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The development of blood-retinal barrier during the
interaction of astrocytes with vascular wall cells
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Abstract

Astrocytes are intimately involved in the formation and development of retinal vessels. Astrocyte
dysfunction is a major cause of blood-retinal barrier injury and other retinal vascular diseases.
In this study, the development of the retinal vascular system and the formation of the blood-ret-
inal barrier in mice were investigated using immunofluorescence staining, gelatin-ink perfusion,
and transmission electron microscopy. The results showed that the retinal vascular system of
mice develops from the optic disc after birth, and radiates out gradually to cover the entire
retina, taking the papilla optica as the center. First, the superficial vasculature is formed on the
inner retinal layer; then, the vasculature extends into the inner and outer edges of the retinal
inner nuclear layer, forming the deep vasculature that is parallel to the superficial vasculature.
The blood-retinal barrier is mainly composed of endothelium, basal lamina and the end-feet
of astrocytes, which become mature during mouse development. Initially, the naive endothelial
cells were immature with few organelles and many microvilli. The basal lamina was uniform in
thickness, and the glial end-feet surrounded the outer basal lamina incompletely. In the end, the
blood-retinal barrier matures with smooth endothelia connected through tight junctions, rela-
tively thin and even basal lamina, and relatively thin glial cell end-feet. These findings indicate
that the development of the vasculature in the retina follows the rules of “center to periphery”
and “superficial layer to deep layers”. Its development and maturation are spatially and tempo-
rally consistent with the functional performance of retinal neurons and photosensitivity. The
blood-retinal barrier gradually becomes mature via the process of interactions between astro-
cytes and blood vessel cells.
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vasculogenesis and angiogenesis, are used to describe the
mechanisms underlying the development of the vasculature
(Hughes et al., 2000; Fruttiger, 2002; Tomanek, 2005; Rata-
jska and Czarnowska, 2006). In the retinas of non-primate
mammals, both angiogenesis and vasculogenesis are report-
ed to participate in vascularization (Chan-Ling et al., 1990;
Jiang et al., 1995; Lutty and McLeod, 2003).

The other important issue relating to the retinal vascu-
lature is the formation of the blood-retinal barrier. The
blood-retinal barrier can be divided into two distinct re-
gions: the inner blood-retinal barrier near the vitreous body

Introduction

The retinal vasculature in most non-primate mammals
develops postnatally and is located in a thin and flat space;
therefore, the retina becomes a good model for the study of
the generation and development of vasculature. The retinal
vasculature of adult mice can be divided into two layers:
the superficial vessels, which are located in the ganglion cell
layer, and the deep vessels, which are located on the inner
and outer edges of the inner nuclear layer. This specific dis-
tribution of vasculature ensures the supply of blood to the
whole retina (Dorrell and Friedlander, 2006; Uemura et al.,

2006; Fruttiger, 2007). The anatomy and function of the ret-
inal vasculature have been well studied, and the process of
development of the retinal vasculature in rodents has been
widely reported (Starr et al., 2003; Sabanayagam et al., 2009;
Diaz et al., 2010; Kumase et al., 2010; Cheung et al., 2011,
2012; Lutty et al., 2011; Rangasamy et al., 2011; Xu and Le,
2011; Cheung et al., 2012; Dou et al., 2012). Two concepts,

and the outer blood-retinal barrier near the choroids (Choi
and Kim, 2008; Lee et al., 2011; Toda et al., 2011). The in-
ner blood-retinal barrier plays essential roles in protecting
neural tissues from harmful materials and maintaining
the neural functions of the retina. The inner blood-retinal
barrier is composed of the specialized microvessels of the
retina and their surrounding pericyte and astrocyte end-feet
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(Choi and Kim, 2008; Lee et al., 2011; Toda et al., 2011). The
mechanisms underlying blood-retinal barrier formation are
complex. It is probably formed by the coordinated induction
of endothelial cells, pericytes and astrocytes, because those
cells can secrete cytokines inducing them to bind tightly to
form the blood-retinal barrier (Choi and Kim, 2008; Lee et
al., 2011; Toda et al., 2011). The tight connections between
endothelial cells in the blood-retinal barrier can be strength-
ened further by the pericytes and astrocytes around them
(Kim et al., 2009). It is reported that the activation and dys-
function of astrocytes are key contributors to the blood-reti-
nal barrier injury in many retinal vascular diseases (Zheng et
al., 2008; Shen et al., 2010).

Studies addressing the generation of the vasculature and
blood-retinal barrier are of important biological significance,
especially in regard to therapies for eye diseases. Most patho-
logical progression of retinal diseases resulting in blindness
is related to abnormal changes of the optic vasculature. For
example, in diabetic retinopathy, the structure of the retinal
vasculature is changed, resulting in edema and bleeding of
the retina that leads to a reduction of vision (Frank, 2004;
Kim et al., 2009; Thornit et al., 2010; Huang et al., 2011).
Therefore, a better understanding of the development of
the retinal vasculature could help elucidate the pathologi-
cal alterations of the vasculature and blood-retinal barrier.
However, many details need to be investigated further. In the
present study, by observing the generation and development
of the retinal vasculature and blood-retinal barrier in mice,
we tried to elucidate the correlations between them during
development to better understand the pathological basis of
disease and suggest therapeutic approaches.

Materials and Methods

Animals

One-hundred and sixty-four healthy male and female
C57BL/6] mice at various ages (PO, P3, P7, P9, P14, P30,
P60; P = days postnatal, PO = the first 24 hours after birth)
were randomly provided by the Experimental Animal Center
of Henan University, China (license No. SCXK (Yu) 2009-
0001). All experiments were carried out in accordance with
the guidelines and approval of the Animal Welfare and Use
Committees of Henan University to ensure animal wel-
fare during experiments. Adult male and female mice were
housed in standard breeding cages with a 12-hour light/
dark cycle. Postnatal offspring were produced from timed
pregnancies at embryonic day 19. The animals were housed
in a periodically sanitized environment at 22-25°C with a
relative humidity of 60-70%. The animals were allowed to
access food and water freely.

Preparation of whole-mount retinas and retinal sections for
immunofluorescence staining

Mice at different ages (PO, P3, P7, P9, P14, P30, P60) were
used to prepare whole-mount retinas and retinal sections,
with at least 12 mice of each age used. Mice were anesthetized
with 1% pentobarbital sodium at a dosage of 20 mg/kg, and
4% w/v paraformaldehyde (in 0.1 mol/L PB) was perfused
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through the left ventricle. Then, the eyeballs were taken out,
and the ocular anterior segment (cornea and crystalline lens)
was cut off; the retina was carefully ablated under dissection
microscope (BX61, Olympus, Tokyo, Japan) and a “+” pat-
tern was cut into the four edges of the retina (above, below,
left, and right) for flattening, before the sample was contin-
ually fixed in 4% paraformaldehyde at 4°C for 2-3 hours.
Subsequently, the retinas were washed 3 times (15 minutes
each) in 0.01 mol/L PBS (pH 7.4), before being incubated in
primary antibodies at 4°C for 2 days. The primary antibod-
ies were rabbit anti-mouse glial fibrillary acidic protein (1:2;
ZA-0117; Beijing Zhongshan Golden Brideg Biotechnology
Co., Ltd., Beijing, China) and rabbit anti-mouse collagen
IV (1:200, AB756P; Chemicon, Temecula, CA, USA). After
washing 3 times in 0.01 mol/L PBS for 15 minutes each time,
the samples were incubated in secondary antibody, Alex
Fluro 568 goat anti-rabbit IgG (1:600, A11011; Invitrogen)
or Alex Fluro 488 donkey anti-rabbit IgG (1:300, A21206; In-
vitrogen) at 4°C overnight. After washing 3 times in PBS for
15 minutes each time, the retinal sample was mounted on
clean glass slides with the ganglion cell layer facing upwards.
Samples were coverslipped using mounting media. Then,
the samples were examined under a fluorescence microscope
(BX61, Olympus). For section preparation, fixed retinas were
immersed successively in 10, 20, and 30% sucrose solution
(in 0.1 mol/L PB) overnight; then, 20-um-thickness sections
were made using acryostat microtome for collagen IV im-
munofluorescence labeling as described above. The retinal
vasculature (stained by the anti-collagen IV antibody) and
retinal astrocytes (stained by the anti-glial fibrillary acidic
protein antibody) were observed under a fluorescence mi-
croscope (BX61, Olympus).

Gelatin-ink perfusion to label the different layers of
vasculature

Twelve adult mice aged 2 months were anesthetized peri-
toneally using 1% pentobarbital sodium at 20 mg/kg as
above. Paraformaldehyde (4%) was perfused through the
left ventricle for 5 minutes; then, 6.5% gelatin-ink at 60°C
was perfused throughout until the body turned black. After
tightening of the cardiac vessels, the mice were put into an ice
box for about 2 hours for gelatin condensation. Subsequent-
ly, the eyeballs were taken out, and the retinas were ablated
and cut with “+” patterns for flattening on clean glass slides.
Cover slipping was carried out using 65% glycerin in 0.01
mol/L PBS. The samples were examined under a fluorescence
microscope (BX61, Olympus) to observe the different layers
of vasculature in the retinas. Superficial and deep layers of
vasculature perfused with gelatin-ink were observed by ad-
justing the focus.

Preparation of electron microscopy samples

Twelve mice at PO, P3, P14, and P30 were used for electron
microscopic examinations. These animals were anesthetized
peritoneally using 1% pentobarbital sodium as above, and 4%
paraformaldehyde and 1% glutaraldehyde (in 0.1 mol/L PB)
were used for perfusion through the left ventricle. The eye-
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Figure 1 The retinal superficial vasculature system (red) and astrocytic
network (red) of mice at different ages by Alex Fluro 568
immunofluorescentstaining.

(A-E) The retinal superficial vasculature system with collagen IV anti-
body immunofluorescence staining. The mouse retinal superficial vas-
culature radiates out from the optic disc (*) (A, B), eventually forming
the mature vasculature with differing branching orders of arterioles
and veins that cover the entire retina (C-E). The vascular buds, which
are believed to be key germinal apparatuses for vasculogenesis, are
marked with arrows. From P7, arteries and veins could be recognized.
Usually, the arteries give rise to several large vessels into the retina;
however, veins connected with the capillaries directly. In the photos,
the arteries and veins are marked “a” and “v”, respectively. (F-M) The
development of astrocytes at various ages with anti-glial fibrillary
acidic protein antibody (GFAP) immunofluorescence staining. The
immature retinal astrocytes appear from the optic disc (*) (F, G, K),
eventually forming the astrocytic network in the entire retina (H-J).
The processes of astrocytes contact each other to form the glial net-
work, and many of them envelop vessels to participate in the formation
of the blood-retinal barrier (H-J, L, M). Scale bars: A—J: 200 pm; K-M:
25 pm. P: Postnatal days.

balls were then taken out, and the retinas were ablated
and cut radially into 2 mm X 2 mm tissue pieces using a
double-edged razor blade. The samples were then fixed
in 4% glutaraldehyde for 2—4 hours and washed 3 times in
0.01 mol/L PBS for 15 minutes each time. After fixing in
1% osmic acid for 30 minutes and washing in 0.01 mol/L
PBS, the samples were dehydrated successively in a series
of acetones of increasing concentration. After embed-
ding 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;
then, the samples were cut into 70 nm ultra-thin slices

Figure 2 The vasculature in various layers of whole-mount retinas and
retinal cross-sections by Alex Fluor 568 (red) and 488 (green)
immunofluorescence staining and gelatin-ink (black) perfusion.
(A—C) The vascular distribution in retinal cross-sections with collagen
IV immunofluorescence staining (green) and DAPI counterstaining
cell nucleus (blue). The superficial vessels (arrowheads) were fully
formed at P9, and were located in the inner surface of the ganglion cell
layer. The deep vasculature formed at the inner edge (arrows) of the
inner nuclear layer at first, and then invaded the outer edge (asterisks)
of the inner nuclear layer at P14. The outer nuclear layer (ONL), outer
plexiform layer (OPL) and inner plexiform layer (IPL) are marked as
well. (D-F) The vascular distribution in a whole-mount retina at P14
(collagen IV immunofluorescence staining). The superficial vasculature
at the inner surface of the ganglion cell layer (green) has been trans-
formed into a green color using Photoshop software, and is shown in
(D). The deep vasculature at the outer edge of the inner nuclear layer
(red) is shown in (E). (F) is the merge of the images shown in D and
E. The arrows indicate the branch into the deep vasculature. (G-I) The
retinal vasculature in various layers visualized with ink staining at P60.
The superficial vasculature (G) and deep vasculature at the inner edge
(H) and outer edge (I) of the inner nuclear layer were visualized using
different microscope focuses. The arrows point to a main vessel in the
superficial vasculature, which branches into the deep vessels. Scale bars:
100 pm. P: Postnatal days.

and stained with uranyl acetate and lead citrate for trans-
mission electron microscopy (H-7500, Hitachi, Tokyo, Ja-
pan) to observe the ultrastructure of capillary vessels and
the blood-retinal barrier in different layers of the retinas.

Results

Development of retinal vascular system in mice

Collagen 1V is a protein located in the vascular basal lamina
and can be used to label the vasculature in the retina. It is
generally accepted that the retinal vascular system of mice
develops postnatally from the optic disc and radiates out to
cover the entire retina. In our study, as early as PO, the vas-
cular generation that started from the optic disc formed the
superficial vasculature on the ganglion cell layer (Figure 1A).
Then, the blood vessels at the optic disc grew and branched
repeatedly, and the vascular buds, which are believed to be
key germinal apparatuses for vessel generation, were pro-
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duced in the tips of vessels (Figure 1A, B). The vessels grew
from the vascular buds and were sent forth into the super-
ficial network, and several stem vessels interconnected with
each other around the optic disc. Later, the radial-like stem
vessels around the optic disc grew and differentiated further
into arteries and veins. Arteries and veins could be identi-
fied according to their own characteristics. For instance, the
arteries often gave rise to several large vessels that grew into
the retina, and a capillary-free zone appeared around the
main artery; however, the veins connected with the capillaries
directly. Many capillaries were located between arteries and
veins. The vascular network continued to radiate out into
the periphery of the retina to provide further coverage. The
capillaries in the retina connected with each other via hive-
like structures (Figure 1A-D). In the meantime, the diame-
ters of arteries and veins became broader, and they radiated
out to the retinal periphery (Figure 1C-E). The vessels in the
peripheral area were thinner, so that there was only a capil-
lary network in the periphery. At P10, the retinal superficial
vasculature had already reached the periphery and covered
the entire retina. At the same time, some vessels sprouted and
penetrated the deep retina. At P14, deep networks had formed
on both edges of the inner nuclear layer, the inner edge near
the inner plexiform layer and the outer edge near the outer
plexiform layer (Figure 2A-C). At first, the deep vasculature
entered the inner edge of the inner nuclear layer and then
invaded the outer edge of the inner nuclear layer (Figure
2A-C). Figure 2D-F provide an overview of the deep vascu-
lature with different focuses. Figure 2G-I show the superfi-
cial vasculature and deep vasculature with different focuses.

Astroglial cells and vasculature development

It is known that astroglial cells and the retinal vasculature
develop together closely. In this study, using glial fibrillary
acidic protein immunofluorescence labeling, the developing
astroglial cells in the retina could be investigated. Interest-
ingly, the astroglial cells also began to develop from the optic
disc synchronously as the vasculature did, and they also
radiated along the inner retinal surface to cover the entire
retina (Figure 1F-J). The cell processes contacted and inter-
twined each other to form a network. Importantly, one or
two processes from astrocytes extended toward the vessels,
and the end-feet of glial process contacted and enveloped
the vasculature. Figure 1F-J shows the distribution of ret-
inal astrocytes in mice at different ages after birth. At P1,
glial fibrillary acidic protein-positive cells mainly appeared
at the zone near the optic disc with two processes (Figure
1E K). At P7, glial fibrillary acidic protein-positive cells had
typical star shapes with several processes, and the processes
intertwined to make contact with each other to form a net-
work-like structure (Figure 1H, L). The network formed by
astrocytes was dense in the optic disc and gradually became
sparse in the peripheral retina (Figure 1F-J). By adulthood,
the glial fibrillary acidic protein-labeled astrocytic long pro-
cesses intertwined to form network structures (Figure 1J).
Another remarkable structure was the vessel-like structure
composed of astroglial end-feet (Figure 1H-J, L, M). Their

1050

distribution and development were consistent with the colla-
gen IV-positive vasculature, suggesting that they participated
in the formation of the blood-retinal barrier (Figure 1A-J).

Blood-retinal barrier structure under light microscopy

To observe the composition of the blood-retinal barrier,
triple labeling was used to visualize the retinal vasculature.
Gelatin-ink could be perfused into blood vessels for adhesion
onto the vessel endothelium; this method could effectively
indicate the vascular lumen and endothelium (Figure 3A).
Collagen IV is secreted by blood vascular endothelial cells
and forms a part of the basal lamina (Bai et al., 2009; Wang
et al., 2011); therefore, collagen IV can be used as a marker to
visualize the vascular basal lamina (Figure 3B). Glial fibrillary
acidic protein is expressed specifically in astroglial cells, and
glial fibrillary acidic protein immunostaining could be used
to visualize the morphology and distribution of the cellular
processes of astrocytes (Figure 3C). Using these three label-
ing methods, the blood-retinal barrier was found as early as
P3 and it was shown to be composed of at least three compo-
nents: endothelial cells, basal lamina, and the end-feet of as-
troglial cells (Figure 3A—C). This is similar to the composition
of the blood-brain barrier, which is composed of endothelial
cells, basal lamina, and the end-feet of pericytes (Prat et al.,
2001; Choi and Kim, 2008; Hosoya et al., 2010; Toda et al.,
2011; Ek et al., 2012; Saunders et al., 2012; Mizee et al., 2013).

Blood-retinal barrier ultrastructure under electron
microscopy

The blood-retinal barrier is composed of the specialized
microvessels, the surrounding pericytes, and the end-feet
of astrocytes. In addition, tight junctions are always found
among the endothelial cells of microvessels. The ultrastruc-
ture data in our study showed that the blood-retinal barrier
is gradually formed via the process of interactions between
astroglial and endothelial cells. At P0, no capillary vessels
were observed in any layer of the mouse retina, and at P3,
some preliminary capillary vessels were observed only in
the ganglion cell layer. In our observations of blood-ret-
inal barrier development, three components, namely the
endothelium, basal lamina and the end-feet of astrocytes,
appeared almost at the same time. Initially, endothelial cells
formed close connections with each other and secreted ma-
trix substances that would become part of the basal lamina.
After that, the end-feet of astrocytes, which were thick and
short, enclosed the blood vessel wall to form the premature
blood-retinal barrier. The lumen of these preliminary cap-
illary vessels was surrounded by a single layer of endothelia
without fenestra in the cytoplasm, and the uneven thickness
and obscure boundaries were seen in the basal lamina out-
side of the vessel wall (Figure 4A). Some thick end-feet or
processes of astroglial cells were observed surrounding the
outer basal lamina incompletely (Figure 4A). At P14, many
microvilli of endothelial cells were seen toward the lumen of
capillary vessels, and tight junctions were found between the
endothelia (Figure 4B, white arrowhead). The basal lamina
on the outside of the endothelium had obscure borders and
an uneven thickness; furthermore, the basal lamina was sur-
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rounded by a thin layer of astroglial end-feet (Figure 4B).
At P30 the blood-retinal barrier was relatively mature and
typical. At this time, the capillary endothelial surface facing
the lumen was smooth, and the endothelial cells contained
many organelles, such as mitochondria and endocytic ves-
icles (black bold arrow in Figure 4C, D). The basal lamina
had an even thickness (Figure 4C, D). Pericytes were located
outside of the endothelium by chance (not shown in fig-
ures), surrounded by a thin layer of astroglial end-feet or
processes (Figure 4C, D). The ultrastructure of the mature
blood-retinal barrier is similar to that of the mature blood-
brain barrier (Choi and Kim, 2008). Typically, capillaries are
the continuous type. The endothelia with various organelles,
such as mitochondria, endoplasmic reticula, are connected
via tight junctions. The basal lamina completely surrounds
the capillary endothelia completely, and sometimes there are
pericytes below the lamina. In addition, astrocytic end feet
surround the lamina tightly.

Discussion

Development of the vascular system harmonizes with
cellular histogenesis

The retinal vasculature of most non-primate mammals de-
velops postnatally. After birth, the retinal vascular network
generates from the optic disc and radiates out into the inner
ganglion cell layer. The retinal vasculature of adult rodents
can be roughly divided into two layers: the superficial vas-
culature located on the inner ganglion cell layer; and the
deep-layer vasculature located on both the outer and inner
edges of the inner nuclear layer (Dorrell and Friedland-
er, 2006; Uemura et al., 2006; Fruttiger, 2007). The main
function of the retinal vasculature is to provide oxygen and
nutrients to the retina. In this study, the postnatal process of
development of the retinal vasculature in mice was observed
in detail. We found that superficial vasculature radiated
from the optic disc, forming a vascular network on the gan-
glion cell layer. The superficial vasculature covered the entire
retina at about P10 and began to grow into the deep layers.
During this process, the area covered by the retinal superfi-
cial network increased, and so did the vascular density. The
uniform vascular network gradually differentiated into main
blood vessels with smaller branchings, and arteries and veins
could be distinguished. At P14 the secondary vasculature at
the inner and outer edges of the inner nuclear layer formed
and continued to grow.

The generation and maturation of the retinal vasculature
spreads from the center into the periphery, which is tempo-
rally and spatially consistent with the generation and differ-
entiation of retinal cells (Young, 1985; Rapaport et al., 2004).
Radioactive labeling studies have shown that the first cells
to differentiate in the retinas of mice are those in the center,
and the cells in the retinal periphery develop relatively late.
Cell division ceased by P56 in the center and by P11 in the
periphery of the retina (Young, 1985). Retinal cells in rat and
mouse are generated in the following sequence (from early
to late): retinal ganglion cells, horizontal cells, cone photo-
receptors, amacrine cells, rod photoreceptors, bipolar cells,

and Miiller cells (Young, 1985; Cepko et al., 1996; Livesey
and Cepko, 2001; Rapaport et al., 2004; Bassett and Wallace,
2012). The differentiation and maturation of retinal cells
follows a temporal and spatial sequence of “center followed
by periphery”, “superficial followed by deep layers”, and this
is highly consistent with the developmental sequence of the
retinal vasculature, which is also “center followed by periph-
ery” and “superficial vasculature” (located on the ganglion
cell layer) followed by deep-layer vasculature (located on the
inner and outer edges of the inner nuclear layer, where ama-
crine cells and horizontal cells are located, respectively). This
suggests that the differentiation and maturation of retinal
cells may have a relationship with the provision of oxygen
and nutrients by the retinal vasculature. Furthermore, the
deep-layer retinal vasculature is formed at around P14 when
mice first open their eyes (Koehler et al., 2011), suggesting
that the formation of the deep-layer vasculature is related to
the maturation of visual function.

Similarity between the blood-retinal barrier and the
blood-brain barrier
The maturation of the vasculature in the central nervous
system also includes the formation of selectively permeable
barriers, such as the blood-brain barrier and the blood-ret-
inal barrier. During brain development, the neural vascu-
lature, even in the earliest stages, forms barriers to block
the passage of proteins and large molecules (Lossinsky and
Shivers, 2004; Ek et al., 2012; Saunders et al., 2012). In lat-
er stages, astroglial cells enable the blood-brain barrier to
further develop, forming a mature structure composed of
endothelial cells, endothelial basal lamina, and astroglial
end-feet; furthermore, there are also neurons and microglia
surrounding the blood vessels (Choi and Kim, 2008; Abbott
and Friedman, 2012; Daneman, 2012). The blood-brain bar-
rier maintains a stable environment within the brain by be-
ing selectively permeable to the entrance of blood substances
and blocking the passage of high-molecular weight sub-
stances in adulthood (Huang et al., 2013; Mizee et al., 2013).
The mature blood-retinal barrier is composed of continuous
capillaries, surrounded by pericytes and astroglial end-feet
(Zhang et al., 2005; Choi and Kim, 2008; Xu and Le, 2011).
Researches have shown that neither the retinal vasculature
nor the blood-retinal barrier can be formed without retinal
astroglial cells (Prat et al., 2001; Fruttiger, 2002; West et al.,
2005; Uemura et al., 2006; Kubota and Suda, 2009; Scott et
al., 2010). In fact, retinal astroglial cells exist only in species
with a vascularized retina, and these cells are only restricted
to vascularized zones (Schnitzer, 1988; Fruttiger et al., 1996;
Provis et al., 2000, 2001; Fruttiger, 2007). It was also found
that the astroglial cells on rodent retina radiated from
the optic disk to form a networked structure on the inner
retinal surface and that the vasculature followed a similar
developmental trend in accordance with the above-men-
tioned research results (Ling and Stone, 1988; Huxlin et al.,
1992).

In this study, triple labeling was used together with light
microscopy to observe the blood-retinal barrier structure in
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Figure 4 The ultrastructure of the blood-retinal barrier under electron microscopy during development in mouse.

(A) The blood-retinal barrier ultrastructure in the retinal nerve fiber layer at P3. The barrier is composed of endothelia, basal lamina and astrocytic
end-feet. At this time, no tight junctions can be seen between the endothelia. The development of the basal lamina (black arrow) and the astrocytic
end-feet (white arrow) is incomplete. (B) The blood-retinal barrier ultrastructure in the retinal inner nuclear layer at P14. The endothelium has
many microvilli on the capillary lumen surface (black arrowheads). The basal lamina (black arrow) and astroglial end-feet (white arrow) are rel-
atively more mature than those at P3. (C) The mature blood-retinal barrier ultrastructure in the retinal outer plexiform layer at P30. At this time,
the endothelium is smooth, with tight junctions (white arrowheads) between cells, and the basal lamina is complete. (D) shows a higher magnifi-
cation of the specimen in (C). Typical basal lamina (thin black arrow) and astroglial end-feet (white arrow) are marked. Inside the endothelial cell,
there are many organelles, such as endocytic vesicles (bold black arrow). Scale bars: 3,300 nm in A, 1,700 nm in B, 1,000 nm in C, 333 nm in D. P:

Postnatal days.

CollV | C

Figure 3 The structure of the blood-retinal barrier of adult mice under light microscopy by gelatin-ink (black) perfusion, collagen IV and glial
fibrillary acidic protein secondary antibody Alex Fluor 568 (red) immunofluorescence staining.

(A) The blood vessel lumen and endothelium is shown by gelatin-ink perfusion under a light microscope. (B) The basal lamina of the vessel is
shown by anti-collagen (Col) IV immunofluorescence staining under a light microscope. (C) The astrocytic processes enveloping the retinal vessels
are shown by anti-glial fibrillary acidic protein (GFAP) immunofluorescence staining under a light microscope. Scale bars: 100 um.

developing mice, and transmission electron microscopy was
also applied to observe the development of the blood-retinal
barrier at an ultrastructural level. Our results indicate that
blood-retinal barrier is composed of vascular endothelial
cells, basal lamina, pericytes (in some photos, the pericytes
are not shown), and the processes of astroglial cells, similar
to the structure of the blood-brain barrier. The ultrastruc-
tural observations indicate the following: the blood-retinal
barrier did not mature until P14. For instance, at P3, the
basal lamina was thin and incomplete, and astroglial end-
feet were not close to each other. At P14, tight junctions
were seen between endothelia, and the lumen-side of the
vascular endothelium had some microvilli, suggesting that
the endothelial cells had a very active metabolism, and that
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the barrier functions were developing further. At P30, a typ-
ical blood-retinal barrier could be found. The endothelium
contained various organelles, such as endocytic vesicles and
mitochondria. Furthermore, the microvessels were usually
surrounded tightly by end-feet extending from astroglial
cells. At this age, the vascular basal lamina became even in
structure and thickness. Compared with the endothelial cells
of the splenic sinusoid with large cellular gaps and an in-
complete basal lamina (Frenzel et al., 1976; Bamroongwong
et al., 1991), the multiple layers of astroglial end-feet, the
complete and even basal lamina, and the closely connected
endothelium of the blood-retinal barrier formed a natural
barrier structure, selectively blocking the entrance of harm-
ful substances in the blood into retinal tissues. This effective-
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ly maintained the stability of the inner retinal environment
and the neuronal functions of the retina, playing an import-
ant role in the anti-infectious immunity of the eyes (Lobo et
al., 2004; Xu et al., 2005; Zhang et al., 2005; Tomasek et al.,
2006; Cunha-Vaz, 2007; Chen et al., 2011).

In summary, the development of the vasculature in retina
follows the rules of “from center to periphery” and “from
the superficial layer to the deep layers”. The development of
astrocytes is highly consistent with the development of the
vasculature. The development of the mouse retinal vascular
system is also closely related to the development of retinal
cells and the establishment of retinal visual functions. The
mature blood-retinal barrier functions in anti-infectious im-
munity and maintaining the stability of the environment in
the retina.
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