stem cells in the NCL (Ferri et al., 2004;
Cavallaro et al., 2008; Agathocleous et al., 2009; Kihara et al.,
2010; Domyan et al., 2011). Furthermore, our findings suggest
that the time before P14, especially PO—14, represents a critical
period during retinal development, because almost all neurons
differentiate during PO—14. The retinal lamination and neural
differentiation provide a morphological basis for retinal visual
functions. Knowledge of the order of neural differentiation is
essential for understanding eye disease etiology and for the ap-
plication of stem cell therapy in the retina (Meyer et al., 2004).

Synaptogenesis plays an important role in the formation
of retinal neural circuitry

The formation of synaptic connections between neural den-
drites and axons is the crucial step for proper functioning
of retinal neural circuits. Both axons and dendrites grow
to their target neurons by responding to a large number of
molecular cues (McFarlane and Lom, 2012). How a neuron
establishes and modifies appropriate synaptic connectivi-
ty raises key questions in developmental neurobiology. A
previous study (Tian, 2004) showed that synaptogenesis
in the mouse IPL and OPL begins before eye opening and
continues for several weeks, reaching its peak at P21. In cats,
conventional synapses were seen in the IPL in the week prior
to birth. Synaptic ribbons first appear in the newborn OPL
and then in the IPL by P4 (Greiner and Weidman, 1980).
The ganglion cells form synapses with bipolar and amacrine
cells in the IPL to receive excitatory and inhibitory synaptic
inputs, respectively. Shortly after, the horizontal cells and
photoreceptors make contact with each other in the OPL,
and bipolar cells eventually make connections with ganglion
cells. This sequential pattern of retinal synaptogenesis is very
important for functional photosensitivity (Fisher, 1979).

In our study, we tried to focus on synaptogenesis during
retinal development. Synaptophysin can be used to label pre-
synaptic buttons in the retina, because it controls neurotrans-
mitter release as a synaptic vesicle protein (Dan et al., 2008).
We found that synapses mainly existed in the OPL and IPL. In
the OPL, synapses formed between the inner segments of pho-
toreceptor cells and the dendrites of bipolar cells or horizontal
cells. In the IPL, synapses formed among the axons of bipolar
cells, amacrine cells and the dendrites of ganglion cells. In our
study, before P7, synaptophysin was mainly located in the pro-
cesses of photoreceptor cells. After P7, it started to appear in
the presynaptic terminals in the OPL and IPL with button-like
shapes. At P14, synaptophysin was specifically localized to the
OPL and IPL. In adult mice, synaptophysin-positive presyn-
aptic buttons were concentrated strongly in the OPL and IPL.
Under the electron microscope, many neuropil and synapses
were found in the OPL and IPL. Photoreceptor cells, bipolar
cells and ganglion cells are three types of neuron that transfer
information in the retina. Furthermore, horizontal cells and
amacrine cells function as integrating neurons to regulate the
transduction of the visual signal. With an integrated neural
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circuit, the retina is able to perform its photosensitive function.
Our study also showed that the development of eye function
was temporally synchronized by synaptogenesis. The day of
eye opening in mice is usually around P14, which is approxi-
mately when the retina starts to carry out its visual function. In
our study, synaptogenesis occurred from P5 to P14, along with
the development of the retinal neural circuitry. Therefore, the
retinal architecture could be ready for visual function at the
time of eye opening (P14). The regulation of synaptogenesis
is particularly important for the formation of neural circuitry
in the retina. Certain genes are involved in the regulation of
synaptogenesis. Martins et al. (2011) found that the retino-
blastoma (Rb) tumor suppressor gene plays an important role
in the reorganization of horizontal cell neurites. Rb-deficient
horizontal cells form ectopic synapses with rods in the ONL. In
addition, growth factors and the EphA-ephrinA system interact
in a way that affects axon branching and synapse development
(Marler et al., 2008).

In summary, the NCL was the anlage for neural differ-
entiation and retinal lamination. The retinal neurons were
derived from neural stem cells, and the crucial period for
neural differentiation was the time before P14, especially
from P0-14. In the retina, synapses mainly exist in the OPL
and IPL. After P7, synaptophysin immunostaining started
to appear in the OPL and IPL as dense button-like shapes.
The OPL and IPL were strongly immunolabeled with synap-
tophysin. Neuronal differentiation and synaptic formation
were complete before mouse eye opening, suggesting that
cell differentiation and synaptic formation are prerequisites
for proper visual function.
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