
Endothelial Cell Transcytosis Assay as an In Vitro Model to 
Evaluate Inner Blood-Retinal Barrier Permeability

Kiran Bora*,1, Zhongxiao Wang*,1, Felix Yemanyi1, Meenakshi Maurya1, Alexandra K. 
Blomfield1, Yohei Tomita1, Jing Chen1

1Department of Ophthalmology, Boston Children’s Hospital, Harvard Medical School

Abstract

Dysfunction of the blood-retinal barrier (BRB) contributes to the pathophysiology of several 

vascular eye diseases, often resulting in retinal edema and subsequent vision loss. The inner 

blood-retinal barrier (iBRB) is mainly composed of retinal vascular endothelium with low 

permeability under physiological conditions. This feature of low permeability is tightly regulated 

and maintained by low rates of paracellular transport between adjacent retinal microvascular 

endothelial cells, as well as transcellular transport (transcytosis) through them. The assessment 

of retinal transcellular barrier permeability may provide fundamental insights into iBRB integrity 

in health and disease. In this study, we describe an endothelial cell (EC) transcytosis assay, 

as an in vitro model for evaluating iBRB permeability, using human retinal microvascular 

endothelial cells (HRMECs). This assay assesses the ability of HRMECs to transport transferrin 

and horseradish peroxidase (HRP) in receptor- and caveolae-mediated transcellular transport 

processes, respectively. Fully confluent HRMECs cultured on porous membrane were incubated 

with fluorescent-tagged transferrin (clathrin-dependent transcytosis) or HRP (caveolae-mediated 

transcytosis) to measure the levels of transferrin or HRP transferred to the bottom chamber, 

indicative of transcytosis levels across the EC monolayer. Wnt signaling, a known pathway 

regulating iBRB, was modulated to demonstrate the caveolae-mediated HRP-based transcytosis 

assay method. The EC transcytosis assay described here may provide a useful tool for 

investigating the molecular regulators of EC permeability and iBRB integrity in vascular 

pathologies and for screening drug delivery systems.

Introduction

The human retina is one of the highest energy-demanding tissues in the body. Proper 

functioning of the neural retina requires an efficient supply of oxygen and nutrients 

along with a restricted flux of other potentially harmful molecules to protect the retinal 

environment, which is mediated via the blood-retinal barrier (BRB)1. Similar to the blood-

brain barrier (BBB) in the central nervous system, the BRB acts as a selective barrier in 
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the eye, regulating the movement of ions, water, amino acids, and sugar in and out of 

the retina. BRB also maintains retinal homeostasis and its immune privilege by preventing 

exposure to circulatory factors such as immune cells, antibodies, and harmful pathogens2. 

BRB dysfunction contributes to the pathophysiology of several vascular eye diseases, such 

as diabetic retinopathy, age-related macular degeneration (AMD), retinopathy of prematurity 

(ROP), retinal vein occlusion, and uveitis, resulting in vasogenic edema and subsequent 

vision loss3,4,5.

The BRB consists of two separate barriers for two distinct ocular vascular networks, 

respectively: the retinal vasculature and the fenestrated choriocapillaris beneath the retina. 

The inner BRB (iBRB) is primarily composed of retinal microvascular endothelial cells 

(RMECs) lining the retinal microvasculature, which nourishes the inner retinal neuronal 

layers. On the other hand, the retinal pigment epithelium forms the major component 

of the outer BRB, which lies between the neurosensory retina and choriocapillaris2. For 

the iBRB, molecular transport across RMECs takes place through both paracellular and 

transcellular routes (Figure 1). The high degree of substance selectivity across the iBRB 

relies upon (i) the presence of junctional protein complexes that restrict paracellular 

transport between adjacent endothelial cells (ECs), and (ii) low expression levels of caveolae 

mediators, transporters, and receptors within the endothelial cells that maintain low rates of 

transcellular transport1,6,7,8. Junctional complexes regulating paracellular flux are composed 

of tight junctions (claudins, occludins), adherens junctions (VE cadherins), and gap 

junctions (connexins), allowing the passage of water and small water-soluble compounds. 

While small lipophilic molecules passively diffuse across the interior of RMECs, the 

movement of larger lipophilic and hydrophilic molecules is regulated by ATP-driven trans-

endothelial pathways including vesicular transport and membrane transporters5,9.

Vesicular transcytosis may be categorized as caveolin-mediated caveolar transcytosis, 

clathrin-dependent (and receptor-mediated) transcytosis, and clathrin-independent 

macropinocytosis (Figure 2). These vesicular transport processes involve different-sized 

vesicles, with macropinosomes being the largest (ranging from 200–500 nm) and caveolae 

being the smallest (averaging 50–100 nm), while clathrin-coated vesicles range from 70–150 

nm10. Caveolae are flask-shaped lipid-rich plasma membrane invaginations with a protein 

coat, primarily composed of caveolin-1 that binds lipid membrane cholesterol and other 

structural and signaling proteins via their caveolin-scaffolding domain11. Caveolins work 

together with peripherally attached cavin to promote caveolae stabilization at the plasma 

membrane12. Caveolar membranes also may carry receptors for other molecules such as 

insulin, albumin, and circulating lipoproteins including high-density lipoprotein (HDL) 

and low-density lipoprotein (LDL) to assist their movement across endothelial cells13. 

During development, the formation of functional BRB depends on the suppression of EC 

transcytosis8. Mature retinal endothelium, hence, has relatively low levels of caveolae, 

caveolin-1, and albumin receptors with respect to other endothelial cells under physiological 

conditions, contributing to its barrier properties4,9.

Because iBRB breakdown is a major hallmark of many pathological eye conditions, it is 

essential to develop methods to assess retinal vascular permeability in vivo and in vitro. 

These methods help provide probable insights into the mechanisms of compromised BRB 
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integrity and assess the efficacy of potential therapeutic targets. Current in vivo imaging 

or quantitative vascular leakage assays typically employ fluorescent (sodium fluorescein 

and dextran), colorimetric (Evans Blue dye and horseradish peroxidase [HRP] substrate), 

or radioactive tracers14 to detect extravasation from the vasculature into surrounding retinal 

tissues with microscope imaging or in isolated tissue lysate. An ideal tracer for quantifying 

vascular integrity should be inert and large enough to freely permeate compromised vessels 

while confined within healthy and intact capillaries. Methods employing sodium fluorescein 

or fluorescein isothiocyanate-conjugated dextran (FITC-dextran) in live fundus fluorescein 

angiography (FFA) or isolated retinal flat mounts are widely used for quantitating retinal 

extravasation in vivo or ex vivo. FITC-dextran has the advantage of being available in 

different molecular weights ranging from 4–70 kDa for size-selective studies15,16,17. FITC-

albumin (~68 kDa) is an alternative large-sized protein tracer of biological relevance for 

vascular leakage studies18. Evans Blue dye, injected intracardially19, retro-orbitally, or 

through the tail vein20, also relies on its binding with endogenous albumin to form a large 

molecule that can be quantified by mostly spectrophotometric detection or, less commonly, 

fluorescence microscopy in flat mounts20,21.

These quantitative or light imaging methodologies, however, often do not distinguish 

paracellular transport from trans-endothelial transport. For the specific analysis of 

transcytosis with ultrastructural visualization of transcytosed vesicles, tracer molecules such 

as HRP are typically used to locate transcytosed vesicles within endothelial cells that can be 

observed under an electron microscope22,23,24 (Figure 3A–C).

The development and use of in vitro iBRB models to evaluate the endothelial cell 

permeability could provide robust and high throughput assessment to complement in 
vivo experiments and aid the investigation of molecular regulators of vascular leakage. 

Commonly used assays to assess the paracellular transport and integrity of tight junctions 

include trans-endothelial electrical resistance (TEER), a measure of ionic conductance 

(Figure 4)2,25, and in vitro vascular leakage assay using small molecular weight fluorescent 

tracers26. In addition, transferrin-based transcytosis assays modeling BBB have been utilized 

to explore clathrin-dependent transcytosis27. Despite this, assays to evaluate BRB and, more 

specifically, retinal EC caveolar transcytosis in vitro are limited.

In this study, we describe an EC transcytosis assay using human retinal microvascular 

endothelial cells (HRMECs) as an in vitro model to determine iBRB permeability and 

EC transcytosis. This assay relies on the ability of HRMECs to transport transferrin or 

HRP via the receptor-mediated or caveolae-dependent transcytosis pathways, respectively 

(Figure 2). HRMECs cultured to full confluency in the apical chamber (i.e., filter insert) 

were incubated with fluorescent-conjugated transferrin (Cy3-Tf) or HRP to measure the 

fluorescence intensity corresponding to the levels of transferrin or HRP transferred to the 

bottom chamber through EC transcytosis solely. Confluency of the cell monolayer can be 

confirmed by measuring TEER, indicating the tight junction integrity25. To demonstrate 

the TEER and transcytosis assay technique, known molecular modulators of vascular 

permeability and EC transcytosis were used, including vascular endothelial growth factor 

(VEGF)28 and those in Wnt signaling (Wnt ligands: Wnt3a and Norrin)29.
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Protocol

All animal experiments were approved by the Institutional Animal Care and Use Committee 

(IACUC) at Boston Children’s Hospital for the generation of light microscopy and EM 

images (Figure 3). Protocols for the in vivo studies can be obtained from Wang et al.24. 

All experiments involving human retinal microvascular endothelial cells (HRMECs) were 

approved by the Institutional Biosafety Committee (IBC) at Boston Children’s Hospital.

1. Preparation of Reagents

1. Solution for coating tissue culture dish: Prepare 0.1% gelatin solution by 

dissolving 1 mL of gelatin stock solution (40%−50%) in 500 mL of sterile tissue 

culture grade 1x PBS (pH = 7.4). Filter the solution through a 0.22 μm filter. 

Store 0.1% gelatin solution at 2–8°C. It can be stored at the said temperature for 

an indefinite time in a sterile condition.

2. Growth medium: Prepare 500 mL of endothelial cell growth complete medium 

(EGM) by dissolving EGM supplements into the endothelial cell growth 

basal medium (EBM) according to the manufacturer’s instructions (Table of 

Materials). Aliquot growth medium into 50 mL tubes and store the tubes at 4 °C. 

The shelf life of the growth medium is 12 months at 4 °C.

3. Trypsin solution: For 0.25% trypsin-EDTA solution, aliquot from the stock vial 

into 50 mL tubes and store at 4 °C (up to 2 weeks) or −20 °C (up to 24 months).

2. Culturing HRMECs

1. Initial cell culture

1. Coat cell culture Petri dishes (100 mm diameter × 20 mm height) with 

5 mL of 0.1% gelatin solution under a laminar flow hood and keep 

them undisturbed in the hood for 30 min at room temperature (RT) for 

uniform coating.

NOTE: Gelatin coating of dishes enhances cell attachment. 

Alternatively, gelatin-coated T75 culture flasks can also be used.

2. Before seeding the cells, aspirate the gelatin solution using a vacuum 

pump. The vacuum pressure of the aspirator used was up to 724 mmHg.

NOTE: Aspiration must be done immediately before seeding cells to 

prevent drying out of the coating solution.

3. Thaw a frozen vial of HRMECs (from storage in liquid nitrogen) either 

by using a water bath at 37 °C or by adding a warm growth medium 

into the vial. Once thawed, transfer the cell suspension to 9 mL of 

growth medium (assuming thawed vial of HRMECs is 1 mL).

NOTE: The HRMECs were commercially obtained (Table of 

Materials). The growth medium added to the cells should always be 

prewarmed to 37 °C before use.
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4. Spin the cells at 200 × g for 5 min at RT and carefully aspirate the 

supernatant to avoid removing the cell pellet.

5. Resuspend the cell pellet in 10 mL of growth medium and transfer the 

resultant suspension onto a gelatin-coated Petri dish. Keep the cells in 

the incubator at 37 °C and 5% CO2. Typically, HRMECs are 70%−80% 

confluent after 72 h.

NOTE: The growth medium is changed every other day.

2. Subculture of HRMECs on permeable membrane inserts

1. Prepare cell culture filter inserts (6.5 mm inserts with 0.4 μm pore 

size polycarbonate membrane, placed in a 24-well plate) for seeding 

HRMECs by coating each insert (apical chamber) with 200 μL of 0.1% 

gelatin solution for 30 min under a laminar flow hood. Ensure the 

solution covers the entire bottom surface of the filter insert.

NOTE: Each well has an apical and basolateral chamber separated by a 

porous membrane.

2. Take out the Petri dish with cultured HRMECs (step 2.1.5.) from the 

incubator and aspirate the growth media. Gently rinse the cells 2x with 

10 mL of 1x PBS under a laminar flow hood to get rid of potential 

floating/dead cells.

3. Dissociate the cells with 0.5–1 mL of 0.25% trypsin-EDTA solution 

and place the Petri dish in the incubator (37 °C and 5% CO2) for 5 min.

4. Quench the trypsin activity by adding 4.5–9 mL of growth media and 

transfer the cell suspension into a 15 mL tube using a 10 mL pipette.

5. Spin the cells at 200 × g for 5 min at RT, carefully remove the 

supernatant, and resuspend the pellet in 3 mL of growth media.

6. Count the number of cells using a manual hemocytometer or an 

automated cell counter and seed at a density of 4 × 104 cells per filter 

insert (i.e., 1.25 × 105 cells/cm2). The volume of cell suspension for 

each insert is 250 μL.

7. Aspirate the coating solution from the wells containing permeable 

inserts and transfer 250 μL of the cell suspension per insert (apical 

chamber). Add only medium (i.e., without cells) to one of the inserts, 

which will be used as a “blank control” for TEER measurement. 

Simultaneously, also add 750 μL of medium per well, in the basolateral 

chambers.

8. Keep the 24-well plate with permeable inserts in the incubator (37 

°C and 5% CO2) for 7–12 days until the cultured cells become fully 

confluent and the desired TEER value of ~20 Ω·cm2 is achieved.
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9. Change the growth medium every other day. During media change, 

carefully aspirate the media to minimize disruption of the cell 

monolayer and add 250 μL and 750 μL of fresh media per well to 

the apical and basolateral chambers, respectively.

NOTE: Growth medium is changed for both the apical and basolateral 

chambers of the wells.

3. TEER measurements (Figure 4)

1. On day 14 post cell seeding (step 2.2.9.), measure the TEER for HRMECs using 

an epithelial volt-ohm meter (EVOM) electrical resistance (ER) system (Table of 

Materials) as follows.

2. Pre-charge the ER system and check the meter functionality using the STX04 

test electrode. Calibrate, if required.

3. Connect the electrode to the meter and equilibrate the electrode by first soaking 

it in 70% ethanol for 15–20 min and then immersing it briefly in the cell culture 

EGM growth medium.

4. In the meantime, keep the cell-containing 24-well plate in the laminar flow hood 

at RT for 15–20 min for temperature equilibration.

NOTE: TEER measurements are affected by temperature, so the equilibration 

step is essential.

5. For TEER measurement, add fresh growth medium to both the apical (250 μL) 

and basolateral (750 μL) chambers of the wells.

6. Perform TEER measurement by carefully immersing the electrode such that the 

shorter tip is in the insert and the longer tip touches the bottom of the well. 

Measure the resistance across the blank control first. For each insert, measure 

TEER in triplicates.

NOTE: For rinsing the electrode in between the measurements, culture media is 

used. Ensure the electrode is held at a 90° angle to the bottom of the insert for 

stable readings.

7. Calculate electrical resistance (in Ω·cm2) across the monolayer using the 

formula, TEER = net resistance (Ω) × surface area of filter insert (cm2); here, net 

resistance is the difference between the resistance of each well (growth medium 

with cells) and the blank well (only growth medium).

8. Carry out further treatment of the cells only after the TEER value reaches ~20 

Ω·cm2. If the desired TEER level is not reached, keep the plate in the incubator 

and measure the TEER the following day.

NOTE: HRMEC confluency can also be validated by morphological examination 

of cell shape (under a microscope) with typical cobblestone morphology and/or 

by the presence of cell junction proteins with immunohistochemistry staining 

separately.
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4. Transcytosis assay

1. Clathrin-mediated in vitro transcytosis assay using Cy3-tagged transferrin 

(Figure 5)

1. Upon reaching confluency with TEER values around 20 Ω·cm2, serum 

deprive the cells for 24 h at 37 °C and 5% CO2 using 0.5% FBS in 

EBM (serum-reduced medium) in both chambers (apical chamber: 250 

μL and basolateral chamber: 750 μL) prior to treatment with the ligand. 

Serum-reduced EBM was used throughout the assay.

2. Incubate the cells (using the serum-reduced medium in step 4.1.1.) 

in the apical chamber with fluorescent (cyanine 3)-tagged transferrin 

ligand (Cy3-Tf) (final concentration of 40 μg/mL) for 60 min at 37 °C.

NOTE: Plates containing Cy3-Tf should be protected from light to 

avoid photobleaching of Cy3-Tf by wrapping in them aluminum foil 

and performing the experiment in a cell culture hood with the lights 

turned off.

3. After 1 h, place the plate on ice and wash the monolayer apically and 

basolaterally 4x (3–5 min per wash) with the serum-reduced medium at 

RT to remove the free unbound Cy3-Tf.

NOTE: Washing is essential to remove free tracer molecules and allow 

accurate reading of transcytosis without potential leakage from the 

paracellular route.

4. Add fresh serum-reduced medium (as in step 4.1.1.) to the thoroughly 

washed filter inserts containing cells and transfer the inserts to fresh 

wells of the 24-well plate containing pre-warmed serum-reduced 

medium.

5. Incubate the cells for another 90 min in the incubator (37 °C and 5% 

CO2), and then collect the medium from the basolateral chamber.

6. Record the fluorescence intensity of the solution from the basolateral 

chamber using a fluorescence detector. The levels of fluorescence 

intensity, measured as relative fluorescent units (RFU), indicate the 

amount of Cy3-Tf complex transcytosed across the HRMEC monolayer 

via clathrin-dependent transcytosis.

2. Caveolae-mediated in vitro transcytosis assay using HRP (Figure 6)

1. Upon reaching full confluency with TEER values around 20 Ω·cm2, 

serum deprive the cells for 24 h at 37 °C and 5% CO2 using 0.5% FBS-

containing EBM medium (serum-reduced medium) before treatment (as 

in step 4.1.1.). Serum-reduced EBM medium was used throughout the 

entire assay.

2. Treat the cells in the apical chamber with the desired treatments and 

vehicle controls.
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NOTE: Here, we have used Wnt modulators as an example to 

demonstrate the regulation of caveolae-mediated transcytosis by the 

Wnt signaling pathway in HRMECs: human recombinant Norrin and 

Wnt inhibitor XAV939. In a typical experiment, cells were treated 

for 24 h in an incubator (37 °C and 5% CO2) with the following 

concentrations: Norrin (125 ng/mL), Norrin (125 ng/mL) + XAV939 

(10 μM), and vehicle control solution. In addition, Wnt3a-conditioned 

medium (produced from L Wnt-3A cells) was also used.

3. Incubate the cells in the apical chamber with HRP (5 mg/mL) for 15 

min at 37 °C.

4. Afterward, place the 24-well plate on ice and wash the apical and 

basolateral chambers intensively 6x with P buffer (10 mM HEPES pH 

= 7.4, 1 mM sodium pyruvate, 10 mM glucose, 3 mM CaCl2, 145 mM 

NaCl) in order to remove the free extracellular HRP.

NOTE: Washing is essential to remove free tracer molecules and allow 

accurate reading of transcytosis without potential leakage from the 

paracellular route.

5. Add fresh serum-reduced medium (as in step 4.1.1.) to the apical 

chamber and transfer the inserts to a fresh well containing pre-warmed 

media.

6. Incubate the monolayer for an additional 90 min in the incubator at 

37 °C and 5% CO2 before collecting the medium from the basolateral 

chamber.

7. To the collected medium, add 100 μL of HRP fluorogenic peroxidase 

substrate (Table of Materials) as per the manufacturer’s instructions, 

and incubate at RT for 10 min before stopping the reaction with 100 μL 

of Stop solution.

8. Detect the levels of HRP substrate reaction product in the media 

using a fluorescence plate reader. Measure the fluorescence intensity 

at 420 nm emission wavelength (with 325 nm excitation) and as 

relative fluorescent units (RFU). The values indicate the level of 

HRP transcytosed across the HRMEC layer through caveolae-mediated 

transcytosis.

NOTE: The fluorescent product used here (Table of Materials) does not 

photobleach. Light protection against photobleaching is not needed.

Representative Results

EM images of retinal vascular endothelium show transcytotic vesicular transport and 
caveolar vesicles in endothelial cells in vivo.

EC transcytosis can be visualized in vivo within retinal cross-sections with dark brown 

precipitate reflecting HRP-containing blood vessels under a light microscope (Figure 3A) 
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and as electron-dense precipitate indicative of HRP-containing transcytotic vesicles (Figure 

3B,C) using a transmission electron microscope (TEM), thus demonstrating EC transcytosis 

across the iBRB. Large vesicles potentially reflect macropinocytosis (white arrowhead; 

Figure 3B), and small vesicles likely represent caveolar vesicles (white arrowheads; Figure 

3C). Moreover, the localization of caveolae in retinal blood vessels can be seen as co-

staining of caveolae marker CAV-1 antibody with isolectin (EC marker) in the blood 

vessel under a fluorescence microscope (Figure 3D). CAV-1 positive caveolar vesicles were 

identified under TEM by immunogold-labeled CAV-1 antibodies (black dots; Figure 3E) 

within the retinal vascular endothelial cells. Protocols for the in vivo studies can be obtained 

from Wang et al.24.

VEGF treatment increases vascular permeability in HRMECs as measured by trans-
endothelial electrical resistance (TEER)

Before performing EC transcytosis assays, HRMECs should be cultured to full confluency, 

showing characteristic cobblestone morphology, which can be observed under a light 

microscope. Full cell confluency can be validated by trans-endothelial electrical resistance 

(TEER) measurement (Figure 4A), with readings reaching ~20 Ω·cm2 for confluent 

HRMECs30, suggestive of low levels of paracellular transport across the monolayer through 

tight or gap junctions. Vascular endothelial growth factor (VEGF) was used as an example to 

demonstrate TEER measurement. Treatment of HRMECs with VEGF significantly reduced 

TEER levels, reflective of increased HRMEC permeability (Figure 4B). A reduction in 

TEER values was also observed in control cells, potentially due to the duration of culture 

and multiple measurements taken at different time intervals that might be detrimental to 

cells31.

Transport of Cy3-transferrin can be utilized to assess clathrin-mediated EC transcytosis in 
HRMECs

For clathrin-mediated EC transcytosis, confluent HRMECs cultured on porous membrane 

were incubated with fluorescent (Cy3)-tagged transferrin to detect its transportation across 

ECs (Figure 5A). This assay exploits the fact that transportation of transferrin is a receptor-

mediated transcytosis process. Cy3-transferrin endocytosis (red) was observed in HRMEC 

monolayer co-stained with nuclear stain, DAPI (blue) (Figure 5B), confirming its uptake 

into the cells. The fluorescence intensity of (Cy3)-tagged transferrin can be quantified 

from images to assess the endocytosis process and/or measured from the medium collected 

from the basolateral chamber of the wells to quantify the levels of clathrin-mediated 

transcytosis27.

Wnt signaling pathway regulates caveolae-mediated EC transcytosis across HRMECs in an 
HRP-based assay

Previously, it has been found that Wnt signaling regulates MFSD2A-dependent caveolae-

mediated transcytosis across retinal vascular ECs to maintain iBRB24. The effects of Wnt 

modulators were evaluated in an HRP-based in vitro transcytosis assay (Figure 6A). Fully 

confluent HRMECs were treated with Wnt pathway activators: Wnt3a-conditioned medium 

(Wnt3a-CM) or human recombinant Norrin, with or without Wnt/β-catenin signaling 

inhibitor XAV939, and the levels of transcytosed HRP across HRMECs were detected. 
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Treatment with Wnt3a-CM or Norrin revealed significantly decreased levels of transcytosed 

HRP, indicative of reduced caveolar transcytosis. In addition, combined treatment with the 

Wnt signaling inhibitor XAV939 demonstrated upregulated levels of transcytosed HRP in 

HRMECs, hence obliterating the effects of Wnt activators on HRMEC permeability (Figure 

6B,C)24.

Discussion

BRB plays an essential role in retinal health and disease. In vitro techniques assessing 

vascular permeability have proven to be crucial tools in studies concerning barrier (BRB/

BBB) development and function. The procedure described here could be utilized to study the 

molecular mechanisms underlying EC transcytosis or evaluate related molecular modulators 

affecting BRB permeability. In vitro EC transcytosis assays have multiple advantages over in 
vivo assays or techniques used for evaluating vascular permeability. They are fast to perform 

with high throughput and can be utilized to analyze the effects of many different variables 

or isolated molecules of specific signaling pathways with both genetic and pharmacological 

modulation. The pure EC culture system obliterates animal variation as is often observed 

in vivo and also limits the effects of possible modification or endocytosis of the target 

molecules by other cell types32. Handling of HRMEC cells is easy, requiring basic cell 

culture equipment available in most laboratories, and cell culture is often more cost-efficient 

compared with in vivo animal experiments. Although in vitro transcytosis assays do not fully 

replicate the in vivo physiological conditions33, they can be valuable tools to complement in 
vivo studies and advance our knowledge on BRB control.

Several important technical parameters require consideration, including the pore size of the 

filter insert, the type of substratum, and the cell seeding density. A larger pore size of 

the permeable filter inserts could result in undesirable migration and growth of cells on 

the underside of the insert, confounding the resulting measurement and its interpretation. 

While this propensity may vary with the different cell types, pore diameters ≤1 μm serve 

well for most cell types, including ECs34. The choice of a suitable substratum is a second 

crucial step because some cells demonstrate higher polarity and greater differentiation when 

grown on porous substratum and bathed in a culture medium on both sides35,36. Treated 

microporous polycarbonate filters are a better alternative for ECs because they are thinner 

and provide greater access of the reagents to the basolateral zone of the monolayer with 

minimal background fluorescence for immunoassays35. Finally, in order to achieve a fully 

confluent monolayer, the cell seeding density must be optimized based on the specific 

cell type. While too low seeding density could impact the differentiation state, too high 

seeding density, on the other hand, might favor rapidly attaching cells forming multiple cell 

layers instead of a monolayer, eventually altering the cellular morphology and resulting in 

inaccurate transcytosis measurement37.

The formation and integrity of the EC monolayer are crucial to this assay and can be 

validated by measuring TEER values to ensure the achievement of the desired TEER. 

A blank control, i.e., a filter insert without cells, should always be included to measure 

the basal levels of resistance across the permeable membrane to be subtracted from 

those from cell inserts. Various factors such as temperature, cell passage number, the 
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composition of culture medium, culture duration, and junctional length changes may all 

cause minor variations in TEER values25,38,39. TEER values are also greatly affected 

by certain treatments, such as VEGF. Discovered initially as a potent inducer of vessel 

permeability40, VEGF affects vascular permeability by regulating paracellular transport, 

i.e., through phosphorylation of tight junction proteins ZO-1, occludin, and the disruption 

of tight junction protein claudin-541,42 as well as transcellular transport43. Additional 

validation of monolayer formation can be done with morphological examination and the 

presence of characteristic junction proteins with staining. Throughout the culture, changing 

media in both the apical and basolateral chambers at regular intervals is recommended 

to keep the cells in the optimal culture condition with the ideal pH range and nutrient 

availability.

Researchers using this assay should pay attention to a critical inherent feature of brain and 

retinal ECs: the apicobasal polarity, which is a cellular hallmark of the BBB44 and, similarly, 

the BRB. The direction of transcytosis is determined by the relative distribution of protein 

target receptors of interest and the associated transcytosis machinery in the apical/luminal 

vs. basolateral/abluminal domains of the EC membrane. Brain and retinal ECs are capable of 

releasing many factors from both apical/luminal and basolateral/abluminal membranes44. 

Clathrin-dependent transcytosis of transferrin, interestingly, appears to occur mostly 

unidirectionally from the blood side to the brain or the retina, since transferrin receptors 

are predominantly located on the apical/luminal membrane45. Caveolar transcytosis, on 

the other hand, occurs bi-directionally and can originate from either the apical/luminal or 

basolateral/abluminal membrane and across to the other side depending on the localization 

of vesicle cargo and their receptors46. MFSD2A, a transmembrane lipid receptor (for 

omega-3 fatty acid docosahexaenoic acid) and suppressor of caveolar transcytosis, is 

also located on the apical/luminal domains of ECs23,47. The expression of MFSD2A is 

transcriptionally regulated by Wnt signaling to mediate its impact on BRB control, as 

illustrated as an example in this protocol24. The technique described here, therefore, involves 

the detection of a tracer molecule placed on the upper/apical chamber following uptake by 

the EC monolayer and release into the bottom/basolateral chamber, mimicking transcytosis 

in the apical/luminal/blood to basolateral/abluminal/tissue direction. This protocol can be 

modified to detect transcytosis in the opposite direction by placing tracer molecules in the 

bottom chamber and monitoring uptake and release into the apical chamber to suit the 

need of investigators. Moreover, if needed, an additional step to determine intracellular 

accumulation/degradation of the endocytosed tracer-bound target molecule would yield 

further measurement of transcytotic vesicles remaining in the cytosol32.

The described assay has many advantages and serves as an essential tool in BRB/BBB-

related studies, but there are a few limitations. It is an isolated system devoid of interactions 

from other cell types of the iBRB, such as pericytes and glial cells, and hence could 

not exactly mimic the physiological in-vivo environment. TEER values can vary between 

measurements owing to a change in temperature or positioning of the electrodes25,38. 

However, equilibrating the cells from 37 °C to room temperature before measurements, 

careful handling of the electrodes, and including blank controls can help minimize the 

fluctuation. Additionally, even with sufficient washing, leakage from the paracellular route, 

though in a trace amount, cannot be completely ruled out. Overlap of HRP transport among 
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different transcytosis routes, for example, between caveolar transport and macropinocytosis, 

both being clathrin-independent, may also occur. As needed, the distinction can be further 

investigated using specific modulators and/or inhibitors of caveolae and micropinocytosis.

In summary, this paper describes an in vitro transcytosis assay permitting quantification of 

caveolae- or carrier-mediated transcytosis across the BRB/BBB. The in vitro assay could 

be of great aid in screening various pro-/anti-angiogenic molecules31, signaling pathway 

modulators24, or drug delivery systems27,48 pertaining to BRB/BBB control. Investigation 

of EC polarity and directional transcytosis can also benefit from this easy-to-use system. 

Considering the limited availability of in vitro models for iBRB and ocular research, 

the procedure outlined here could also be modified as a co-culture system together with 

pericytes, astrocytes, and 3-D organotypic cultures49, or using advanced cell-based models 

like microphysiological neurovascular systems50, in order to further investigate cellular 

interactions and better mimic physiological conditions in vivo.
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Figure 1: Different routes of transport across retinal vascular endothelium.
Schematic illustration showing different routes of molecular flux across retinal 

microvascular endothelial cells (RMECs). Transport across retinal vascular endothelial cells 

within the inner blood-retinal barrier takes place via two major routes: paracellular and 

transcellular pathways including transcytosis. This figure was adapted with permission from 

Yemanyi et al.5.
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Figure 2: Overview of transcytotic vesicular transport pathways across endothelial cells and 
their respective in vitro assessment.
In endothelial cells (ECs), transcellular translocation of macromolecules occurs through 

three main types of vesicles: caveolar vesicles (50–100 nm), clathrin-coated vesicles 

(70–150 nm), or clathrin-independent macropinosomes (200–500 nm). Caveolae are flask-

shaped, spherical, lipid-rich microdomains in the plasma membrane, composed of caveolin 

and cavins. Levels of transcytosis through these vesicles can be determined by fluorescence-

based in vitro assays in EC culture using horseradish peroxidase (HRP) combined with 

fluorescent substrate, fluorescent-tagged transferrin (Cy3-Tf), or tetramethylrhodamine-

tagged bovine serum albumin (TMR-BSA) for caveolae-mediated transcytosis, clathrin-

mediated transcytosis, and macropinocytosis, respectively, to evaluate inner blood-retinal 

barrier (iBRB) permeability. While each pathway has distinct features and transport 

mechanisms, overlapping function and substance transport can occur, particularly between 

caveolar transport and macropinocytosis, both being clathrin-independent.
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Figure 3: Visualization of EC transcytosis in the retina.
(A) Light microscope image shows an HRP-filled blood vessel lumen from a 3-month-

old wild type (WT) mouse retinal section, stained with 3,3’-diamino benzidine (DAB) 

(black). HRP was retro-orbitally injected in WT mice, followed by eye isolation and 

tissue embedding. Thin sections were stained with electron-dense DAB substrate for 

the colorimetric detection of HRP as dark brown precipitate and imaged under a light 

microscope to reveal HRP within the retinal blood vessel lumen. (B,C) Samples were 

then further processed with transmission electron microscope (TEM) ultrathin sectioning 

to visualize HRP-containing transcytotic vesicles, depicting EC transcytosis across the 

iBRB. TEM images show a retinal section of a 3-month-old WT mouse with HRP-filled 

blood vessel lumen and HRP-containing vesicles within RMECs. (B) An occasional large 

vesicle potentially reflects macropinosome (arrowhead) within ECs, with the presence of 

red blood cells (asterisk) on the luminal side. (C) Small vesicles are likely caveolar 

vesicles (arrowheads). (D) Immunohistochemistry co-staining of CAV-1 antibody (green) 

and isolectin B4 (IB4, red, EC marker) demonstrates localization of CAV-1 in retinal blood 

vessels in 3-month-old WT mouse retina (DAPI, blue). (E) TEM image of immunogold-

labeled CAV-1 (black dots, arrows) within the retinal ECs; inset shows a magnified image 

of a CAV-1 positive caveolar vesicle. Abbreviations: HRP = horseradish peroxidase; GCL 

= ganglion cell layer; IPL = inner plexiform layer; INL = inner nuclear layer; OPL = 

outer plexiform layer; ONL = outer nuclear layer; RPE = retinal pigment epithelium; E = 

endothelial cell; and L = blood vessel lumen. Magnification: (A, D) 20x. Scale bars: (A) 50 

μm, (B) 2 μm, (D) 100 μm, and (C,E) 200 nm. Panel (E) was adapted with permission from 

Wang et al.24.
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Figure 4: Validation of fully confluent HRMECs and increased vascular permeability in 
HRMECs after VEGF treatment.
(A) Schematic diagram showing the positioning of electrodes in the apical and basolateral 

chambers of the wells for trans-endothelial electrical resistance (TEER) measurement as 

an assessment of vascular permeability and integrity of the cell monolayer. (B) Graph 

showing TEER recordings of fully confluent HRMECs with and without prior treatment 

with vascular endothelial growth factor (VEGF). Treatment with VEGF after 18 h (18 H) 

results in reduced TEER in fully confluent HRMECs31. *** p≤0.001. Panel (B) was adapted 

with permission from Tomita et al.31.
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Figure 5: A schematic illustration of clathrin-mediated EC transcytosis assay in HRMECs using 
transferrin (Tf).
(A) HRMECs were grown to full confluency on gelatin-coated inserts and serum starved 

overnight at 37 °C before assay. The cells were apically incubated with fluorescent Cy3-

conjugated transferrin (Cy3-Tf) for 60 min at 37 °C. After incubation, the cells were washed 

intensively with a fresh medium to remove unbound extracellular Cy3-Tf. The inserts 

containing fresh medium were then transferred to a new plate containing warm medium 

in the basolateral chamber, and the cells were incubated at 37 °C for an additional 90 min 

to release endocytosed Cy3-Tf. The medium from the basolateral chamber can be collected, 

and the fluorescence intensity corresponding to clathrin-dependent (Cy3-Tf) EC transcytosis 

can be measured using a fluorescence plate reader. (B) Cy3-transferrin (red) was observed in 

HRMECs stained with DAPI (blue), confirming endocytosis.
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Figure 6: Wnt signaling regulates caveolae-mediated HRMEC transcytosis in an in vitro HRP-
based assay.
(A) Schematic illustration demonstrating the HRP-based assay to assess caveolae-mediated 

transcytosis. Fully confluent HRMECs cultured on gelatin-coated inserts were serum starved 

overnight in 0.5% fetal bovine serum (FBS) + EBM medium at 37 °C before treatment. 

The EC monolayer in the apical chamber was treated with the desired treatment for 

24 h at 37 °C. Afterward, the cells were incubated with horseradish peroxidase (HRP) 

at 37 °C for 15 min and washed intensively to remove free extracellular HRP. Inserts 

containing fresh medium were then transferred to a new plate containing warm medium 

in basolateral chambers, and the cells were incubated for an additional 90 min at 37 

°C. The medium from the basolateral chamber was collected, and the HRP levels were 

quantified by reaction with fluorogenic peroxidase substrate. Fluorescence corresponding 

to caveolae-mediated EC transcytosis was measured using a fluorescence plate reader. 

(B,C) In this example, cells were treated with Wnt pathway modulators: Wnt3a-conditioned 

medium (Wnt3a-CM) or its control-conditioned medium (Ctrl-CM), human recombinant 

Norrin or its control solution (Ctrl), and with or without Wnt/β-catenin signaling inhibitor 

(XAV939) or its vehicle control (vehicle). Their effects on HRMEC caveolar transcytosis 

were evaluated in the HRP-based assay. After treatment, the levels of HRP transferred to 

the basolateral chamber were measured, indicating caveolae-mediated EC transcytosis levels 

across HRMECs. Wnt activators reduced the levels of the HRP-based transcytosis, which 

were reversed by XAV939. * p≤0.05, ** p≤0.01. Panels (B) and (C) were adapted with 

permission from Wang et al.24.
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