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Abstract: The apelin was reported to be involved in angiogenesis. This study investigated its role in the development 
of experimental choroidal neovascularization (CNV) model. Lentivirus-mediated short hairpin RNA (shRNA) targeting 
the rat apelin gene (Apelin-RNAi-LV) and control shRNA (NC-RFP-LV) were designed and employed. Experimental CNV 
rat models induced by laser photocoagulation were randomly assigned to be intravitreally injected with phosphate-
buffered saline (PBS), NC-RFP-LV and Apelin-RNAi-LV. The expression of apelin was evaluated by RT-PCR analysis, 
western-blot analysis, and immunofluorescence staining. The laser-induced CNV tissue was assessed qualitatively 
and quantitatively by histopathological sections, fundus fluorescein angiography, and choroidal flat mounts. The 
gene expression of apelin was upregulated during CNV formation in a time-dependent manner. By silencing the 
apelin gene, the expression of apelin was downregulated significantly, and the laser-induced CNV was inhibited 
obviously. Our study suggests that the apelin may play an important role in the development of laser-induced CNV, 
and it may act as a novel therapeutic option to inhibit CNV formation.
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Introduction

Choroidal neovascularization (CNV) occurs in 
many diseases such as wet age-related macu-
lar degeneration (AMD), pathological myopia, 
and angioid streaks [1]; particularly, AMD is the 
leading cause of blindness in the industrialized 
countries [2]. Therefore, various experimental 
CNV models have been developed to investi-
gate its molecular mechanism [1, 3, 4]. A reli-
able way to induce CNV in animals is to rupture 
the Bruch’s membrane by laser photocoa- 
gulation. 

Studies have demonstrated that the key to the 
neovascular response is the production of vas-
cular endothelial growth factor (VEGF). How- 
ever, despite the improvements offered by cur-
rent anti-VEGF therapies, it is necessary to 
explore new and additional factors involved in 
CNV. Fortunately, many factors apart from 
VEGF have already been found to play a role in 
CNV [5-7]. Apelin is an endogenous ligand for 

the angiotensin-1-like receptor APJ [8], and it is 
reported to act as an angiogenic factor that can 
stimulate the proliferation and migration of reti-
nal vessel endothelial cells (ECs) and acceler-
ate vascular tube formation [8, 9], and this 
function cannot be replaced by VEGF [10]. 
Furthermore, recent studies have reported that 
apelin may be involved in retinal neovascular-
ization during the development of proliferative 
diabetic retinopathy [11, 12], and apelin is a 
prerequisite factor for hypoxia-induced retinal 
angiogenesis independent of the VEGF/VEGF 
receptor signaling pathway [13].

Since apelin is recognized as a factor promoting 
angiogenesis, and the role of apelin in CNV has 
not been well demonstrated, we designed this 
study. We used the lentivirus vector system to 
deliver a specially designed short hairpin RNA 
(shRNA) targeting the rat apelin gene to evalu-
ate the potential role of the apelin in the devel-
opment of laser-induced CNV.
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Materials and methods

Animals

We purchased normal male Brown-Norway (BN) 
rats (weight ranged from 200 g to 250 g) from 
Vital River Laboratories (Beijing, China). The 
present study followed the Guide of ARVO 
Statement for the Use of Animals in Ophthalmic 
and Vision Research, and was approved by 
Peking University People’s Hospital Ethics 
Committee.

Lentivirus vectors for shRNA

Lentivirus-mediated shRNA targeting the rat 
apelin gene (Apelin-RNAi-LV; 5’-CACAGATGA- 
GTTCTCTTCTCT-3’), and the control shRNA 
encoding the red fluorescent protein (RFP) 
sequence (NC-RFP-LV; 5’-TTCTCCGAACGTGTCA- 
CGT-3’) were constructed from lentivirus vector 
by Genechem Co., Ltd., Shanghai, China. The 
selectivity of the shRNA was confirmed by 
sequencing the product of PCR, and was deter-
mined to be unique to the rat gene by Basic 
Local Alignment Search Tool searches of the 
GenBank database. Apelin-RNAi-LV and NC- 
RFP-LV were produced in 293 t packaging cells 
and titered to 9 × 108 TU/mL. Finally, they were 
transduced into IEC-6 cells to test the transfec-
tion efficiency. 

Laser-induced CNV

Rats were anesthetized by the intraperitoneal 
injection of pentobarbital (30 mg/kg), and the 
pupils were dilated with tropicamide (5 mg/mL) 
and phenylephrine hydrochloride (5 mg/mL). 
Laser photocoagulation was performed on the 
right eyes: 8 spots were photocoagulated 
between the retinal vessels in a peripapillary 
distribution at a distance of approximately 2 
disc diameters. For this, the following laser 
parameters were used: 200 mW, 100 μm, 521 
nm, and 50 ms (Coherent Novus 2000, USA). 
Only a laser lesion with a subretinal bubble indi-
cating perforation of Bruch’s membranes was 
considered effective and thus included in the 
study. These rats were then randomly sorted 
into 3 equal groups. 

Intravitreal injections

Immediately after photocoagulation, 5 μL of 
either PBS (Vehicle group), NC-RFP-LV (NC 

group), or Apelin-RNAi-LV (RNAi group) was 
injected intravitreally to the photocoagulated 
eyes using a micro-injector (Hamilton Co., USA) 
with a 30-gauge needle under a microscope. 

Fundus fluorescein angiography (FFA)

FFA was carried out to evaluate CNV develop-
ment and its score on days 3, 7, 14, 21, and 28 
after laser photocoagulation. After the pupils 
were dilated, the anesthetized rats were intra-
peritoneally injected with 10% fluorescein sodi-
um (0.1 mL/kg). Early-phase angiograms were 
obtained within 1-3 min after injection by a digi-
tal fundus camera (TRC 50DX, Topcon, Tokyo, 
Japan). Two experienced observers processed 
and scored the images. The CNV formation was 
evaluated according to the scoring described 
previously by Semkova [14]. The guidelines for 
CNV scoring were as follows: no leakage (score 
0); minimum leakage or staining of tissue with 
no leakage (score 1); small but evident leakage 
less than one-fourth of the disc area (score 2); 
large evident leakage (score 3).

Semiquantitative RT-PCR analysis

Three rats from every group on days 3, 7, 14, 
21, and 28 after laser photocoagulation were 
euthanatized, and the photocoagulated eyes 
were enucleated immediately to extract the 
total RNA. The total RNA was extracted from 
the RPE-choroid-sclera complex using Trizol 
(Invitrogen, USA) and converted to cDNA using 
a Revert Aid First Strand cDNA Synthesis Kit 
(Fermentas, Canada). The amplification pro-
gram was 95°C for 10 min, followed by 95°C for 
10 s, and followed by 60°C for 30 s, for 40 
cycles. The primers for rats were as follows: 
GAPDH sense, 5’-TTCAACGGCACAGTCAAGG-3’; 
GAPDH antisense, 5’-CTCAGCACCAGCATCACC- 
3’; apelin sense, 5’-GGCTAGAAGAAGGCAACAT- 
GC-3’; apelin antisense, 5’-CCGCTGTCTGCGAA- 
ATTTCCT-3’. After amplification, the samples 
were electrophoresed on a 2% agarose gel 
(Sigma, USA) in TBE containing 0.4 mg/mL 
ethidium bromide (Sigma, USA), and the bands 
were photographed using a bioimaging system 
(EC3™ Imaging System, USA). The relative 
abundance of the product was assessed as the 
ratio of the aimed gene band to the GAPDH 
band for each sample by using ImageJ software 
(National Institutes of Health, USA). The experi-
ments were repeated three times with similar 
results.
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Semiquantitative western-blot analysis

Three rats from every group on days 3, 7, 14, 
21, and 28 after laser photocoagulation were 
euthanatized, and the photocoagulated eyes 
were enucleated immediately to extract the 
total protein from the RPE-choroid-sclera com-
plex. The protein content of each lysate was 
measured using a BCA Protein Assay Kit (Pierce, 
USA). Equivalent amounts (20 µg) of protein 
were electrophoresed on 15% sodium dodecyl 
sulfate-polyacrylamide gels, and the separated 
proteins were transferred to polyvinylidene 
difluoride membranes (Millipore, USA). The 
blots were blocked with 5% skim milk powder in 
TBST and probed overnight at 4°C with primary 
antibodies against apelin (1:300, Abcam, UK), 
or β-actin (1:3000; Boster, China). After the 
membranes were washed with TBST, horserad-
ish peroxidase-conjugated secondary antibod-
ies (1:5000; Boster, China) were incubated with 
the membranes for 1 h at room temperature. 
Finally, proteins were detected by using a 
Chemiluminescent HRP Substrate (Millipore 
Corporation, USA) and visualized after film 
exposure (XBT-1, Kodak, China). The protein 
levels were quantified by densitometry and the 
ratio to β-actin levels by using ImageJ software 
(National Institutes of Health, USA). The experi-
ments were repeated three times with similar 
results.

Histopathology

Three rats from every group were euthanatized 
on days 3, 7, 14, 21, and 28 after laser photo-
coagulation. The photocoagulated eyes were 
enucleated immediately, embedded in an opti-
mum cutting temperature compound (Tissue-
Tek, Sakura Finetek Inc., Japan) and directly 
frozen in cryostat (Leica CM1900, Germany) at 
-20°C. Serial 6 μm frozen sections were cut 
along the vertical meridian and crossing the 
center of the laser lesion, air-dried, and stained 
with hematoxylin and eosin (H-E) staining. The 
histopathological sections were photographed 
using a microscope (Eclipse 50i, Japan) with a 
digital camera, and the maximum CNV thick-
ness was measured by using ImageJ software 
(National Institutes of Health, USA).

Immunofluorescence staining

Serial 6 μm frozen sections were used for im- 
munofluorescence staining. After being blocked 

for 2 h in PBS containing 5% bovine serum albu-
min and 1% Triton X-100, the sections were 
incubated with primary antibodies against ape-
lin (1:150, Abcam, UK), CD105 (1:150, 
CapitalBio, China) overnight at 4°C. For nega-
tive controls, the primary antibodies were 
replaced with PBS. After rinsing in PBS, the 
slides were incubated with fluorescein isothio-
cyanate (FITC) or TRITC-labeled secondary anti-
bodies for 1 h at room temperature and coun-
terstained with 4’,6-diamidino-2-phenylindole 
(DAPI, Invitrogen, USA) to label the nucleus. 
Finally, the sections were photographed under 
fluorescence microscope (Eclipse 50i, Nikon, 
Japan). 

FITC-dextran labeled choroid flat mounts

Three rats from every group on days 7, 14, 21, 
and 28 after laser photocoagulation were used 
for the choroidal flat mounts by the method 
described previously by Edelman [15]. Briefly, 
the rats were anesthetized and perfused with 1 
mL PBS containing 50 mg/mL FITC-dextran (2 
× 106 average molecular weight; Sigma, USA) 
through the left ventricle. The photocoagulated 
right eyes were enucleated and fixed in 4% 
paraformaldehyde for 1 h at room temperature. 
The anterior segment and sensory retina were 
carefully removed. Four to six radial relaxing 
incisions were made from the edge to the equa-
tor to allow the remaining RPE-choroid-sclera 
complex to be flattened on a glass slide with 
the RPE facing up. The flat mounts were photo-
graphed by laser confocal microscopy (LSM700; 
Carl Zeiss, Germany), and then areas of CNV 
were measured using ImageJ software (National 
Institutes of Health, USA).

Statistical analysis

All values are presented as mean ± SD and 
compared by one-way analysis of variance 
(ANOVA) and Dunnett’s multiple comparison 
test with SPSS V13.0 (SPSS Inc., USA). P < 0.05 
was considered statistically significant.

Results

Upregulation of apelin in the laser-induced 
CNV model

Apelin was reported to act as an angiogenic 
factor and exerted its activity by combining with 
its receptor APJ. As a result, we first tried to 
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demonstrate the expression of apelin in the 
laser-induced CNV model (Vehicle group) by 
semi-quantitative RT-PCR and western-blot 
analysis. RT-PCR analysis revealed that apelin 
mRNA levels increased on day 3 after photoco-
agulation, reached a maximum on day 7, and 
then decreased (Figure 1A, 1D). The protein 
level of apelin also showed a similar tendency 
(Figure 2A, 2D).

Tissue localization of apelin in the CNV model 
by immunofluorescence staining

Experiments were performed to investigate 
which type of cells apelin was located in by im- 
munofluorescence staining. Studies had report-
ed that CD105 was a marker of activated ECs. 

The colocalization of apelin and CD105 showed 
that apelin was expressed in the activated ECs 
of CNV tissue (Figure 3A-E; the method that 
yielded these merged pictures, see Figure S1A-
T). The expression of apelin was observed in 
the lesions on day 3 after photocoagulation 
(Figure 3A), reached the maximum on day 7 
(Figure 3B), and then decreased (Figure 3C-E), 
which seemed to be in accordance with the 
results from the RT-PCR and western-blot 
analysis. 

Suppression of apelin gene expression by 
Apelin-RNAi-LV

Experiments were next performed to determine 
whether shRNA targeting the rat apelin gene 

Figure 1. Expression of apelin by RT-PCR analysis in the laser-induced CNV model from day 3 to day 28 after photo-
coagulation. The mRNA levels of apelin was upregulated in the Vehicle group (A, D) and NC group (B, D), and sup-
pressed in the RNAi group (C, D) after the intravitreal injection of Apelin-RNAi-LV. *P < 0.05.

Figure 2. Expression of apelin by western-blot analysis in the CNV model from day 3 to 28 after photocoagulation. 
The protein levels of apelin was upregulated in the Vehicle group (A, D) and NC group (B, D), and suppressed in the 
RNAi group (C, D) after the intravitreal injection of Apelin-RNAi-LV. *P < 0.05.



Apelin is essential for CNV

1108	 Int J Clin Exp Pathol 2017;10(2):1104-1112

could downregulate the expression of apelin 
after the intravitreal injection of lentivirus. The 

intravitreal injection with Apelin-RNAi-LV result-
ed in significant suppression of apelin expres-

Figure 3. Tissue localization of apelin and RFP by immunofluorescence staining in the CNV model from day 3 
to day 28 after photocoagulation. (A-E) The yellow fluorescence (arrowheads) resulted from the co-localization of 
apelin (green fluorescence) and CD105 (red fluorescence; see Figure S1). (F-O) The green fluorescence and red 
fluorescence arose from apelin and RFP, respectively (see Figure S2). The expression of apelin in the Vehicle group 
increased on day 3 after photocoagulation (A), reached its maximum around day 7 (B), and then decreased (C-E). 
Although red fluorescence of RFP was shown in the sections from the NC group, the apelin in the NC group (F-J) was 
expressed in the same manner as it in the Vehicle group. However, in the RNAi group, the expression of apelin was 
suppressed significantly from day 3 to day 14 (K-M). Scale bar = 100 µm.

Figure 4. Light micrographs of H-E stained sections 
of the CNV tissue from day 3 to day 28 after pho-
tocoagulation. (A-E) Vehicle group, (F-J) NC group, 
(K-O) RNAi group. The measurement and compari-
son of the CNV thickness from the histopathologi-
cal section yielded (P). Data were expressed as the 
mean ± SEM. *P < 0.05.
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sion in the RNAi group from day 3 to day 14 
after photocoagulation (Figures 1C, 1D, 2C and 
2D). In the NC group, apelin was expressed in 
the same manner as in the Vehicle group 
(Figures 1B and 1D, 2B and 2D), indicating that 
intravitreal injection with NC-RFP-LV did not 
affect its expression.

Tissue localization of apelin and RFP after 
intravitreal injections of lentivirus in the CNV 
model

To further confirm the tissue localization of ape-
lin and RFP after the intravitreal injection of len-
tivirus, immunofluorescence staining was per-
formed. Frozen sections from the Vehicle group 
showed no fluorescence of RFP at any time 
point (Figure 3A-E). Frozen sections from the 
NC group and RNAi group showed red fluores-
cence of RFP as early as 3 days after intravit-
real injection, and it remained until day 28 at 
least (Figure 3F-O; the method that yielded the 
merged pictures see Figure S2).

In the RNAi group, the expression of apelin was 
suppressed significantly from day 3 to day 14 
(Figure 3K-M), suggesting that the Apelin-RNAi-

LV silenced the apelin gene in this study. 
Although the sections from the NC group 
showed red fluorescence of RFP, apelin was 
expressed in the same manner as in the Vehicle 
group (Figure 3F-J).

Silencing of apelin inhibited the development 
of CNV

Experiments were next performed to investi-
gate the effect of silencing apelin on the devel-
opment of CNV tissue by the thickness of CNV 
from histopathological studies, the scores of 
CNV from FFA, and the area of CNV from the 
choroid flat mounts.

Histopathological studies

On day 7 after photocoagulation, a narrow CNV 
could be found to extend from the choroid into 
the subretinal space in histopathological sec-
tions (Figure 4B). The CNV thickness continued 
to increase from day 7 to day 28 after photoco-
agulation in the Vehicle group (Figure 4B-E) and 
in the NC group (Figure 4G-J), but it increased 
less obviously in the RNAi group from day 14 to 
day 28 (Figure 4L-P). 

Figure 5. FFA of laser-induced CNV from day 
3 to day 28 after photocoagulation. (A-E) Ve-
hicle group, (F-J) NC group, (K-O) RNAi group. 
CNV emerged on day 7 after photocoagula-
tion (B, G, and L). From day 7, CNV in the Ve-
hicle group (B-E) and NS group (G-J) showed 
moderate to severe fluorescein leakage; 
however, CNV in RNAi group (L-O) showed 
slight fluorescein leakage. There was a sta-
tistically significant difference in the CNV 
mean scores from day 14 after photocoagu-
lation (P). *P < 0.05.
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FFA

FFA showed slight fluorescein leakage but no 
CNV formation on day 3 after photocoagulation 
in the three groups (Figure 5A, 5F and 5K). 
Laser-induced lesions partially resulted in the 
emergence of CNV on day 7 (Figure 5B, 5G and 
5L). From day 14, CNV in the Vehicle group 
(Figure 5C-E) and NS group (Figure 5H, 5J) 
showed moderate-to-severe fluorescein leak-
age, but CNV in the RNAi group (Figure 5M-O) 

showed significantly lessened fluorescent leak-
age. There was a significant difference in the 
CNV mean scores among the three groups from 
day 14 (Figure 5P).

FITC-dextran labeled choroid flat mounts

The expression of RFP was clearly observed in 
the choroid flat mounts on day 7 in the NC 
group (Figure 6E-H) and RNAi group (Figure 
6I-L). The area of CNV labeled with FITC-dextran 

Figure 6. CNV labeled both FITC-
dextran and RFP on choroid flat 
mounts from day 7 to day 28 af-
ter laser photocoagulation. The 
green fluorescence and red fluo-
rescence arose from the CNV la-
beled with FITC-dextran and RFP 
respectively. The area of CNV 
increased dramatically from day 
7 to day 21 in the Vehicle group 
(A-D) and the NC group (E-H), but 
less apparently in the RNAi group 
(I-L). The mean area of CNV in the 
RNAi group was less than that in 
the other groups from day 14 (M). 
Scale bar = 100 µm. Data were 
expressed as the mean ± SEM. *P 
< 0.05.
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increased dramatically from day 7 to day 21 in 
the Vehicle group (Figure 6A-C) and NC group 
(Figure 6E-G), but less apparently in the RNAi 
group (Figure 6I-K). The mean area of CNV in 
the RNAi group was smaller than that in the 
other groups from day 14 after photocoagula-
tion (Figure 6M).

Discussion

Untreated CNV leads to the loss of central 
vision and thus has a profound impact on the 
quality of life. Therefore, various experimental 
CNV models have been developed to investi-
gate its molecular mechanism. Apelin is report-
ed to be an angiogenic factor, and its function 
cannot be replaced by VEGF [10]. Our previous 
studies have demonstrated that apelin may be 
involved in retinal neovascularization during 
the development of proliferative diabetic reti-
nopathy and central retinal vein occlusion [11, 
16]. In this study, we attempt to demonstrate 
the role of apelin in laser-induced CNV model.

In the present study by FFA, histopathological 
sections and FITC-dextran-labeled choroid flat 
mounts, we described the natural history of 
laser-induced CNV. Briefly, the experimental 
CNV occurred on around day 7 after photoco-
agulation, kept increasing in thickness (Figure 
4), FFA scores (Figure 5), and area (Figure 6), 
and reached a stable state on day 21, remain-
ing stable for 1 week at least. The natural his-
tory of laser-induced CNV in our study was simi-
lar to that demonstrated in previous study [15]. 

CD105 has been considered a marker of active-
ly proliferating ECs [14, 17]. By the immunofluo-
rescence method, we demonstrated that apelin 
was co-expressed with CD105 in the activated 
ECs in the experimental CNV model (Figure 
3A-E). Previous experiments had also implied 
that ECs might be the most important source of 
apelin [13, 18, 19]. In the present study, we 
confirmed it was the actively proliferating ECs 
that apelin was mainly expressed in. Similar to 
the results from RT-PCR and western-blot anal-
ysis, the expression of apelin in the frozen sec-
tions with immunofluorescent staining was 
upregulated on day 3, reached the maximum 
on day 7 after photocoagulation, and then 
decreased (Figure 3A-E).

In our study, we observed that both the mRNA 
and protein levels of apelin were upregulated in 
the experimental CNV model in a time-depen-

dent manner (Figures 1A and 2A). And then, to 
further confirm the possible role of the apelin, it 
was necessary to investigate the influence by 
silencing apelin in the CNV model. After silenc-
ing the apelin gene by intravitreal injection of 
lentivirus, the expression of apelin was signifi-
cantly downregulated (Figures 1C, 1D, 2C and 
2D), and the development of CNV was sup-
pressed, as observed by the CNV thickness 
from histopathological studies (Figure 4), 
scores of CNV from FFA (Figure 5), and area of 
CNV from the choroid flat mounts (Figure 6). 
Based on these findings, we concluded that the 
apelin might play an important role in the devel-
opment of laser-induced CNV.

In conclusion, our results demonstrate that the 
apelin is involved in the development of laser-
induced CNV and that silencing apelin can sup-
press the development of CNV significantly. 
Based on our findings, we postulate that apelin 
plays an important role in CNV formation, and it 
may act as a novel therapeutic option to inhibit 
CNV.
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Figure S1. The method that yielded the merged Figure 3A-E.

Figure S2. The method that yielded the merged Figure 3F-O.


