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Optimization of an in vitro bilayer 
model for studying the functional interplay 
between human primary retinal pigment 
epithelial and choroidal endothelial cells 
isolated from donor eyes
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Abstract 

Objective:  The microenvironment of outer retina is largely regulated by retinal pigment epithelium (RPE) and 
choroid. Damage to either of these layers lead to the development of age related macular degeneration (AMD). A sim-
plified cell culture model that mimics the RPE/Bruch’s membrane (BM) and choroidal layers of the eye is a prerequisite 
for elucidating the molecular mechanism of disease progression.

Results:  We have isolated primary retinal pigment epithelial cells (hRPE) and human primary choroidal endothelial 
cells (hCEC) from donor eyes to construct a bilayer of hCEC/hRPE on transwell inserts. Secretion of VEGF in the insert 
grown bilayer was significantly higher (22 pg/ml) than hCEC monolayer (3 pg/ml). To mimic the disease condition the 
model was treated with 100 ng/ml of VEGF, which increased the permeability of bilayer for 20 kDa FITC dextran while 
addition of bevacizumab, a humanized anti-VEGF drug, reversed the effect. To conclude the transwell insert based 
human primary hCEC/hRPE bilayer model would be an ideal system for studying the disease mechanisms and the 
crosstalk between RPE and choroid. This model will also be useful in screening small molecules and performing drug 
permeability kinetics.
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Introduction
Retinal pigment epithelial (RPE) cells form the outer 
blood retinal barrier (oBRB) and control the transport of 
material from choroid. Posterior to RPE lies the Bruch’s 
membrane (BM) that forms the biochemical barrier 
controlling pathological events like choroidal neovascu-
larization (CNV) [1]. RPE and choroid are mutualistic in 
function and any damage in one of the layers may result 
in the dysfunction of both [2]. The breakdown of RPE/
BM/choroid leads to vascular leakage and accumulation 

of fluid in the extracellular space causing macular edema 
and eventually affects the visual acuity in age related 
macular degeneration (AMD). Lack of proper methodol-
ogy to study RPE barrier in vivo is impeding the research 
on RPE/BM/choroid [3]. Besides, already existing in vitro 
models of RPE/BM/choroid using ARPE19 cell line 
and HUVEC [4–6] or using hRPE and primate choroid 
endothelial cell line (RF-6A) [7] might not entirely rep-
licate the barrier function of in vivo retinal epithelial and 
choroid microvascular endothelial cells. Recently, Cao 
et  al., was successful in culturing hRPE on human BM 
as ex  vivo cultures for measuring changes in RPE atro-
phy [8]. Apart from in  vitro and ex  vivo cultures, few 
co-culture studies investigating synergistic role of retinal 
epithelial and endothelial cells have also been reported 
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[9–12]. However, all co-cultures established so far have 
utilized immortalized ARPE19 cells and RF-6A or der-
mal microvascular endothelial cells. Thus, in this study 
a novel bilayer model using hCEC/hRPE has been devel-
oped as an appropriate in  vitro tool to gain fundamen-
tal understanding of the functional relationship between 
RPE/BM/choroid as shown in Fig. 1.

Main text
Methods
Isolation of hRPE and hCEC
Three eye globes used for the study include 32- and 
35-years old males and 42-years old female donors. The 
eyes were collected within 6 h from death and process-
ing was done within 2 h of procurement. The eyecups 
were incubated in PBS with antibiotic solution contain-
ing penicillin/streptomycin (Invitrogen). For isolation 
explant culture technique from Zhu et al. [3] with slight 
modifications was adapted. Briefly, anterior segments, 
the vitreous and retina were carefully removed in a 
sequential manner without disturbing the RPE layer. 
Eye globe was washed with PBS containing antibiotic 
solution (1:100) and floral sectioning was done with 
each section placed upside down on fibronectin (10 µg/

ml dissolved in 1XPBS, sigma) coated 6 well plate. Then 
the sclera was removed leaving the RPE layer intact. 
100 μl of endothelial growth medium (EGM-2) supple-
mented with growth factors was initially added on the 
explants and left undisturbed for about 4–5  h. Later, 
1 ml of EGM2 medium was added and after overnight 
attachment, the explants were removed. The cultures 
were shifted to 0.1% gelatin coated flasks and grown in 
DMEM (HiMedia) with 10% FBS and antibiotic solu-
tion (1:100) after P0. hCEC isolation was done as we 
reported earlier [13]. Expression of epithelial cell spe-
cific cytokeratin-18 and endothelial specific vWF were 
analyzed by RT-PCR and immunocytochemistry.

ELISA and tube formation assay
The cleared medium from upper and lower chamber 
of the insert was used to detect the levels of pigment 
epithelial derived growth factor (PEDF) (Millipore, 
USA) and VEGF (R&D systems, USA) using respective 
ELISA kits as instructed by the manufacturer. The tube 
formation assay was done with hCEC cells seeded on 
the matrigel (Chemicon, USA) and pictures were taken 
with EVOS XLCore phase contrast microscope.

Fig. 1  Schematic diagram of construction of bilayer model to mimic RPE/BM/choroid. The primary retinal pigment epithelial and choroidal 
endothelial cells were isolated from donor eyes. The primary cells were grown on either side of the transwell insert. To create the pathological 
milieu, these bilayer cells were treated with VEGF and their barrier permeability was checked using FITC-dextran conjugate
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Cultures on transwell insert
Transwell inserts (0.4  µm polycarbonate 24 well, Corn-
ing Life sciences) were coated with fibronectin on both 
the sides. The epithelial cells were seeded with few drops 
of DMEMF-12/10% FBS for 4–6  h. Then the insert was 
washed to remove unattached cells and flipped back to 
seed hCEC on the upper side of the culture inserts with 
EGM-MV (without VEGF) (Promocell) for hCEC. The 
lower chamber was filled with 500 μl of DMEM/F-12/10% 
FBS and the upper chamber was filled with 200  μl of 
EGM-MV (without VEGF). The cells were allowed to 
grow for 11 days and media was replaced every 2 days.

Permeability flux with VEGF
Serum starvation medium with 1% FBS was given for 
3 h to the bilayer culture and treated with 100 ng/ml of 
VEGF for 3  h. A final concentration of 1.25  mg/ml of 
20 kDa FITC (Sigma) was added to the upper chamber of 
the insert. To counter check the VEGF effect, 0.125 mg/
ml anti-VEGF agent (bevacizumab) was added at the end 
of 2 h [14]. During treatment, the plates were incubated 
at RT for 20  min and a basal fluorescence reading was 
taken using Spectromax M2e (Molecular Devices, USA) 
with excitation at 485 nm and emission at 535 nm. Then 
the inserts were placed in incubator and every 1  h the 
reading was taken for 3–4 h. The apparent permeability 
coefficient (Papp) was calculated using the following for-
mula [15],

where dQ/dt is the amount of FITC transported per min-
ute (ng/min), A is the surface area of the filter (cm2), C is 
the initial concentration (ng/ml) and 60 is the conversion 
from minutes to seconds.

Statistical analysis
All the experiments were done in triplicates and the data 
were presented as mean ± SD. Wilcoxon signed rank test 
was done and the p-values of < 0.05 were regarded as 
significant.

Results
Standardization of human primary cell cultures
Isolated hCEC culture initiated cobble stone appearance 
from 7 days after seeding (Fig. 2a top panel). The success 
of the culture greatly depended on age of the donor and 
time from harvest of the eyecups. The cells up to six pas-
sages were used for the study. We attempted to isolate 
hRPE by RPE Explant method [3] (Fig. 2a bottom panel) 
with different composition of medium and coating mate-
rial. The yield was comparatively higher in the explant 
method with EGM-2 medium. Also, growth of the 

papp =

dQ

dt

1

A.C0.60
(cm/s)

culture was faster, as early as 7–8 days in EGM-2 while 
DMEM-F12 showed growth after 11–14  days. The epi-
thelial cells from RPE explants formed pigmented polyg-
onal cells in aggregates in the pattern of honeycombs. 
After the P0 stage, the hRPE cells were completely grown 
in DMEM-F12 with 10% FBS. While, fibronectin coating 
of the culture dish enhanced the attachment of the cells 
at P0, both fibronectin and gelatin coated dishes showed 
similar levels of cell attachment for subsequent passages.

Marker identification and functional studies for the primary 
cells
The phenotype of the isolated primary cells was con-
firmed at different passages using RT-PCR and immuno-
fluorescence staining of cell specific markers such as vWF 
as an endothelial specific marker for hCEC and cytokera-
tin 18 as an epithelial specific marker for hRPE (Fig. 2b–
d). To assess whether the isolated hCEC were functional 
and homogenous, tube formation assay was done at dif-
ferent passages and the representative picture of hCEC 
forming tubes on matrigel is shown in Fig. 2e. Polarized 
growth of retinal epithelial cells is essential for proper 
barrier function, which alters the directionality of PEDF 
and VEGF secretion. PEDF secretion has shown to be 
increased in the apical side of polarized human fetal reti-
nal pigment epithelial (hfRPE) cultures [16, 17]. Accord-
ingly, the elevated level of PEDF in the lower chamber of 
the insert grown hRPE showed that the cells were polar-
ized (Fig. 2f ). Also the VEGF secretion in the hRPE basal 
side was high (Fig. 2g) and it is known to be necessary for 
the survival of the choriocapillaris [18, 19]. Thus, the iso-
lated hCEC and hRPE cells expressed cell specific mark-
ers and displayed functional properties as previously 
attributed to them.

Validation of the bilayer models
The insert grown bilayer of hCEC/hRPE displayed typical 
cobblestone and honeycomb patterns of endothelial and 
epithelial cells respectively (Fig. 3a). In concurrence with 
previous study [20], the secretion of VEGF in the bilayer 
of hCEC/hRPE was significantly higher (22  pg/ml) than 
the hCEC monolayer (3 pg/ml) alone (Fig. 3b). Thus, we 
functionally characterized the bilayer model as a mimic 
for outer BRB.

Effect of VEGF on hCEC/hRPE
Pathologically high levels of VEGF is one of the major 
factors in disruption of outer BRB integrity [21–23] and 
thus, we wanted to investigate the effect of recombi-
nant VEGF on hCEC/hRPE in comparison to individual 
monolayers. The monolayers of hRPE and hCEC showed 
increase in the paracellular flux with recombinant VEGF 
(Fig.  3c). Interestingly, hCEC/hRPE bilayer displayed a 
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significant increase in the permeability (Fig.  3d). At the 
end of 2 h, anti-VEGF agent bevacizumab was added to 
the upper chamber to counteract the VEGF induced per-
meability. Thus, VEGF affected the bilayer permeability 
significantly.

Discussion
In this study, we isolated primary hRPE and hCEC to 
establish a physiologically relevant RPE/choroid model 
using transwell insert (Fig.  1). The rationale was to 
choose a system that is simple, robust, as well as dem-
onstrate a close resemblance to the physiological barrier 
of outer BRB. Most of the previous studies have been 
done in models accounting to the ease of cell preparation 

and availability of the source material. As Kuznetsova 
et  al. [24], stated, the significance of primary cell cul-
tures should be considered given the special clinical 
importance of such cells despite the difficulties in proto-
col optimization. In the similar line, majority of the cell 
systems used for diabetic retinopathy studies have been 
either of ‘nonhuman retinal origin or nonretinal human 
origin’ [25]. Therefore, isolation of human primary cells 
and creating relevant disease model system is necessary 
for proper understanding of the disease pathology.

The role of VEGF on the permeability of the outer 
barrier has been a controversy. VEGF treatment was 
shown to significantly increase the resistance in RPE 
cells [26] while another study showed that VEGF 

Fig. 2  Images of human primary ocular cells. a Top left panel shows human microvascular choroidal endothelial cells (hCEC) freshly isolated 
(P0) and the first passage (P1) on the right side. Bottom left and right panels show the human retinal pigment epithelial (hRPE) cells at P0 and 
P1 respectively. b Semi-quantitative RT-PCR was done to show the presence of von willebrand factor transcripts in hCEC and HUVEC. c RT-PCR for 
Cytokeratin-18 in the primary hRPE and ARPE19 cells was done. GAPDH was used as an internal control (n = 3). d Immunofluorescence staining 
of von willebrand factor in hCEC and Cytokeratin-18 in hRPE (n = 3). e Tube formation assay was done on matrigel using hCEC. f PEDF levels in the 
medium from upper and lower chamber of insert grown hRPE was measured by ELISA, p = 0.006 (n = 3). g VEGF ELISA was performed in the 
medium taken from upper and lower chamber of hRPE p = 0.02 (n = 3)
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decreased the resistance in ARPE19 and primary por-
cine RPE [27]. Intriguingly, Peng et  al. [28], reported 
that VEGF did not affect the permeability in hfRPE. 
Further, Hartnett et  al. [29] showed that higher lev-
els of VEGF in bovine RPE and bovine REC coculture 

could disrupt the barrier function. Using our model, 
we validated the findings of Harnett et al. that 100 ng/
ml VEGF significantly increased the paracellular flux in 
hCEC/hRPE.

Fig. 3  Validation of the bilayer model. a Phase contrast image of cells in the bilayer culture and the inlet picture shows morphology of the primary 
hRPE and hCEC grown on inserts. b VEGF ELISA was performed from the medium taken from upper chamber of hRPE, hCEC and hCEC/hRPE 
(p = 0.02) (n = 3). c Permeability coefficient of 20 kDa FITC dextran in hRPE and hCEC monolayer treated with 100 ng/ml VEGF (n = 3). d The bilayer 
of hCEC/hRPE was treated with 100 ng/ml VEGF and the permeability was calculated. At the end of 2 h anti-VEGF agent bevacizumab (0.125 mg/ml) 
was added and the permeability was measured for further 2 h, (n = 3)
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Conclusions
Primary cells based bilayer model will be helpful in 
studying the crosstalk between RPE and choroid. It will 
also be useful in investigating the function of oBRB 
and any changes in the organization of tight junctions 
under pathological conditions. Further, we could study 
the effect of candidate molecules under controlled 
milieu. Inflammatory cell (macrophage) trafficking 
between choroid and retina could also be modeled in 
this system. Moreover, it would be useful for analyzing 
different drug delivery methods, to identify small mol-
ecules that can protect the barrier, and for in vitro tox-
icity analysis.

Limitations
The hCEC/hRPE bilayer developed in this pilot study 
needs further characterization functionally, especially 
pertaining to barrier integrity measures such as tran-
sepithelial  electrical  resistance, expression of junction 
proteins etc. Further, the primary hRPE and hCEC cells 
would exhibit donor-to-donor variation. To overcome 
the problem of limited availability and donor varia-
tions of the primary cell cultures, human embryonic or 
induced pluripotent stem cell derived RPE cells could be 
used. Also, while we cultured cells upto 11 days, extended 
growth period is recommended for high polarity, which 
needs to be further optimized.

Abbreviations
hCEC: human choroidal endothelial cells; hRPE: human retinal pigment epithe-
lial cells; oBRB: outer blood retinal barrier; BM: Bruch’s membrane; vWF: von 
Willebrand factor; VEGF: vascular endothelial growth factor; FITC: fluorescein 
isothiocyanate.

Acknowledgements
We would like to thank Dr. K.N. Sulochana and Dr. Vidhya Srinivasan for their 
support in the initial stages of the work. Further we would like to extend our 
thanks to Dr. S.R. Bharathi and Mr. Eashwar for their support during cell isola-
tion and permeability studies. We would also like to acknowledge the financial 
assistance provided by Department of Biotechnology under the project 
‘‘DBT-RGYI BT/PR15023/GBD/27/282/2010’’ and Max Planck-India mobility 
grant ‘IGSTC/MPG/FS(SC)2012’. CS thanks the support from University Grants 
Commission, New Delhi for the award of Assistant Professorship under its 
Faculty Recharge Program (UGC-FRP).

Authors’ contributions
PK—Planning and execution of experiments and manuscript writing. 
CK—Sharing knowledge and supported isolation protocols. RR—Provided 
clinical interpretation of the results. CS—Conceived the idea, designed the 
experiments, obtained financial support, interpreted the data and written the 
manuscript. All authors read and approved the final manuscript.

Funding
The study was funded by DBT-RGYI BT/PR15023/GBD/27/282/2010. The fund-
ing agency has no role in the study design; collection, analysis and interpreta-
tion of data and writing of the manuscript.

Availability of data and materials
Not applicable.

Ethics approval and consent to participate
Ethics study code: 223-2010-P, Ethics Sub-Committee (Institutional Review 
board) of Vision Research Foundation, Chennai, India approved all experi-
ments involving the usage of human donor eye tissues, according to tenets of 
the Declaration of Helsinki.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 R.S. Mehta Jain Department of Biochemistry and Cell Biology, KBIRVO, Vision 
Research Foundation, Chennai, India. 2 School of Chemical and Biotechnology, 
SASTRA University, Thanjavur, India. 3 Department of Vitreo‑Retinal Services, 
Medical Research Foundation, Chennai, India. 4 Department of Biochemistry 
and Molecular Biology, Pondicherry University, Kalapet, Puducherry, India. 

Received: 5 February 2019   Accepted: 22 May 2019

References
	1.	 Bhutto I, Lutty G. Understanding age-related macular degeneration 

(AMD): relationships between the photoreceptor/retinal pigment 
epithelium/Bruch’s membrane/choriocapillaris complex. Mol Asp Med. 
2012;33–4:295–317. https​://doi.org/10.1016/j.mam.2012.04.005.

	2.	 Mcleod DS, Grebe R, Bhutto I, Merges C, Baba T, Lutty GA. Relationship 
between RPE and choriocapillaris in age-related macular degeneration. 
Invest Ophthalmol Vis Sci. 2009;50:4982–9. https​://doi.org/10.1167/
iovs.09-3639.

	3.	 Zhu M, Provis JM, Penfold PL. Isolation, culture and characteristics of 
human foetal and adult retinal pigment epithelium. Aust N Z J Ophthal-
mol. 1998;26(Suppl 1):S50–2 (Epub 1998/07/31).

	4.	 Hamilton RD, Foss AJ, Leach L. Establishment of a human in vitro model 
of the outer blood–retinal barrier. J Anat. 2007;211(6):707–16. https​://doi.
org/10.1111/j.1469-7580.2007.00812​.x.

	5.	 Spencer C, Abend S, McHugh KJ, Saint-Geniez M. Identification of a 
synergistic interaction between endothelial cells and retinal pigment 
epithelium. J Cell Mol Med. 2017;21:2542–52. https​://doi.org/10.1111/
jcmm.13175​.

	6.	 Mannermaa E, Reinisalo M, Ranta V-P, Vellonen KS, Kokki H, Saarikko 
A, et al. Filter-cultured ARPE-19 cells as outer blood–retinal barrier 
model. Eur J Pharm Sci. 2010;40:289–96. https​://doi.org/10.1016/j.
ejps.2010.04.001.

	7.	 Shokoohmand A, Jeon JE, Theodoropoulos C, Baldwin JG, Hutmacher 
DW, Feigl B. A novel 3D cultured model for studying early changes in 
age-related macular degeneration. Macromol Biosci. 2017;17:2–9. https​://
doi.org/10.1002/mabi.20170​0221.

	8.	 Cai H, Gong J, Priore LV, Tezel TH, Fields MA. Culturing of retinal pigment 
epithelial cells on an ex vivo model of aged human Bruch’ s membrane. J 
Vis Exp. 2018;134:1–8. https​://doi.org/10.3791/57084​.

	9.	 Dardik R, Livnat T, Nisgav Y, Weinberger D. Enhancement of angiogenic 
potential of endothelial cells by contact with retinal pigment epithelial 
cells in a model simulating pathological conditions. Invest Ophthalmol 
Vis Sci. 2010;51:6188–95. https​://doi.org/10.1167/iovs.09-5095.

	10.	 Kumar R, Sandra Harris-Hooker S, Kumar R, Sanford G. Co-culture 
of retinal and endothelial cells results in the modulation of genes 
critical to retinal neovascularization. Vasc Cell. 2011;3:27. https​://doi.
org/10.1186/2045-824X-3-27.

	11.	 Zhu M, Liu X, Wang S, Miao J, Wu L, Yang X, et al. PKR promotes choroidal 
neovascularization via upregulating the PI3K/Akt signaling pathway in 
VEGF expression. Mol Vis. 2016;22:1361–74.

	12.	 Skottman H, Muranen J, Lähdekorpi H, Pajula E, Mäkelä K, Koivusalo L, 
et al. Contacting co-culture of human retinal microvascular endothelial 
cells alters barrier function of human embryonic stem cell derived retinal 
pigment epithelial cells. Exp Cell Res. 2017;359:101–11. https​://doi.
org/10.1016/j.yexcr​.2017.08.004.

https://doi.org/10.1016/j.mam.2012.04.005
https://doi.org/10.1167/iovs.09-3639
https://doi.org/10.1167/iovs.09-3639
https://doi.org/10.1111/j.1469-7580.2007.00812.x
https://doi.org/10.1111/j.1469-7580.2007.00812.x
https://doi.org/10.1111/jcmm.13175
https://doi.org/10.1111/jcmm.13175
https://doi.org/10.1016/j.ejps.2010.04.001
https://doi.org/10.1016/j.ejps.2010.04.001
https://doi.org/10.1002/mabi.201700221
https://doi.org/10.1002/mabi.201700221
https://doi.org/10.3791/57084
https://doi.org/10.1167/iovs.09-5095
https://doi.org/10.1186/2045-824X-3-27
https://doi.org/10.1186/2045-824X-3-27
https://doi.org/10.1016/j.yexcr.2017.08.004
https://doi.org/10.1016/j.yexcr.2017.08.004


Page 7 of 7Palanisamy et al. BMC Res Notes          (2019) 12:307 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your research ?  Choose BMC and benefit from: 

	13.	 Palanisamy K, Nareshkumar RN, Sivagurunathan S, Raman R, Sulochana 
KN, Chidambaram S. Anti-angiogenic effect of adiponectin in human 
primary microvascular and macrovascular endothelial cells. Microvasc 
Res. 2018;122:136–45. https​://doi.org/10.1016/j.mvr.2018.08.002.

	14.	 Luthra S, Sharma A, Dong J, Neekhra A, Gramajo AL, Seigel GM, et al. 
Effect of bevacizumab (Avastin (TM)) on mitochondrial function of 
in vitro retinal pigment epithelial, neurosensory retinal and microvascu-
lar endothelial cells. Indian J Ophthalmol. 2013;61:705–10. https​://doi.
org/10.4103/0301-4738.12475​0.

	15.	 Ma X, Zhang H, Pan Q, Zhao Y, Chen J, Zhao B, et al. Hypoxia/aglycemia-
induced endothelial barrier dysfunction and tight junction protein down-
regulation can be ameliorated by citicoline. PLoS ONE. 2013;8:4–9. https​
://doi.org/10.1371/journ​al.pone.00826​04.

	16.	 Kannan R, Sreekumar PG, Hinton DR. VEGF and PEDF secretion in ARPE-19 
and fhRPE cells. Invest Ophthalmol Vis Sci. 2011;52:9047. https​://doi.
org/10.1167/iovs.11-8737.

	17.	 Sonoda S, Sreekumar PG, Kase S, Spee C, Ryan SJ, Kannan R, et al. Attain-
ment of polarity promotes growth factor secretion by retinal pigment 
epithelial cells: relevance to age-related macular degeneration. Aging. 
2010;2:28–42. https​://doi.org/10.18632​/aging​.10011​1.

	18.	 Ford KM, Saint-Geniez M, Walshe T, Zahr A, D’amore PA. Expression and 
role of VEGF in the adult retinal pigment epithelium. Invest Ophthalmol 
Vis Sci. 2011;52(13):9478–87. https​://doi.org/10.1167/iovs.11-8353.

	19.	 Blaauwgeers HGT, Holtkamp GM, Rutten H, Witmer AN, Koolwijk P, 
Partanen TA, et al. Polarized vascular endothelial growth factor secre-
tion by human retinal pigment epithelium and localization of vascular 
endothelial growth factor receptors on the inner choriocapillaris. Am J 
Pathol. 1990;155(2):421–8. https​://doi.org/10.1016/s0002​-9440(10)65138​
-3.

	20.	 Geisen P, McColm JR, Elizabeth Hartnett M. Choroidal endothelial cells 
transmigrate across the retinal pigment epithelium but do not proliferate 
in response to soluble vascular endothelial growth factor. Exp Eye Res. 
2006;82:608–19. https​://doi.org/10.1016/j.exer.2005.08.021.

	21.	 Hamilton R, Leach L. The blood–brain and other neural barriers, vol. 686. 
Berlin: Springer; 2011. p. 401–16. https​://doi.org/10.1007/978-1-60761​
-938-3.

	22.	 Ghassemifar R, Lai CM, Rakoczy PE. VEGF differentially regulates transcrip-
tion and translation of ZO-1alpha+ and ZO-1alpha− and mediates 

trans-epithelial resistance in cultured endothelial and epithelial cells. Cell 
Tissue Res. 2006;323:117–25. https​://doi.org/10.1007/s0044​1-005-0046-7.

	23.	 Klaassen I, Van Noorden CJ, Schlingemann RO. Progress in retinal and eye 
research molecular basis of the inner blood–retinal barrier and its break-
down in diabetic macular edema and other pathological conditions. 
Prog Retinal Eye Res. 2013;34:19–48. https​://doi.org/10.1016/j.prete​yeres​
.2013.02.001.

	24.	 Kuznetsova AV, Kurinov AM, Aleksandrova MA. Cell models to study regu-
lation of cell transformation in pathologies of retinal pigment epithelium. 
J Ophthalmol. 2014. https​://doi.org/10.1155/2014/80178​7.

	25.	 Rymaszewski Z, Szymanski PT, Abplanalp WA, Myatt L, Di Salvo J, Cohen 
RM. Human retinal vascular cells differ from umbilical cells in syn-
thetic functions and their response to glucose. Proc Soc Exp Biol Med. 
1992;199(2):183–91.

	26.	 Ghassemifar R, Lai CM, Rakoczy E. Regulation of tight junction proteins 
in cultured retinal pigment epithelial cells and in VEGF overexpressing 
transgenic mouse retinas. Adv Exp Med Biol. 2006;572:179–85. https​://
doi.org/10.1007/0-387-32442​-9_27.

	27.	 Ablonczy Z, Crosson CE. VEGF modulation of retinal pigment epithelium 
resistance. Exp Eye Res. 2007;85(6):762–71. https​://doi.org/10.1016/j.
exer.2007.08.010.

	28.	 Peng S, Adelman RA, Rizzolo LJ. Minimal effects of VEGF and anti-VEGF 
drugs on the permeability or selectivity of RPE tight junctions. Invest 
Ophthalmol Vis Sci. 2010;51(6):3216–25. https​://doi.org/10.1167/
iovs.09-4162.

	29.	 Hartnett ME, Lappas A, Darland D, McColm JR, Lovejoy S, D’Amore PA. 
Retinal pigment epithelium and endothelial cell interaction causes retinal 
pigment epithelial barrier dysfunction via a soluble VEGF-dependent 
mechanism. Exp Eye Res. 2003;77:593–9. https​://doi.org/10.1016/S0014​
-4835(03)00189​-1.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/j.mvr.2018.08.002
https://doi.org/10.4103/0301-4738.124750
https://doi.org/10.4103/0301-4738.124750
https://doi.org/10.1371/journal.pone.0082604
https://doi.org/10.1371/journal.pone.0082604
https://doi.org/10.1167/iovs.11-8737
https://doi.org/10.1167/iovs.11-8737
https://doi.org/10.18632/aging.100111
https://doi.org/10.1167/iovs.11-8353
https://doi.org/10.1016/s0002-9440(10)65138-3
https://doi.org/10.1016/s0002-9440(10)65138-3
https://doi.org/10.1016/j.exer.2005.08.021
https://doi.org/10.1007/978-1-60761-938-3
https://doi.org/10.1007/978-1-60761-938-3
https://doi.org/10.1007/s00441-005-0046-7
https://doi.org/10.1016/j.preteyeres.2013.02.001
https://doi.org/10.1016/j.preteyeres.2013.02.001
https://doi.org/10.1155/2014/801787
https://doi.org/10.1007/0-387-32442-9_27
https://doi.org/10.1007/0-387-32442-9_27
https://doi.org/10.1016/j.exer.2007.08.010
https://doi.org/10.1016/j.exer.2007.08.010
https://doi.org/10.1167/iovs.09-4162
https://doi.org/10.1167/iovs.09-4162
https://doi.org/10.1016/S0014-4835(03)00189-1
https://doi.org/10.1016/S0014-4835(03)00189-1

	Optimization of an in vitro bilayer model for studying the functional interplay between human primary retinal pigment epithelial and choroidal endothelial cells isolated from donor eyes
	Abstract 
	Objective: 
	Results: 

	Introduction
	Main text
	Methods
	Isolation of hRPE and hCEC
	ELISA and tube formation assay
	Cultures on transwell insert
	Permeability flux with VEGF
	Statistical analysis

	Results
	Standardization of human primary cell cultures
	Marker identification and functional studies for the primary cells
	Validation of the bilayer models
	Effect of VEGF on hCEChRPE

	Discussion
	Conclusions

	Limitations
	Acknowledgements
	References




