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ABSTRACT
Diabetic retinopathy (DR) is the most common complication of diabetes and remains one of the major
causes of blindness in the world; infants born to diabetic mothers have higher risk of developing
retinopathy of prematurity (ROP). While hyperglycemia is a major risk factor, the molecular and cellular
mechanisms underlying DR and diabetic ROP are poorly understood. To explore the consequences of
retinal cells under high glucose, we cultured wild type or E2f1¡/¡ mouse retinal explants from postnatal day
8 with normal glucose, high osmotic or high glucose media. Explants were also incubated with cobalt
chloride (CoCl2) to mimic the hypoxic condition. We showed that, at 7 days post exposure to high glucose,
retinal explants displayed elevated cell death, ectopic cell division and intact retinal vascular plexus. Cell
death mainly occurred in excitatory neurons, such as ganglion and bipolar cells, which were also ectopically
dividing. Many M€uller glial cells reentered the cell cycle; some had irregular morphology or migrated to
other layers. High glucose inhibited the hyperoxia-induced blood vessel regression of retinal explants.
Moreover, inactivation of E2f1 rescued high glucose-induced ectopic division and cell death of retinal
neurons, but not ectopic cell division of M€uller glial cells and vascular phenotypes. This suggests that high
glucose has direct but distinct effects on retinal neurons, glial cells and blood vessels, and that E2f1
mediates its effects on retinal neurons. These findings shed new light onto mechanisms of DR and the fetal
retinal abnormalities associated with maternal diabetes, and suggest possible new therapeutic strategies.
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Introduction

Diabetic retinopathy (DR) is the most common complication of
diabetes, and remains one of the leading causes of preventable
blindness in working-age adults. The overall prevalence of DR
among the diabetic population is about one third.1 About one-
tenth have proliferative DR or diabetic macular edema, which
are the most frequent causes of blindness in diabetic patients.2

Also infants born to diabetic mothers have higher risk of devel-
oping retinopathy of prematurity (ROP), which is a potentially
blinding eye disorder that primarily affects premature infants.3

Although DR is considered a microvascular disease, there is
mounting evidence to show that retinal degeneration is an early
event,4 many studies revealed that diabetes increases apoptosis
in the inner retina, especially the retinal ganglion cells (RGC).5

However, the response of other retinal cell types exposed to
hyperglycemia prior to the vascular changes, and the underly-
ing mechanisms have not yet been thoroughly studied. For DR
in vivo research, rodents are the most common models and
play a critical role in understanding the disease.6,7 However due
to the short lifespan of the animals, rodent DR models cannot
faithfully reproduce most important hallmark lesions typical of
DR in spite of prolonged disease progression.7,8 Cell culture-
based approaches have proved invaluable for examining retinal
cell types and how they respond to factors associated with

diabetes, however since the retina is a complex, multi-cellular
tissue, isolated cell cultures cannot reproduce the complex
interplay of different retinal cell types in diabetes.9 Ex vivo reti-
nal explant cultures offer a system that mimics the in vivo
physiological situation to directly study the pathogenesis of ret-
inal diseases.10,11

E2f transcription factors are downstream effectors of the
tumor suppressor pRB and have a pivotal role in controlling
cell-cycle progression. E2fs also participate in cellular processes
beyond the cell cycle, including apoptosis, differentiation and
development.12,13 Of particular interest is the observation that
E2f1 could be involved in the regulation of angiogenesis14 and
oxidative metabolism,15 which are known features of diabetes
and its complications. However the role of E2f1 in diabetic
complications has never been investigated.

In this study, we used a modified method of retinal
explant culture16-18 to directly investigate the effects of high
glucose on different mouse retinal cell types. Here we show
that high glucose induces ectopic division and cell death of
excitatory neurons, ectopic glial cell division and sustained
blood vessel growth in the retina, which are similar to
phenotypes of Rb1 deficiency mouse retina;12,19 and demon-
strate that E2f1 is an important mediator of diabetic retinal
neuronal defects.
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Results

High glucose induced excitatory neuronal cell death
in retinal explants

To study the effects of high glucose on mouse retinas, we
compared retinal explants cultured in normal glucose, osmotic
control and high glucose media. The glucose concentration in
the normal control group (NG) was 7.5 mM, which is similar
to the blood glucose concentration of wild type mice20 and
rats;21 and was 35 mM (with 5 mg/ml insulin) in the high glu-
cose (HG) group, which mimics type 2 diabetes and was used
in previous retinal explants studies.16,22 The osmotic control
group (GM) had 7.5 mM glucose and 27.5 mM mannitol to a
final concentration of 35 mM. Retinal explants were harvested
from postnatal day 8 (P8) C57 BL/6 mice and cultured for

7 days (P8-P15). The reason to use P8 retina is that, in general
at P8, most mouse retinal progenitors exit the cell cycle and
begin to differentiate into all seven retinal cell types,23 and
retinal superficial vascular plexus develops and reaches the
peripheral retina.24 Even though P8 retinal explant is not fully
differentiated, it can be successfully cultured to study the
response to high glucose of many types of retinal cells, includ-
ing neurons, glial cells and vascular endothelium cells, a situa-
tion similar to infant retinas born to diabetic mothers.3

We first assessed the survival of retinal cells in our culture
system by TUNEL and active caspase 3 staining, as cell death is
the earliest feature of diabetic retinopathy.25 In our groups, the
number of TUNELC cells in retinas cultured in HG medium
was significantly higher than that in NG and GM groups
(Fig. 1A and D). Most TUNELC cells were in the ganglion cell

Figure 1. High glucose induced excitatory neuronal death in retinal explants. (A) Sections from P8 retinal explants cultured for 7 days under indicated conditions were
stained for nuclei (DAPI, blue), cell death (TUNEL, green), rod photoreceptors (Rhodopsin, green), cone photoreceptors (Cone arrestin, red), horizontal cells (Calbindin,
green) and amacrine cells (Calretinin, green). (B) Sections from P8 retinal explants cultured for 7 days under indicated conditions were stained for nuclei (DAPI, blue), apo-
ptosis (active caspase 3, red) and bipolar cells (Chx10, green). (C) Wholemont retinas from P8 retinal explants cultured for 7 days under indicated conditions, and P15 wild
type (WT) retina were stained for nuclei (DAPI, blue) and ganglion cells (Brn3, green). (D) Quantification of TUNELC cells, active caspase 3 (cas3)C cells, Chx10C bipolar
cells, Chx10C/Cas3C dying bipolar cells, Cone arrestinC Cone cells, CalretininC amacrine cells and CalbindinC horizontal cells per mm2 retinal section area. (E) Quantifica-
tion of Brn3C ganglion cells per mm2 of wholemont of retinal explants and P15 WT retinas. (F) Quantification of the thickness of ONL of retinal explants (mm). (G) The
relative expression level of indicated genes in retinal explants by RT-PCR. Error bars represent SD of measurements from at least three animals and asterisks indicate
significant differences between retinas of NG group (D, E, F) or WT NG group (G) and the indicated groups (�, p < 0.05, ��, p < 0.01, t test). Scale bar D 50 mm. NG: nor-
mal glucose control (7.5 mM); GM: osmotic control (7.5 mM glucoseC27.5 mM Mannitol); HG: high glucose (35 mM). ONL: outer nuclear layer; INL: inner nuclear layer;
GCL: ganglion cell layer.
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layer (GCL) and inner nuclear layer (INL), some of them also
in the outer nuclear layer (ONL) (Fig. 1A). The number of
cleaved caspase-3C cells of HG retinal explants, mainly located
in the GCL and INL, were also significantly higher than that in
NG and GM groups (Fig. 1B and D).

The major cell types in GCL are RGCs and displaced ama-
crine cells. To evaluate the effect of high glucose on RGCs, we
performed Brn-3 staining of retinal wholemont. As optic nerve
axotomy can induce RGC death,26 RGCs tend to degenerate in
ex vivo explant cultures.27 So we included a wild type P15
mouse retina (not cultured ex vivo) as control (Fig. 1C). The
results revealed that ex vivo explant culture for 7 days obviously
reduced the number of Brn-3C RGCs to about 50% of the un-
cultured age-matched retinas, similar to the previous report27

(Fig. 1C and E), and the number of RGCs in retinas treated
with high glucose dropped further in comparison with those
cultured in NG or GM medium (Fig. 1C and E).

Chx10 is a pan-marker of bipolar cells, a major cell type in
INL.28 Immunostaining of retinal sections indicated that there
were significantly fewer Chx10C bipolar cells in HG group
compared to the NG and GM group (Fig. 1B and D). In addi-
tion, double labeling experiments found that there were
remarkably more cleaved caspase 3C/Chx10C cells in retinas of
HG group than NG and GM groups (Fig. 1B and D), confirm-
ing that bipolar cells are vulnerable in diabetes.

The two other neurons in the INL/GCL, amacrine
(CalretininC) and horizontal (CalbindinC) cells, survived high
glucose as their cell counts were similar between HG, NG and
GM groups (Fig. 1A and D). We detected some TUNELC cells in
the outer nuclear layer (ONL), but the thickness of ONL (an indi-
cator of the number of rod photoreceptors) and cone arrestinC

cones were the same in these three groups (Fig. 1A, D, and F).
We also analyzed the gene expression of cell death regulators

by quantitative RT-PCR and confirmed that, the expression of
caspase 3, Aspp2, Atm, Chk1, P19arf, Puma and Rad51 genes in
HG treated retinas substantially increased compared to control
retinas in NG and GM groups, however the expression level of
Gadd45 and p53 gene was the same in all three groups (Fig. 1G).

In summary, high glucose induced ganglion and bipolar cell
death (both excitatory retinal neurons), but had no major
effects on inhibitory neurons (horizontal and amacrine cells).
Even through high glucose also induced some cell death in
ONL, the numbers of cones and ONL thickness had not
reduced in this ex vivo system. It is well known that Atm, Chk1
and Rad51 are DNA-damage related factors, Aspp2, P19arf and
Puma are factors related to p53-depedent cell death. So it is
likely that high glucose induces DNA-damage related and
p53-depedent cell death.

High glucose induced ectopic cell division of M€uller glial
cells and neurons in retinal explants

In contrast to RGCs and bipolar cells, retinal glial cells (M€uller
glia) survived high glucose, there were almost no active caspase-
3C/glutamine synthetase (GS)C double labelled M€uller cells in all
three groups (Fig. 2A). Actually the GSC M€uller cells increased
in HG group compared to control groups (Fig. 2A and C).
MCM3 is a pan-cell cycle marker; EdU is a nucleoside analog of
thymidine and can be incorporated into DNA during active

DNA synthesis, thus directly measuring the S-phase of the cell
cycle. PH3 is a mitotic marker and specifically labels the M
phase of cell cycle. MCM3C/GSC, EdUC/GSC and PH3C/GSC

cell counts both increased significantly in HG group, indicating
ectopic cell division of M€uller glia cells (Fig. 2A and C). We also
assessed the morphology and location of M€uller glia in retinas
treated with high glucose. In control retinas, M€uller glia had a
characteristic radial morphology, with elongated cell bodies
located in the middle of INL and processes that extended
towards the apical and basal retinal boundaries (Fig. 2A).
However some EdUC and MCM3C M€uller glial cells in HG
group had irregular morphology with cell bodies mislocalized to
the GCL and other locations in INL (Fig. 2A, arrows). These
cells always had weak GS staining, indicating an immature
differentiation status.

In the HG treated retinal explants, there were some GS¡/
MCM3C or GS¡/EdUC cells, but no GS¡/PH3C cells (Fig. 2A,
dash arrows). These GS¡ dividing cells could be neurons, de-
differentiated M€uller glial cells, microglial cells or vascular
endothelium cells. Some are likely neurons fail to permanently
exit the cell cycle, similar to neurons with aberrant cell-cycle
activation in some neurodegenerative disorders, such as
Alzheimer’s disease, Parkinson’s disease.29 As EdU also labels
cells that are dying or repairing their DNA, these GS¡/EdUC

cells may also be dying neurons.30 They were mainly in the
GCL and INL (Fig. 2A and B). We found many EdUC/Chx10C

cells in HG-treated retina (Fig. 2B and C). However Chx10 is a
marker of bipolar cells and retinal progenitor cells, and M€uller
glia also up-regulate Chx10 as they de-differentiate after injury.
Thus it is possible that some EdUC/Chx10C cells could be de-
differentiated proliferating M€uller glia. To confirm these divid-
ing cells were neurons, we used the marker Islet-1(Isl-1). This
LIM-homeodomain protein is expressed in retinal ganglion
cells, nascent cholinergic amacrine cells and bipolar cells. The
majority of Isl-1C cells locate in the outer INL, which are ON-
bipolar cells. A few of Isl-1C cells locate in the inner INL and
GCL, which are ganglion cells and cholinergic amacrine
cells.31-33 By this analysis, indeed, many of these dividing cells
were bipolar cells, as the EdUC/Islet1C cells (mainly in the
inner INL) increased in HG group (Fig. 2B and C, arrows).

We also analyzed the gene expression of cell cycle regulators by
quantitative RT-PCR and confirmed that the expression of Ccna1,
Ccnb1, Ccne2, Cdk2, Mcm3, Ki67, Pcna, E2f1, E2f2 and p57kip2

genes in HG treated retinas significantly increased compared to
control retinas in NG and GM groups, the expression of P21cip1

and p27 kip1 was reduced in HG group, however the expression
level of E2f3 was the same in these three groups (Fig. 2D and E).

In summary, high glucose induced ectopic cell division of
M€uller glia cells and retinal neurons, such as bipolar cells. Up-
regulation of cell cycle genes and down-regulation Cdk inhibi-
tors (such as P21cip1 and p27 kip1) may be the major mechanism.

High glucose inhibited the regression of retinal blood
vessels in retinal explants

Microvascular defect is the major characteristic of diabetic reti-
nopathy. So we assessed the blood vessels of retinal explants. In
the mouse retina, a superficial primary vascular plexus in the
nerve fiber layer (NFL) develops from the optic nerve head
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between postnatal P0 and P8. Subsequently, vessels sprout verti-
cally into the retina and ramify in the outer plexiform layer
(OPL) and inner plexiform layer (IPL) to form the deep plexus
and intermediate plexus respectively, resulting in a three-layered
vascular architecture.24 Generally speaking, ex vivo retinal
explant is not suitable for evaluation of the overall growth of the
vascular plexus, as the hyperoxic conditions experienced by the
retina once extracted from the eye generally result in regression
of the blood vasculature, either by increased cell death or normal
vessel pruning.18 Indeed, retinal explants cultured from P8-P15
under normal glucose or osmotic control medium only had scat-
tered IB4 positive endothelial cells at the NFL without any vascu-
lar plexus (Fig. 3A, B, and D–F), suggesting hyperoxia or lack
blood supply induced regression; in contrast explants under high
glucose had intact superficial primary and deep plexi
(Fig. 3A, B, and D–F), suggesting high glucose can inhibit hyper-
oxia-induced blood vessel regression. The cobalt chloride can

induce Hif1a expression and hypoxia in cell culture.34 Hypoxia
induced by 200 mM CoCl2 treatment can partially rescue the
blood vessel regression in the two control groups, but had no
major effect on the HG group (Fig. 3C–F), suggesting high
glucose can induce hypoxia in retinal explants. The total vessel
length in the CoCl2-treated NG or GM retinal explants was still
shorter than CoCl2-untreated HG explants (Fig. 3C and E),
suggesting high glucose induce more severe hypoxia than
200 mM CoCl2, or has other protective effects on vasculature.

E2f1 knockout rescued high glucose-induced neuronal
cell death

The high glucose induced phenotypes (excitatory neuronal
death, ectopic cell division) in retinal explants are similar to the
Rb1 gene deficiency (RbKO) retinas in our previous reports.12,19

We reported that ectopic division and cell death of RbKO

Figure 2. High glucose induced ectopic cell division of M€uller glia cells and neurons in retinal explants. (A) Sections from P8 retinal explants cultured for 7 days under
indicated conditions, and were labeled with 100 mM EdU for 1 hour before fixation, were stained for nuclei (DAPI, blue), M€uller glia cells (GS, green), apoptosis (active cas-
pase 3, red), all cell cycle phases (MCM3, red), S phase of cell cycle (EdU, red) and M phase of cell cycle (PH3, red). Arrows in (A) indicate some mislocalised M€uller glia cells
with irregular shapes. Dash arrows in A indicate some GS¡ ectopic dividing cells. (B) Sections from P8 retinal explants cultured for 7 days under indicated conditions, and
were labeled with 100 mM EdU for 1 hour before fixation, were stained for nuclei (DAPI, blue), bipolar cells (Chx10, green) or bipolar/ganglion/cholinergic amacrine cells
(Isl-1, green) and S phase of cell cycle (EdU, red). Arrows in B indicate some ectopic diving bipolar cells. (C) Quantification of total M€uller glia cells (GS), ectopic dividing
M€uller glia cells (including MCM3C/GSC cells, EdUC/GSC cells and PH3C/GSC cells) and ectopic diving bipolar cells (EdUC/Chx10C cells, EdUC/Isl-1C cells)per mm2 retinal
section area. (D and E) The relative expression level of indicated genes in retinal explants by RT-PCR. Error bars represent SD of measurements from at least three animals
and asterisks indicate significant differences between retinas of NG group (C) or WT NG group (D and E), and the indicated groups (�, p < 0.05, t test). Scale bar D 50mm.
ONL: outer nuclear layer; INL: inner nuclear layer; GCL: ganglion cell layer.
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retinal cells is mediated by E2f112. In addition, E2f1 is
also involved in the regulation of angiogenesis14 and oxidative
metabolism,15 so we asked if E2f1 also mediated the high glu-
cose induced retinal phenotypes by analyzing E2f1¡/¡ retinal
explants. Even though E2f1 RNA level had just slightly
increased in HG group (Fig. 2D), inactivation of E2f1 dramati-
cally reduced high glucose-induced cell death, as the TUNELC

cells and active caspase 3C cells were the same in the E2f1¡/¡

retinal explants under NG, GM and HG conditions
(Fig. 4A and F). There were very few Chx10C/Cas3C dying
bipolar cells (Fig. 4A and F), also Chx10C bipolar cells
(Fig. 4A and F), Brn3C ganglion cells (Fig. 4D and G) and
Isl-1C bipolar/ganglion/ cholinergic amacrine cells (Fig. 4C and
F) were the same in the E2f1¡/¡ retinal explants between the
three groups. This result was consistent with our gene expres-
sion analysis, the expression of caspase 3, Aspp2, Atm, Chk1,
P19arf, Puma and Rad51 genes in HG treated E2f1¡/¡ retinas
was the same compared to control E2f1¡/¡ retinas in NG and
GM groups (Fig. 1G).

Inactivation of E2f1 also recued the ectopic division of neu-
rons, as there were almost no EdUC bipolar cells and ganglion
cells (Fig. 4C and F), the EdUC/Isl-1C cell were dramatically

reduced in E2f1 KO retina, comparing to WT retinas
(Fig. 2B and C and Fig. 4C and F). However inactivation of
E2f1 had no major effect on high glucose-induced ectopic glial
cell division, as E2f1¡/¡ retinal explants under HG conditions
still had more MCM3C, EdUC and PH3C M€uller glial cells
(Fig. 4B and F). This result was consistent with our gene expres-
sion analysis, E2f1¡/¡ only rescued the expression of Ccnb1,
p21cip1 and Mcm3 but had no major effect on Ccna1, Ccne2,
Cdk2, Ki67, Pcna, E2f2, and p27 kip1 expression in HG treated
retinas (Fig. 2D and E). This also suggested that E2f1-induced
Ccnb1 activation and p21cip1 suppression may be responsible
for diabetic neuronal ectopic division and cell death.

Inactivation of E2f1 also had no effect on the hyperoxia-
induced regression of retinal vascular vessels. Similar to WT
retinal explants, E2f1¡/¡ retinal explants under NG or GM
media still lost most vascular vessels, E2f1¡/¡ retinal explants
under HG medium had intact retinal plexus (Fig. 4E and H–J).

Discussions

High glucose is obviously toxic to retinal neurons, inducing
many cell deaths in the inner retinal layers (INL and GCL) and

Figure 3. High glucose suppressed hyperoxia-induced regression of retinal vascular vessels. (A) Wholemont retinas (A) and sections (B) from P8 retinal explants cultured
for 7 days under indicated conditions were stained for vascular endothelial cells (IB4, green) and nuclei in (B; DAPI, blue). (C) Wholemont retinas from P8 retinal explants
cultured for 7 days under indicated conditions and 200 mM CoCl2 were stained for vascular endothelial cells (IB4, green). (D–F) Quantification of vessel coverage (percent-
age of area covered by IB4C endothelial cells, D), total vessel length (E) and lacunarity (F, distribution of the gap sizes surrounding the object) by AngioTool software
(https://ccrod.cancer.gov/confluence/display/ROB2/Home). Error bars represent SD of measurements from at least three animals and asterisks indicate significant differen-
ces between retinas of NG group and the indicated groups and CoCl2 treatments, or between the line-indicated pairs in (E; �p < 0.05, t test). Scale bar D 50 mm. ONL:
outer nuclear layer; INL: inner nuclear layer; GCL: ganglion cell layer; ON: optic head.
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some in the ONL. Our study indicated that excitatory neurons
(RGCs, bipolar cells and photoreceptors) are most vulnerable
to high glucose. During the 7 days culture in 35 mM glucose
(about 4–5 times of normal glucose concentration), in compari-
son with the control groups, about 80% of RGCs and 70% of
bipolar cells were lost, which may contribute to decreased con-
trast sensitivity. Many studies indicated that RGCs are the most
vulnerable cells in diabetes, but bipolar cells were seldom
reported.25 It was reported that RGCs reduced about 20–25%
in in vivo rodent DR models after 4–12 months of diabetes.35-37

So the RGC death in retinal explants under high glucose is
much faster and more severe than that in rodent DR models,
the possible reason is synthetic lethality between axotomy-
induced neurotrophic factor reduction and high glucose. For
bipolar cells, a recent study found that the cell numbers of
PkcaC rod bipolar cells were not different between HG and
control groups of retinal explants,22 possibly due to different

experimental conditions (they compared 35 mM glucose to
19 mM glucose in the media, but we compared 35 mM glucose
to 7.5 mM glucose in the media). In our study, Chx10 was used
to label all bipolar cells at P15. We found that Chx10
co-localized with active caspase 3 and Chx10C cells reduced in
HG retinal explants (Fig. 1B).

Photoreceptors are also excitatory neurons, even though we
found some TUNELC cells in the ONL, we did not detect major
changes in ONL thickness or numbers of cones (Cone arrestinC

cells) in HG retinal explants. For cones, a recent study found
that Glycogen phosphorylase (GP)C cone cells reduced in HG
(35 mM)-treated retinal explants.22 It is possible that GP is
more sensitive than Cone arrestin upon apoptosis, or the
expression of GP, an enzyme in the glycogen metabolism
pathway, may be suppressed under high glucose, as the GPC

INL cells (mainly amacrine and M€uller cells) also reduced in
the study.22 Clearance of cellular corpses by phagocytes is a

Figure 4. E2f1 knockout rescued high glucose-induced cell death, but had no effects on high glucose-induced ectopic cell division and hyperoxia-induced regression of
retinal vascular vessels. (A) Sections from P8 E2f1¡/¡ mouse retinal explants cultured for 7 days under indicated conditions were stained for nuclei (DAPI, blue), cell death
(TUNEL, green), apoptosis (active caspase 3, red) and bipolar cells (Chx10, green). (B) Sections from P8 E2f1¡/¡ mouse retinal explants cultured for 7 days under indicated
conditions, and were labeled with 100 mM EdU for 1 hour before fixation, were stained for nuclei (DAPI, blue), M€uller glia cells (GS, green), all cell cycle phases (MCM3,
red), S phase of cell cycle (EdU, red) and M phase of cell cycle (PH3, red). (C) Sections from P8 E2f1¡/¡ mouse retinal explants cultured for 7 days under indicated condi-
tions, and were labeled with 100 mM EdU for 1 hour before fixation, were stained for nuclei (DAPI, blue), bipolar/ganglion/cholinergic amacrine cells (Isl-1, green) and S
phase of cell cycle (EdU, red). (D) Wholemont retinas from P8 E2f1¡/¡ mouse retinal explants cultured for 7 days under indicated conditions, a were stained for nuclei
(DAPI, blue) and ganglion cells (Brn3, green). (E) Wholemont retinas from P8 E2f1¡/¡ mouse retinal explants cultured for 7 days under indicated conditions were stained
for vascular endothelial cells (IB4, green). (F) Quantification of TUNELC cells, active caspase 3 (cas3)C cells, Chx10C bipolar cells, Isl-1C bipolar /ganglion/cholinergic ama-
crine cells, Chx10C/cas3C dying bipolar cells, ectopic dividing M€uller glia cells (including MCM3C/GSC cells, EdUC/GSC cells and PH3C/GSC cells) and ectopic dividing
bipolar cells (Isl-1C/EdUC cells) per mm2 E2f1¡/¡ retinal section areas. (G) Quantification of Brn3C ganglion cells per mm2 of wholemont of E2f1¡/¡ retinal explants. (H–J)
Quantification of vessel coverage (H), total vessel length (I), and lacunarity (J) of E2f1¡/¡ retinal explant by AngioTool software. Error bars represent SD of measurements
from at least three animals and asterisks indicate significant differences between retinas of NG group and the indicated groups (�, p < 0.05, t test). Scale bar D 50 mm.
ONL: outer nuclear layer; INL: inner nuclear layer; GCL: ganglion cell layer.
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classical feature of apoptosis, but in retinal explant there may
be few phagocytes around, thus delayed the clearance of dead
photoreceptors during the short period of ex vivo culture.38

Inhibitory neurons (amacrine and horizontal cells) can sur-
vive high glucose. During the 7 days of culture, the number of
the CalretininC amacrine cells and CalbindinC horizontal cells
remained the same. It has been reported that dopaminergic
amacrine cells decrease in diabetic rats,39 but dopaminergic
amacrine cells account for less than 1% of all amacrine neu-
rons40 and thus it is possible the majority of amacrine cells still
survive diabetic conditions.

M€uller cells are the major glial cells in the retina, and were
involved in DR in many previous studies.41,42 We found that
M€uller cells reentered the cell cycle (MCM3C, EdUC and
PH3C) and their number increased during the 7 days of culture
under high glucose. Many cell cycle regulators were also up-
regulated in the HG-cultured retina explants, such as Ccna1,
Ccnb1, Ccne2, Cdk2, Mcm3, Ki67, Pcna, E2f1, and E2f2. It is
reported that following neuronal injury, M€uller cells down-reg-
ulate p27kip1 expression, and reenter the cell cycle, but generally
only undergo one round of cell division.43 Thus the ectopic cell
division of M€uller cells may be partially induced by the cell
death of excitatory neurons. However as E2f1 KO rescued high
glucose-induced neuronal death, but not ectopic cell division of
M€uller cells, ectopic cell division of M€uller cells may has other
mechanisms. The RNA level of p27kip1 reduced both in
HG-treated WT and E2f1 KO retina, suggesting p27kip1 down
regulation is the mechanism of HG-induced M€uller glia activa-
tion, but not induced by cell death. It is well known that type 2
diabetes is associated with increased cancer risk because of
increased IGF-1 signaling and glucose-induced activation of
Wnt/b-catenin pathway.44 Indeed, IGF-1 can repress p27kip1

expression in developing rat cerebral cortex.45 Activation of
Wnt/b-catenin signaling can mediate proliferation of M€uller
cells in the injured mammalian retina.46 Oxidative stress also
can promote proliferation and de-differentiation of M€uller glial
cells in vitro.47 Whether these mechanisms trigger the cell-cycle
reentry of M€uller glia in retinal explant under high glucose
needs to be carefully studied.

Interestingly we found that under high glucose, some M€uller
cells had irregular morphology, abnormal localization and
weak expression of glutamate synthetase (GS), indicating
immature status of differentiation. This was consistent with
reports that diabetes can reduce the GS expression in the ret-
ina.48,49 M€uller cells normally respond to damage by becoming
reactive and undergoing gliosis. However, some of them can
de-differentiate and reenter the cell cycle, becoming prolifer-
ative multipotent neural progenitors which are then converted
into retinal neurons to replace lost retinal cell types.50-52 Future
research will determine if diabetic M€uller glial cells can gain
some properties of retinal progenitors which may have implica-
tions for the treatment of DR.

DR has non-proliferative and proliferative stages. The
non-proliferative stage produces microvascular injury, lead-
ing to retinal ischemia and hypoxia. These changes lead to an
increase of proangiogenic factors, disrupting angiogenic
homeostasis and facilitating the proliferation of blood vessels,
which are characteristics of proliferative DR. However, these
hallmarks can never be reproduced in rodent DR models.8

There have been many studies assessing molecular and cellu-
lar responses of isolated retinal capillary endothelium cells
following exposure to high glucose. However, isolated endo-
thelium is artificial and has limits for uncovering the com-
plexities of the neurovascular unit and how it responds to
diabetes.8 Blood vessels of retinal explants generally regress
quickly as a result of hyperoxia or lack blood supply,18 mak-
ing this system not ideal for the study of diabetic vascular
defects. However, we found high glucose can inhibit this pro-
cess, and mimic a hypoxic condition. Thus retinal explants
under high glucose have an intact blood vessel plexus, mak-
ing this system suitable for the study of the diabetic micro-
vascular changes. It was reported that high glucose can
protect retinal endothelial cells from lysophosphatidic acid
(LPA)-induced regression by elevating ROS (reactive oxygen
species), which activated Src-Erk pathway.53 This mechanism
needs to be further explored in our system.

Recent results indicate that DNA damage and cell cycle
re-entry may constitute a common pathway in apoptosis in
neurological diseases. DNA damage and repair after oxida-
tive stress may activate the enzyme ATM (ataxia telangiecta-
sia mutated), which is a cell-cycle regulator. Once the cell
cycle is activated, E2f1 could induce cell cycle reentry and
neuronal apoptosis.29,54 Surprisingly, the high glucose
induced phenotypes (excitatory neuronal death, ectopic cell
division) are similar to that of Rb1 gene deficiency retinas as
we reported, which depend on E2f112,19. Indeed, we found
that there were many ectopic dividing bipolar cells (Fig. 2A
and B), and inactivation of E2f1 can rescue the diabetic neu-
ronal cell cycle reentry and cell death (Fig. 4A and C). This
result suggests E2f1 is an important mediator of high glucose
induced neuronal cell cycle reentry and cell death, maybe
downstream of diabetic oxidative stress, and E2f1 pathway is
potentially a therapeutic target for DR treatment.25 Our anal-
ysis suggested that cyclin B1 activation and p21 suppression
may relate with diabetic ectopic division of retinal neurons
(Fig. 2D and E), and diabetic neuronal death may be
p53-depedent (Fig. 1G).

However, E2f1 KO had no effects on ectopic cell division of
M€uller glial cells and vascular phenotypes, suggesting different
mechanisms (such as Wnt/b-catenin pathway44 or Src-Erk
pathway53) underlying these diabetic events. Brownlee sug-
gested that oxidative stress is the unifying factor to active the
five pathways involved in the pathogenesis of diabetic compli-
cations.55 This notion may be true in our ex vivo system, as all
three high glucose-induced phenotypes can be downstream of
oxidative stress,29,47,53 but their detailed mechanism needs to be
further explored respectively.

In summary, this study introduces a comprehensive anal-
ysis of retinal explants under high glucose. We show that
high glucose had direct but different effects on neurons, glial
cells and blood vessels of retinal explants. E2f1 is an impor-
tant mediator of diabetic neuronal defects, but not ectopic
cell division of M€uller glial cells and vascular phenotypes.
Future study will focus on the interplay between retinal neu-
rons, glial cells and blood vessel cells in diabetic conditions
using this system, to investigate the pathogenesis mecha-
nisms and intervention means of DR and maternal diabetes-
related fetal abnormalities.
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Materials and methods

Animals

C57 BL/6 WT mice and E2f1¡/¡ (M. Greenberg) mice were
housed with a normal 12-h/12-h light/dark schedule with free
access to food and water. Genotyping of E2f1¡/¡ mice was per-
formed as before.12 All procedures were reviewed and approved
by the Ethics Committee of Animal Research of West China
Hospital, Sichuan University (2015001B), and performed in
compliance with the Association for Research in Vision and
Ophthalmology (ARVO) statement for the use of animals in
ophthalmic and visual research.

Ex vivo retinal explant cultures

Retinal explants obtained from postnatal day 8 (P8) mice were
cultured using a modified protocol from previously described
methods.16-18 Briefly, both eyes were enucleated and retinas
were carefully peeled away from the retinal pigment epithelium,
and radial cuts were made to flatten the retina. The flattened
retina was transferred to the membrane of a Millicell insert
(Millipore, PICM03050) with the photoreceptors facing down.
The insert was placed into the wells of a 6-well plate (Costar
3516, Corning), each contained 1000 ml of retinal explant
media, which was replaced every two days, and was maintained
in a 37�C incubator with 5% CO2 for 7 days. The retinal
explant basal medium was serum-free and made from Neuro-
basal A, DMEM/F12 medium and N2/B27 supplements (Life
Technologies, USA). The final basal medium contains 5mg/ml
insulin, 1.4 mg/ml D-glucose (7.5 mM), 10% bovine albumin
and 0.1 mM cpt-cAMP (Life Technologies, USA). There were 3
groups of retinal explants: the normal-glucose medium group
(NG, in basal medium containing 7.5 mM D-glucose); the
high-glucose medium group (HG, in NG medium with
27.5 mM D-glucose added to a final concentration of 35 mM);
and the high osmotic control medium group (GM, in NG
medium with 27.5 mM D-mannitol added to a final concentra-
tion of 35 mM).

Histology, immunostaining, wholemont retinal staining

Retinal explants cultured for 7 days were fixed by 4% para-
formaldehyde in 0.1 M phosphate buffer saline (PBS, pH
7.4) at 4�C for 45 minutes, dehydrated in 30% sucrose over-
night, and frozen in OCT at ¡80�C. Cryostat sections were
cut at 14 mm and collected on glass slides and stored at
¡20�C. For immunohistochemistry, the retinal sections
were dried at room temperature (RT) and incubated in
blocking solution (5% normal donkey serum, 1% BSA and
0.03% Triton X-100 in 1X PBS) for one hour, then were
incubated with primary antibodies (Calbindin-D28 K 1:500,
Chemicon, AB1778; Calretinin 1:200, Santa Cruz, SC-11644;
Chx10 1:2000, Bremner lab, University of Toronto; Cleaved
caspase-3 1:200, Cell Signaling 9661; Glutamine synthetase
1:500, Millipore, MAB302; Islet-1, 1:200, Edlund Lab,
UCMM, Umea

�
, Sweden; Isolectin B4 1:200, Sigma; MCM3

1:200, Santa Cruz, SC-9850; Rhodopsin 1:1000, Santa Cruz,
SC-57433; p-Histone H3-ser 10 1:200, Santa Cruz, SC-8656)
at 4�C overnight. Subsequently, slides were incubated with

corresponding secondary antibodies, conjugated to Alexa
Fluor 488 or 568 (Invitrogen, USA), for one hour at RT in
the dark. Finally, slides were counterstained with 406-diami-
dino-2- phenylindole (DAPI; Sigma Aldrich Corp.) and
mounted with Mowiol mounting medium. The negative
control was performed by replacing primary antibodies with
PBS. No specific signals were detected in negative control
sections (data not shown).

For whole-mount staining, retinas or retinal explants were
fixed and dehydrated, and were incubated at 4�C with either
anti-Brn3 antibodies (1:200, Santa Cruz, SC-6026) for 3–4 days
or biotin conjugated isolectin B4 (IB4, 1:200, Sigma) for 1 day,
then with secondary antibody (donkey anti-goat Alexa Fluor
488), or Streptavidin Alexa Fluor 488 and DAPI for 2 days
(Brn3) or 2 hours (IB4) at 4�C. The antibodies were diluted in
0.1 M PBS containing 0.5% Triton X-100. The negative controls
were performed by replacing primary antibody with PBS.

TUNEL assay, EdU labeling and CoCl2 induced-hypoxia
assay

To determine whether cell death had occurred, the frozen
sections of retinal explants were labeled by TdT-dUTP ter-
minal nick-end labeling (TUNEL) with an apoptosis detec-
tion kit (Promega, USA) according to the manufacturer’s
instructions. Non-specific signals were detected by omission
of the enzyme reaction. To explore the cell proliferation of
retinal explant, we used EdU (5-ethynyl-20-deoxyuridine)
incorporation to label the S-phase cells. Briefly cultured ret-
inal explants were treated with 100 mM EdU (RiboBio
Corp, Guangzhou, China) for one hour before retinal
explants were fixed. The EdU was detected by a click-iT
EdU detection kit (Cell-Light TM kit, C10314, RiboBio
Corp, Guangzhou, China) according to the manufacturer’s
instructions. To explore the effects of hypoxia on retinal
vascular blood vessels, we used cobalt chloride (CoCl2,
Sigma 232696) to mimic hypoxia by stabilizing the hypoxia
inducing factor 1 (Hif1). Briefly cultured retinal explants
were treated with 200 mM CoCl2 for 7 days before retinal
explants were fixed. The blood vessels were detected by IB4
staining.

RNA extraction, reverse transcription and quantitative
real-time PCR

Total RNA was isolated from retinal explants using the
TriPure isolation reagent (Roche, USA). First-strand cDNA
was synthesized from 0.2–0.5 mg of total RNA using theRT
reagent Kit with gDNA Eraser (TaKaRa, China). PCR pri-
mers are listed in Table 1. Real-time quantitative PCR was
performed using the qTOWER 2.2 PCR machine (Analytik
Jena, Germany). Tests were run in duplicate on three sepa-
rate biological samples with EvaGreen PCR Supermix
(SsoFastTM, Bio-Rad laboratories, Singapore). PCR consisted
of 40 cycles of denaturation at 95�C for 15 sec, annealing
and extension at 55�C for 30 sec. An additional cycle
(95�C, 15 sec) generated a dissociation curve to confirm a
single product. Values obtained for test RNAs were normal-
ized to b-actin mRNA levels.
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Microscopy, quantification and statistics

Stained sections and slides were analyzed using a Zeiss Axio
Imager Z2 fluorescence microscope, and Nikon A1RMP confo-
cal microscope. Image J 1.50b with cell counter plugin (https://
imagej.nih.gov/ij/) was used for cell counting following the
online guide. The positive cells of TUNEL, active caspase 3,
EdU, PH3 and cell type markers (including Brn3b, Chx10, Cal-
retinin, GS, Calbindin, Cone arrestin) were counted manually.
At least 2 images per section, 2 sections per retina and 3 retinas
from each group were counted. For Brn3C cell counting on
wholemont retina, three equivalent areas (each measuring
150 mm £ 150 mm) from each quadrant of each retinal whole-
mont (a total of 12 areas per retina) were selected.56 All images
for cell-counting were captured under fluorescence microscope
using a 20 £ objective lens. For vascular blood vessel analysis,
representative images were analyzed using the AngioTool
software (https://ccrod.cancer.gov/confluence/display/ROB2/
Home).

All experiments were carried out with n D 3 to 6. The data
were compared using the Student’s t-test and All p-values were
two-sided and were considered statistically significant when the
values were <0.05.
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