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Abstract 

A retinal pigment epithelial cell culture model has been established to 

study blood-retinal barrier function at the RPE cell level. Two disease

related blood-retinal barrier conditions, PVR and inherited retina 

dysfunction in RCS rat, have been modeled in this RPE cell culture to 

examine the regulation of tight junction barrier. In the modeling of PVR, 

we have found that serum contains a factor( s) that inhibits tight junction 

formation as manifested by reduced TER levels in RPE cell culture. 

More interestingly, we have found that the tight junctions that are 

inhibited by serum exhibit a fragmented 20-_1 labelling pattern. 

Furthermore, the fragmented 20-1 labelling indu~ed by serum is 

associated with reduced amounts of the .tight junction protein; 20-1. 

The active factor in serum has heparin affinity, is heat stable, specific to 

apical side of the RPE cells, ·and probably biggE;3r than 50 kD.· In the 

studies of RPE barrier function in RCS rats, interestingly, we have found 

that RPE cells· from dystrophic rats have the potential to form tight 

junctions like those from riormal rats. However, the stability of tight 

junctions can be only supported by normal retina-conditioned medium 
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but not by the dystrophic retina-conditioned medium. This suggests that 

normal retina releases trophic factors to support tight junctions of RPE_ 

cells and that dystrophic retina either loses the trophic factor or 

produces negative factor to weaken the tight junction stability. These 

results not only help us understand the regulation of tight junction in 

specific diseased conditions but also provide information to the general 

mechanisms of blood-retinal barrier or blood brain-barrier regulation. In 

future studies, it would be interesting to find the similarity or the 

differences between the tight junction breakdown induced by serum 

factor and by the dystrophic retina-conditioned medium. 
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CHAPTER 1 INTRODUCTION 

BACKGROUND 

The blood-retinal barrier becomes abnormally permeable in many retinal 

diseases such as diabetic-caused retinopathy and light-induced 

retinopathy (Bok 1979; Caldwell and Mclaughl,in, 1983; Caldwell ef al., 

1985; Chakrabarti et al., 1990; Zweypfenning et al., 1992) and also upon 

retina injury (Campoc~iaro et al. 1984). When the blood contents leak 

into the retina, they may cause proliferative retinopathy (Tso, 1988; 

Cunha-Vaz, 1983). Proliferative retinopathy is a common pathological 

phenomenon which occurs in many retinal diseases. Proliferative 

retinopathy can be divided into two types: one is with vascular 

. proliferation and accompanied by retinal pigment epithelial (RPE) cell 

migration such as in Royal College of Surgeons (RCS) rat; the other is 

without vascular proliferation but with RPE migration such as in 

Proliferative Vitreoretinopathy (PVR). Although the sites and sequence 

of blood-retinal barrier changes have been well described, the initial 



causes of permeability dysfunction have not been identified. This study 

is focused on the blood-retinal barrier function at the RPE level. 

Regulation of the RPE barrier function is investigated in a RPE cell 

culture model system. 

The Blood-Retinal Barrier 

The retina is a specialized nervous tissue. As a nervous tissue, the 

retina is separated from the blood by the. blood-retinal barrier which is 
\ 

very much like the blood-brain barrier. In species in which the retina 

thickness is greater than 150 micrometers, such as human, mouse, and 

rat, the retina has two sources of blood supply (Matthes and Bok, 1985). 

The blood supply of the retina is from branches of the ophthalmic 

arteries which arise from the internal carotid arteries .. The ·inner retina is 

supplied by "retinal capillaries which branch off from the central retinijl 

artery and ramify in the nerve fiber l_ayer and on either side of the inner 

nuclear layer. The central .retinal artery branches from the ophthalmic 

artery. The outer retina and the retinal pigment epithelial (RPE) cells 

are supplied by fenestrated chor9idal microvessels which branch from 

the choroidal arteries. The choroidal arteries branch from the posterior 

ciliary artery which branches from the.ophthalmic artery. The retinal 

capillaries ar~ not leaky whereas the choroidal microvessels of the outer 
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retina are relatively leaky. Therefore, the inner blood-retinal barrier 

depends on the tight Junctions formed between retinal capillary 

endothelial cells and their non-leaky functional phenotype, and the outer 

blood-retinal barrier mainly depends on the restricted permeability of the 

RPE that separates the choriocapillaris from the neural retina (Matthes 

and Bok, 1985; Cunha-Vaz, 1980). The restricted permeability of the 

RPE cells depends.in part on their high resistance tight junctions and in 

part on their selective transcellular transport. 
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SPECIFIC AIMS 

1. The first goal of the studies was to establish a cell culture 

model to assay RPE tight junction barrier functions. This model was 

used to evaluate possible factors that may contribute to the breakdown 

of RPE cell tight junctions in retinal diseases. 

2. Two in vivo conditions were modeled in these studies: 

a) the condition of Proliferative Vitreoretinopathy (PVR) in 

which vascular damage and leakage of blood products into the neural 

I 

retina is accompanied by RPE proliferation, migration, and permeability 

breakdown; 

b) the condition of inherited retinopathy in Royal College of 

Surgeons (RCS) rat in which photoreceptor cell degeneration occurs 

due to a primary defect in RPE cell phagocytosis and -is associated with 

RPE cell tight junction breakdown. 

4 



LITERATURE REVIEW 

Literature Review of Cell Culture Modei Studies of RPE Cell 

Functions 

To analyze the RPE tight junction barrier function, there is a need to 

have a RPE eel!' culture in which. RPE cells can form tight junctions with 

.high transepithelial electri.cal resistance (TER) and low permeability. 

Assessment of TER and permeability are valuable indicators for the 

formation of tight junctions in epithelial cell cultures (Diamond et al., 

1977; Madara et al., 1985; Rizzolo and Li, 1993). When epithelial cells 

form tight junctions, they should have high levels of TER but low 

paracellular permeability. If epithelial cells develop high levels of TER 

but low paracellular permeability, it indicates that you may have a 

culture with multiple layers, of cells without forming tight junctions. 

Therefore, it is important that TER is inversely related to permeability. It 

is also important to be able to detect changes in tight junction formation 

under different treatments in the RPE cell culture functionally by TER or 

the permeability assay, structurally by morphological studies such as 

immunolabel_lirig, and quantitatively by biochemical methods. In 

addition, to identify stimuli that affect stability of the tight junctions, a 

serum-free system is required because the many components in serum 
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would make it very difficult to identify individual factors that may affect 

the tight junctions. 

Many RPE cell culture model systems have been made from different 

species to study different RPE cell functions. Hall's group has been 

using rat RPE cells grown on plastic to study the defective phagocytosis 

function of RPE cells from RCS rats (Chaitin, 1983; Hall, 1987). Heth 

also characterized rat RPE cells cultured on microporous filters. She 

has evaluated the intercellular junction formation by assaying the 

permeability of the RPE cell monolayer to the different sizes of 

paracellular tracers such as inulin, sucrose, and albumin (Heth et al., 

1987). However, transepithelial electrical resistance (TER), a sensitive 

indicator used to evaluate tight junction formation (Diamond, 1977; 

Madara and Dharmsathaphorn, 1985; Rizzolo and Li, 1993), was not 

described in those experiments. Human and bovine RPE cell cultures 

have also been developed by Bok's group for the study of RPE cell 

polarity and transport functions (Frambach, 1990; Bok, 1992). 

Embryonic chick RPE cell culture has be_en used to study RPE cell 

development (Rizzolo, 1993). The embryonic chick RPE cell can 

2 . 
develop TER up to 70 ohm • cm . Frog RPE cell culture models have 

been used to study retina reattachment (Defoe, 1994) and frog RPE 

cells can develop TER as high as 1000 ohm • cm2. Lately, a human 
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RPE cell line has been developed in Hjelmeland's laboratory to 

overcome the disadvantages of using primary human RPE cell culture, -

such as difficulty of acquisition, purification requirements, and 

physiological differences from donor to donor (Dunn, 1995). The RPE 

cells from human cell lines can develop TER up to 90 ohm • cm2. The 

above RPE cell culture models have provided valuable information on 

the RPE phagocytosis, polarity, transport, tight junction development, 

and the retina reattachment. However, less is known about the 

regulation of RPE barrier function. 

In this project, efforts were made to establish a rat RPE cell culture 

model in which RPE cells form tight junctions with high TER and low 

permeability and with morphology similar to those in vivo, and in which 

the changes of tight junction formation are detectable. 

Literature Review of Proliferative Vitreoretinopathy 

Proliferative Vitreoretinopathy (PVR) is a complication that can occur 

after retina detachment by injury or after retinal reattachment surgery 

(Tolentino et al., 1976). The hallmark of PVR is the formation of 

intraocular cellular membranes that produce traction retinal detachments 

which are often converted to combined traction rhegmatogenous 
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detachments by formation or reopening of retinal breaks (Campochiaro 

et al., 1987). It has been suggested that breakdown of the blood

retinal barrier and le~kage of serum factors due to direct vascular injury 

or to trauma and bleeding during reattachment surgery play a role_ in 

PVR (Campochiaro et al. 1981, 1984, 1986, 1987; Sen et al. 1988). 

When the retinal blood vessels are damaged during the injury or trauma, 

the blood products leak into the neural retina and the subretinal space 

accompanied with RPE proliferation, migration, permeability breakdown, 

and vitreoretinal membrane formation. Campochiaro's group has shown 

that, in human retinal RPE culture$, serum contains chemoattactants 

that cause RPE cell migration (Campochiaro et al., 1984). The RPE 

J 

calterations are thought to have a primary role in the pathogenesis of 

this disease (Machamer and.·Laqua, 1975; Machamer et al , 1978; 

Campochiaro et al., 1985). Although serum factors have been found to 

affect RPE cell proliferation and migration (Campochiaro et al. 1984), 

their effects on RPE cell tight junctions have not been tested. 

Literature Review of Royal College of Surgeons (RCS ) Rat Animal 

Model 

The RCS rat with inherited retinal dystrophy is a well established rodent 

model for retinopathy. It has been proved that the genetic lesion of RCS 

8 



rat is expressed in the RPE (Mullen and LaVail, 1976) and the genetic 

defect of RPE cells leads to defective phagocytosis of outer segments of 

photoreceptor cells in vivo(Mullen and LaVail, 1976; Chaitin and Hall, 

1983; Hall and Abrams, 1987) and in vitro(Chaitin and Hall, 1983; Hall 

and Abrams, 1987) .. However, no one has studied whether the RPE 

genetic defect directly affects RPE barrier functions. 

The sequence of events that occur .durin·g retinal d~generation in the 

RCS rat have been well documented (Bourne et al., 1938; Lucas et al., 

1955; Dowling and Sidman 1962; Bok and Hall, 1971; LaVail 1975). 

Basically, the retinopathy in RCS rats can be divided into_ five stages 

(Bourne et al. 1938). In stage 1 (2-3 weeks), a slight degeneration of 

the outer nuclear layer is observed as early as 17 postnatal days. Bok 

and. Hall describe that the disorganization of rod visual cell outer 

segment tips was first perceptible by light microscopy at 13 days of age 

and that there was some evidence for accumulation of labelled debris 

between the outer segments and the RPE cells by electron microscope 

radioautograms at 12 days of age. However, Tso recently reported that 

photoreceptor degeneration does not begin until the third week (Tso et 

al., 1994). In stage 2 ( 3-7 postnatal weeks), the outer nuclear layer is 

completely degenerated with disintegration of the rods themselves. 

When the retinopathy progresses to the stage 3 (over two months), the 
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outer nuclear layer and rod layers disappear and are replaced by a 

network of glial fibers. RPE cells become stuck to the retina and their 

nuclei are crowded together. In the last two stages ( 11 months to 2 

years), the retina becomes conv9luted due to the tension_exerted by the 

glial strands and the layered structure of the retina is completely lost 

which may be followed by intra-ocular haemorrhages and inflammatory 

reactions in the vitreous. 

The permeability of the blood retinal barrier in RCS rats has been · 

studied by Caldwell's laboratory and by others in vivo. Caldwell has 

shown that, as early as postnatal week three, RPE cell tight junctions in 

RCS rats become permeable to small extracellular tracers such as 

lanthanum nitrate (Caldwell and Mclaughlin, 1983). This RPE tight 

junction breakdown becomes extensive at two months and later as 
·1, 

indicated by widespread permeability increases (Bok, 1979). The tight 

junctions also undergo structural breakdown as indicated by freeze 

fracture analyses showing increased fragmentation and decreased 

numbers of tight junction strands (Caldwell et al. 1982, 1984). 
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HYPOTHESES 

Hypothesis tested in PVR study 

In the experiments of modeling PVR, it is hypothesized that serum 

factors which leak into retina during injury and damage of retinal blood 

vessels directly affect RPE cell tight junction permeability. 

Hypotheses tested in RCS study 

Since RPE cells in RCS rats have a genetic defect in outef'segment 

. phagocytosis, it raises the possibility that the RPE cell genetic defect 
\ 

may directly affect RPE tight junctions. Alternatively, it is possible that 

RPE cells still have the potential to form normal tight junctions in spite of 

the genetic defect in phagocytosis, and that the breakdown occurs 

secondary to photoreceptor degeneration either due to release of toxic 

factors during cell death or due to the I.oss of trophic factors normally 

provided by photoreceptor cells. It is hypothesized that: 1) the genetic 

RPE cell defect may interfere directly with tight junction stability; or 

alternatively, 2) tight junction stability may be aftered either due to loss 

of trophic factors that are normally provided by the healthy neural retina 

but lost during photoreceptor degeneration, or due to toxic factors that 

are released by degenerated· retina. 

11 



.SIGNIFICANCE OF THE STUDIES 

Increased permeability of the blood-retinal barrier occurs in many retinal 

diseases. However, the initial causes have not been identified. 

Because of the complexity of in vivo conditions, it is impossible to 

identify an individual factor that could cause blood-retinal barrier 

breakdown. There is a need to develop an in vitro system in which a 

single factor that may affect blood-retinal barrier function can be 

explored. Therefore, I have established a primary mammalian RPE 

culture model system in serum- free medfum. · The tight junction 

formation in this culture system has been very well characterized by 

TERmeasurement, permeabi_lity assay, morphology study, and calcium 

switch experiments. This culture model provides well polarized RPE cell 

cultures and is ·sensitive to TER changes. It is a good :·culture system to 

study tight junction regulation. It can be also useful for the studies of 

other RPE functions such as phagocytosis and r_etina reattachment. 

With aid of this rat RPE culture, I have modeled two in vivo retinal 

disease conditions, PVR and retinopathy in RCS rat. The demonstration 

that serum contains a factor(s) that directly inhibits tight junction 

formation or breaks down tight junction formation in the PVR studies will 

be beneficial to understand the features of PVR and also for future 

12 



studies of the mechanisms controlling RPE tight junction disassembly. 

Studies modeling tight junction breakdown in the RCS rat model have 

provided information on how RPE tight junctipns become altered 

secondary to photoreceptor degeneration in this animal model. 

In addition, PVR and RCS model' studies will give us more general 

information about the regulation of tight junctions when the serum 

factor( s) and trophic factor( s) in normal retina-conditioned medium· are 

further characterized. 
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CHAPTER 2 THE BLOOD-RETINAL BARRIER IN VITRO: PIGMENT 

EPITHELIAL CELL TIGHT JUNCTIONS 

PREFACE 

To study RPE tight junction barrier function or to model retinal diseased 

conditions in vitro, it is necessary to establish a RPE culture system in which 

_ RPE cells can form tight junctions with high levels of TER and low permeability. 

This culture should also be sensitive to TER changes so that it is possible to 

study RPE tight junctions under ·different treatments. In addition, this culture 

system needs to have defined conditions in order to identify individual factors 

that may affect RPE tight junction permeability. In this chapter, a primary rat 

RPE culture ~ystem has been established and characterized. 
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ABSTRACT 

Purpose. These experiments were designed to develop a cell culture model for 

the blood-retinal barrier at the level of the retinal pigment epithelial (RPE) cell 

tight junctions. 

Methods. RPE cells isolated from Long Evans rats were maintained either in 

hormonally defined medium (HDM) or in serum containing medium. RPE tight 

junction formation was evaluated functionally by measuring transepithelial 

electrical resistance (TER) and permeability to different sized tracers. Junction 

structure was analyzed by immunolocalization of the tight junction protein zonula 

occludens-1 (ZO-1) and of the-junction-associated actin microfilaments. Calcium 

dependency of the junctions was determined by manipulating media calcium 

concentration between 0.5 µM and 1.8 mM in a "calcium switch" protocol. 

Results. RPE cells cultured in serum-free HDM developed high TER levels and 

low permeability compared with cultures in serum containing medium. 

Reduction of media calcium concentration decreased RPE cell TER to 

background levels and increased their permeability. ZO-1 and actin were 

translocated from the periphery to the peri-nuclear area. 

Conclusions. An in vitro model system has been established in which RPE 

cultures form tight junctions with high TER levels and low permeability when 

maintained in serum-free HDM. This system will facilitate investigations testing 



potential modulators of RPE barrier function and analyzing mechanisms by 

which they exert their effects. 
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INTRODUCTION 

This investigation is focused on the tight junctions of retinal pigment epithelial 

(RPE) cells. These junctions join adjacent RPE cells in a belt-like network, 

occluding the extracellular space and comprising the outer blood-retinal barrier. 

RPE tight junctions also have an important function in separating the apical and 

basolateral membrane domains and maintaining the surface specific distribution 

of membrane proteins which is essent_ial for specific transcellular transport 

functions. Breakdown of the blood-retinal barrier at the level of the RPE layer 

has been reported in retinal and microvascular diseases and is thought to 

contribute to proliferative retinopathy that often develops subsequently.1 

Analyses in experimental animals have demonstrated RPE cell permeability 

defects during disease and injury.2-7 However, the specific mechanisms of 

these alterations are unknown. 

In cultured epithelial cells tight junctions can be opened by lowering media 

calcium concentration. 8 The flux of molecules through epithelial cell tight 

junctions is cation selective. This property can be altered by the passage of 

current or by changes in pH or osmolarity. 9-11 Tight junctions can also be 

opened experimentally by inducing contraction of the actin cytoskeleton. This 

process is thought to involve the junction protein zonula occludens-1 (Z0-1 ).12-

17 Z0-1 is a cytoplasmic protein that associates with the plasma membrane at 



the tight junction fusion points and is thought to link the actin cytoskeleton with 

other tight junction proteins. 

18 

In order to elucidate the specific mechanisms regulating the function of RPE cell 

tight junctions, we have developed a cell culture model system in which rat RPE 

cells form tight junctions with high electrical resistance and low permeability in a 

serum-free hormonally defined medium. This system is being used to test 

potential modulators of RPE barrier function in disease and to analyze cellular 

mechanisms controlling their actions.18-23 



METHODS AND MATERIALS 

Materials 

All materials were purchased from Sigma, St Louis, MO unless otherwise 

indicated. 

Cell Culture 

19 

RPE cell cultures were prepared by our previously described methods.18 Briefly, 

eyes from 6-8 days old Long Evans rats were used. The rats were treated in 

accordance with the ARVO Statement for the Use of Animals in Ophthalmic and 

Vision Research. Rats were ~nucleated and the intact eye balls were incubated 

with 2% Dispase II (Boehringer Mannheim, l'ndianapolis, IN) in Hepes buffered 

NCTC-135 medium (GIBCO BRL, Grand Island, NY) with 2% pen_icillin

streptomycin for 25 minutes at 37°C. Eye balls were then rinsed several times 

with medium and opened along the ora serata to separate the posterior eye cup 

from the anterior segment. Then the retina and a_dherent RPE were gently 

removed from the choroid and sclera and placed in fresh 2% Dispase II at 37°C 

for 45 minutes to allow the RPE to detach from the retina as an intact sheet. 

RPE cells were dissociated by brief treatment (2-3 min) with 0.1 % trypsin in 

Hanks Balanced Salt Solution without calcium and magnesium. RPE cells were 

plated into filt~r chambers in either a 96-well format (8 Well Strips with 0.2 µm 

pores, Nunc, Naperville, IL) or a 24-well format (Transwells with 0.4 µm pores, 



20 

COSTAR, Cambridge, MA). The filters were coated prior to use with laminin 

(100 µg/ml, Collaborative Research, Bedford, MA) or matrigel (diluted 1 :1 in 

NCTC-135, Collaborative Research). Laminin coated filters were air dried 

overnight. For matrigel coating, the solution was added to the well for 1-2 

minutes at 4°C, and then removed. Matrigel coated wells were then incubated at 

37°C until use. RPE cells were seeded at a density of 2 X 1 o5 cells/cm2 and 

maintained in hormonally defined medium (HDM) or in NCTC-135 medium with 

10% fetal bovine serum·(FBS, GIBCO BRL, Grand Island., N'(). HDM was always 

prepared fresh and consisted of NCTC-135 medium supplemented with GMS-A 

(GIBCO-BRL: 10 µg/ml c;>f insulin, 5.5 µg/ml of transferrin, 6. 7 ng/ml of sodium 

selenite, 0.11 mg/ml of sodium pyruvate ), 1 mg/ml of bovine serum albumin 

(BSA, RIA Grade), 10 µg/ml of lino.leic acid-albumin, 20 nM of hydrocortisone, 1 O 

nM of triiodothyronine, 0.3 µg/ml of putrescine, 50 µg/ml of aprotinin , 0.1 ng/ml 

of bFGF, and 50 ng/ml of EGF (GIBCO BRL). 

Transepithelial Electrical Resistance (TER) 

An Epithelial Voltohmmeter with STX (for 96 well format) or STXII (for 24-well 

format) electrodes (EVOM, World Precision Instruments Inc., Sarasota, FL) was 

used to measure TER of the RPE cultures. TER of the filters alone without cells 

was measured as background and subtracted from the filters with RPE cells. 

TER was expressed as (ohm· cm2). To measure the TER of RPE cultures in low 

calcium medium (LCM), RPE cultures which had developed high levels of TER in 



HOM were rinsed once with LCM, and then placed in LCM. The TER was 

monitored for 25 minutes. Cultures were then transferred back to HOM with 

normal calcium concentration and TER was checked at 1 hour intervals for the 

first few hours and then measured once a day afterward ·for up to 5 days. 

Calcium Switch Protocol 
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In a calcium switch protocol, RPE cultures were switched between normal 

calcium medium (1.8 mM) and low calcium medium (5 µM calcium). Low calcium 

medium (LCM) was constituted with Dulbeco's Modified Eagle Medium (DMEM) 

without calcium chloride (GIBCO BRL) and was supplemented with the same 

hormones and other supplements as HOM. To make sure that any effects of 

LCM on TER were due to the reduction· in calcium concentration and not to 

differences between the DMEM and NCTC-135 base media, HOM was 

constituted with either NCTC-135 or DMEM and tested for its effects on RPE cell 

TER. No significant differences between the two media were observed over a 

two hour incubation period (Data not shown). 

Permeability Assay 

Permeability tracers used.were sodium fluorescein (SF, 376 D), 3H-inulin (5 kD, 

Amersham, Arlington, Heights, IN) and horse~adish peroxidase (HRP, 40 kD). 

Tracers were constituted in NCTC-135 medium with 50 µg/ml of BSA and GMS

A and added to the apical compartments of 24-well filter chambers alone or in 
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cpmbination at 25 µg/ml (SF), 5 µCi/ml {3H-inulin) and 50 µg/ml (HRP). 

Hydrostatic pressure across the filter was equalized by adding 200 µI of medium 

to the apical compartment and 800 µI medium to the basal compartment. The 

tracers were incubated with the cultures at 37°C with 5% CO2 for consecutive 

time periods of 2, 5, 10, and 30 minutes for SF and inulin, and 2, 5, 10, 30, 60, 

and 120 for HRP. To determine the amount o~ tracer that crossed the monolayer, 

duplicate samples of the medium in the basal compartments at each time point 

were analyzed separately for each tracer. SF was quantified directly using a 

CytoFluor II Microplate Fluorescence Reader (Millipore, Marlborough, MA). 

Concentration of 3H-inulin was measured in 20 µI aliquots which were mixed with 

2 ml of ScintiVerse II scintillation fluid (Fisher, Pittsburgh, PA) arid read in a 

Beckman LS 1801 scintillation counter. HRP was determined colormetrically by 

reacting 20 µI samples with 150 µI of fresh made substrate ( o

phenylenediamine, 400 µg/ml in 0.05 M citric acid, 0.1 M phosphate, with 

0.012% of H2O2, pH 5.0). The reaction was terminated by addition of 50 µI of 

0.25 M H2SO4, and optical density was determined using a microplate reader 

(Cambridge Technology, Watertown, MA). The readings for each tracer were 

then converted into ng/ml by comparison with standard curves constituted using 

tracer samples take~ at time zero. 

Electron Microscopy 

Cultures ,which had been ·incubated with HRP for the permeability assay were 
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prepared for electron microscopy using procedures described previously. 3, 18 

Briefly, cultures were rinsed with 0.1 M cacodylate buffer, fixed with 2% 

paraformaldehyde, 2% glutaradehyde and 0.5% acrolein in cacodylate buffer for 

1 hour at room temperature, reacted with 0.05% 3i5'-diaminobenzidine and 

H2O2 to visualize HRP. Cultures were post-fixed in osmium and processed 

routinely for transmission electron microscopy. Thin sections were studied and 

photographed after staining with uranyl acetate and lead citrate or without 

staining. To facilitate detection of HRP reaction product, most sections were 

analyzed Without heavy metal staining. Cultures prepared in six different 

permeability experiments were used for this analysis. 

lmmunocytochemistry 

RPE cells on the Transwell filters were rins~d with phosphate buffered saline 

(PBS) with calcium and magnesium and then fixed with 4% formaldehyde for 1 O 

minutes at _room temperature. Monolayers were then washed with PBS 5 times, 

blocked with 2-4% normal goat serum or ~SA in PBS for 1 hour, and incubated 

overnight at 4 °C with primary antibody (monoclonal rat anJi-2O-1, diluted 1: 100, 

Chemicon, Temecula, CA). Cells were permeabilized with 0.5% triton X-100 

during incubation with the primary antibody. After being washed with PBS 5 

times, cultures were incubated for 2 hours at 37°C with secondary antibody 

(1 :64, FITC goat anti-rat lgG). For actin labelling, cultures were fixed with 4% 

formaldehyde, rinsed with PBS 5 times, and incubated with rhodamine-phalloidin 

(1 :50 in PBS, Molecular Probes, Eugene, OR) for 1 hour at room temperature. 
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After cells were labelled, they were washed with PBS 5 times and the filters with 

cells were separated from the Transwells. The cultures were examined and 

photographed using an Olympus BH-2 Fluorescence Microscope. 
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RESULTS 

Rat RPE Cells Develop High TER arid Low Permeability In Vitro 

When cultures prepared from freshly isolated rat RPE cells were maintained in 

HDM, their TER levels developed gradually and stabilized between 5-7 days 

(Fig. 1 ). Cultures prepared from different RPE isolations varied somewhat in 

their final TER level w~ich ranged from 150 to 250 ohm · cm2. This variation is 

probably due to slight differences between different RPE cell isolations. In 

contrast with the HDM maintained cultures, TER levels of RPE cell cultures 

maintained in serum containing medium remained low, stabilizing below 50 ohm 

· cm2. However, if R.PE cultures which had been plated and maintained in the 

serum containing medium for 5 days, were then switched to HDM, their TER 

increased steadily to reach levels of 150 ohm · cm2 and higher (Fig. 2). Thus, 

the use of serum-free HDM enables the RPE cells to develop relatively high TER 

levels in culture. 

Cultures prepared on filters coated with either laminin or matrigel were similar in 

terms of the absolute TER levels developed in HDM. The use of serum for 

plating cells improved cell attachment on laminin coated filters as compared with 

cultures plated with HDM. Attachment on the matrigel-coated filters was 

apparently not affected by the presence or absence of serum. However, there 

was some variability in TER levels developed with different batches of matrigel. 

Therefore, the majority of our experiments were conducted on laminin-coated 
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filters. Resistance levels were also comparable in the 24 and 96 well formats. 

The 96 well format had the advantage of requiring fewer cells, but could not be 

used for the permeability assays due to difficulty in handling the 8 well strips. 

We next examined permeability of RPE monolayers with high TER levels. lnulin, 

a well known paracellular tracer, was compared with SF and HRP. Our data 

showed 'that RPE cultures with TER of 180 - 240 ohm · cm2 had very low 

permeability to the three tracers as compared with the coated filters without cells 

(Fig. 3). Furthermore, the amount of each tracer that crossed the monolayers 

was linear with incubation time (Fig. 4 ). This indicates that the quantity of tracer 

was not appreciably altered during the successive incubation periods. During 

each incubation period, the amount of the tracers that crossed the RPE 

mono layer was very low ( < 0.2% of the starting concentration added to the apical 

compartment). Even after incubation for 30 min, only 0.16% of SF, 0.05% of 

inulin and 0.04 % of HRP had reached the basal compartment. Comparison of 

tracer flux rates showed that flux was inversely correlated with tracer size and 

that flux rates were most stable between the 5 and 10 min incubation periods 

(Fig. 5). 

In order to assess the sensitivity of the permeability assay to differences in TER, 

cultures with high or low levels of TER were prepared by culturing cells in HDM 

or serum containing medium. Analyses of these,cultures_showed that the serum-



maintained cultures with low TER had SF flux rates ~ 2 times higher than the 

HOM-maintained cultures with high TER (Fig. 7). 
I 

RPE Cell Uptake and Transport of HRP Is Limited In Vitro 
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The route of HRP permeability across the RPE monolayer was investigated by 

electron microscopic analysis of HRP uptake and intracellular distribution in 

cultures prepared for the biochemical permeability assays described above. Thin 

sections prepared from nine different RPE cell cultures showed only limited 

intracellular uptake of HRP and no tracer within RPE cell junctions. After two 

hours of incubation with the tracer, HRP reaction product was present 

intracellularly within a few small vesicles and multivescicular bodies in some 

cells (Fig 7). Most cells examined were free of reaction product. Small quantities 

of tracer were occasionally present between the basal surface and the filter 

(data not shown). This observation is consistent with the limited amount of HRP 

permeability shown by the biochemical assay and is most likely due to tracer 

leakage paracell~larly at the edges of the cultures. We believe that paracellular 

leakage is the most likely explanation for the HRP leakage shown by our 

experiments because if transcellular transport occurred in these cultures, many 

RPE cells should have contained numerous HRP labeled ves.icles and vacuoles 

after two hours incubation in the tracer. 



Low Calcium Medium (LCM) Modulates RPE cell TER, Permeability and 

Structural Organization 

28 

It is well known that cell junctions can be reversibly opened by removal of 

calcium from the cell culture medium. 8,24-26 To further confirm that the high 

levels of TER in our RPE cell cultures were generated from the formation of the 

tight junctions, we switched RPE cultures with an- average TER of ~240 ohm · 

cm2 from HOM (1.8 mM calcium) to LCM (< 5 µM calcium). In LCM, TER 

declined to iust above the background level (6 .± 0.6_ohm · cm2) within 5 

minutes, indicating that the_ high level of TER in our cell_ culture system is 

generated the .tight junctions. If the cultures-were switched back t6 medium with 

normal calcium, their TER recovered slowly, requiring 2 days and sometimes 

longer to reach the starting level (data not shown). 

We next determined the effects of switching to LCM on RPE cell permeability. 

Our data showed that RPE cultures in LCM were ~3 times more permeable to SF 

and ~2 times more permeable to inulin than the cultures in n~xmal calcium 

medium (Fig. 8). The larger increase in flux rate with SF is probably due to the 

smaller size of SF (376 D) vs inulin (5 kD). Similar resul~s were obtained in 

separate experiments using HRP as tracer (data not shown). 

The effects of LCM on RPE tight junction structural organization were 

determined by localizing the tight junction protein, 20-~, and the junction-
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associated actin circumferential microfilament bundle. Our data showed that 

RPE cultures with high TER in normal calcium medium exhibited Z0-1 labelling 

restricted to the cell-to-cell borders. When parallel cultures were switched to 

LCM, they showed redistribution of Z0-1 to the peri-nuclear area (Fig. 9a and 

b). Actin labelling of RPE cultures under the normal calcium condition showed 

actin filaments concentrated apicolaterally as circumferential microfilament 

bundles in the region occupied by the adhering junctions at the cell periph~ry 

(Fig. 9c). When RPE cells were switched to the LCM, their actin filaments 

condensed and became concentrated in the peri-nuclear area (Fig. 9d). 
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DISCUSSION 

We describe here a cell culture model for the blood-retinal barrier at the level of 

the RPE tight junctions. In this system, primary cultures of rat RPE cells develop 

tight junctions comparable with those in vivo as indicated by their relatively high 

TER, low permeability and morphology. The cultures are also comparable with 

RPE cells in vivo in terms of their limited pinocytotic activity as shown by EM 

analysis of HRP uptake.· This system provides an excellent model for analyses 

of RPE cell barrier function. The use of a serum-free defined medium will be 

important for future investigations aimed at identifying factors that in,d_uce 

breakdown of RPE tight junctions in disease. In addition, culture conditions 

which promote tight junction formation should also promote RPE cell structural 

polarization and functional differentiation and therefore will facilitate studies 

analyzing other RPE cell functions such as phagocytosis, retina attachment, 

specific transport processes and trophic influences on the adjacent 

photoreceptors or choriocapillaris endothe_lial cells. 

The measurement of TER has been used as a sensitive. indicator for tight 

Junction formation in many epithelial cell cultures and is inversely correlated with 

paracellular permeability.27-29 The electrical resistance levels developed by 

the rat RPE cells in our culture system are relatively high, averaging from 150 to 

240 ohm · cm2 in different prepa.rations. The TER levels developed by rat RPE 

cells in vivo is unknown due to technical difficulties associated with resistance 
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measurements in small eyes. However, the levels recorded in our cultures are 

quite similar to those reported for either fresh tissue explants or cultured cells 

. from other mammalian species. Pigment epithelium/choroid tissue explants from 

fresh bovine retinas exhibit TER values between 110 and 250 ohm· cm2.30,31 

Fetal bovine RPE cell cultures develop TER levels averaging 309 ohm · cm2. 

RPE cultures prepared from different human donor eyes have TER ranging from 

109 to 346 ohm · cm2. 32 Thus, the rat RPE cell cultures described here are an 

appropriate model for other mammalian RPE cells. 

It should be emphasized that the rat RPE cells develop high levels of TER only 

when they are maintained in serum-free HOM. TER levels in cultures 

maintained in serum-containing medium remained below 50 ohm · cm2. This 

suggests that factors in serum directly inhibit tight junction formation. 

Alternatively, the serum-containing medium may lack nutrients essential for 

junction formation in vitro. Our ongoing analyses support the forme_r 

interpretation. Our data have demonstrated that serum contains an active factor 

which inhibits tight junction formation and also induces tight junction breakdown 

by a, mechanism which involves reduced expression of the tight junction protein 

ZO-1.23 

. . 

In addition to exhibiting high electrical resistance levels, the rat pigment 

epithelial cell cultures form permeability barriers which appear qualitatively 

similar to those in vivo. The cultures restricted the passage of three different 



tracers ranging in size from 376 D (SF) to 5 kD (inulin) to 40 kD (HRP). The 

cultures allowed less than 0.2% of each tracer to cross the monolayer. 

Furthermore, the amount of each tracer that crossed the monolayer was 

inversely related to its size. 
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Both SF and HRP are restricted in their passage across the RPE in normal 

retinas and have been used extensively as permeability tracers in vivo. 3,33-35 

Therefore, they are useful indicators of permeability barrier functions in vitro. It 

must be kept in mind, however, that both tracers have the potential to cross a 

cellular monolayer by transcellular as well as paracellular routes. SF has the 

capacity to penetrate the plasma membrane and cross the cytoplasm when in its 

un-ionized form, 33 while HRP can be ingested in vesicles and transported 

transcellularly. We therefore used the specific paracellular tracer inulin for 

comparison with SF and HRP. The EM analysis showing very limited vesicular 

uptake of HRP in RPE cells also supports the conclusion that the permeability 

route is mainly paracellular. 

Analyses in cultured epithelial cell lines have show·n that disassembly of tight 

junctions can be induced by switching cells from media with normal calcium (1.8 

mM) to medium with low calcium(< 5,µM).8,36-38 Our data demonstrate that 

reduction of media calcium also induces disassembly of RPE cell tight junctions. 

When cultures which had developed high TER levels in normal calcium medium 

were switched to low calcium medium their TER decreased to levels just above 
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background and their permeability increased ~125% for inulin and ~250% for 

SF. These changes are reversible as indicated by the gradual recovery of TER 

upon return of the cultures to medium with normal calcium levels. The recovery 

was relatively slow, occurring over 2 days or longer as compared to < 1 day for 

Madin-Darby Canine Kidney (MOCK) ·cells. This difference indicates that rat 

RPE cells are very sensitive to th_e reduction in media calcium, which may reflect 

differences between the primary RPE cultures and established cell lines. We 

could not detect any areas of cell loss when the cultures were immunolabeled for 

20-1 or actin. It should be noted that small defepts in the cell monolayer can 

have large effects on TER. It is possible that a few RPE cells may have become 

detached from the edges of the transwells during incubation in low calcium 

medium. Cell detachment at the edges of the cultures would not have been 

apparent in the immunolabeled preparations but would explain the cultures' slow 

recovery. 

Comparison of the resistance measurements and permeability assay results for 

the cultures treated with serum-free HOM versus those treated with serum

containing medium also confirmed the major role of tight junctions in determining 

the permeability barrier function of the pigment epithelium cultures. For the 

cultures treated with serum, 1ER was decreased by ~60% compared with the 

level in HOM and permeability of SF was increased by ~110%. These data 

indicate that our functional assays are sensitive to. intermediate decreases in 

tight junction sealing properties as well as to junction disassembly. In addition, 
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the close correlation between the TER decrease and the permeability increase 

indicates that measurement of electrical resistance is a sensitive indicator of 

tight junction function which can be used alone as a reliable tool to evaluate 

RPE cell tight junction formation. 

Morphological analyses confirmed that the RPE cells in our culture system 

closely resemble RPE cells in vivo. Previously, we have demonstrated the 

formation of well-developed RPE tight junctions in terms of both ultrastructure -

and immunolabeling patterns.18 We also demonstrated that 20-1 and actin are 

distributed as ring-like belts at the site of the apicolateral cell-to-cell junctions-. 

20-1 is thought to link the actin cytoskeleton with the transmembrane junctional 

protein occludin and may have a role in actin-mediated opening of the tight 

junction.16,39,40 Here we show that upon incubation of RPE cultures in low 

calcium conditions both actin and 20-1 redistribute together, condensing around 

the cell nuclei. This pattern differs from that seen in MOCK cells treated with low 

calcium media in which actin condenses around the cell nuclei and 20-1 is 

localized diffusely within the cytoplasm.25,26,41 Further investigation is 

necessary to determine whether this apparent structural difference reflects a 

fundamental difference in regulation of tight junction disassembly in the two 1 

epithelial cell types or if it results from technical differences between the 

different experimental protocols. 
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Figure 1. RPE cells maintained in hormonally defined medium (HDM) develop 

high TER compared with cultures in medium with serum. RPE cultures prepared 

as described in the methods were maintained in HDM or serum for 7 days and 

TER was recorded daily. Data are plotted as mean.± standard deviation. 
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Figure 2. RPE cells switched from .serum containing medium to HDM show 

substantial increases in TER. RPE cultures prepared as described in the 

methods were first maintained in medium with serum for 5 days and then 

switched to HDM. Data are plotted as mean.± standard deviation. The standard 

deviation bars for days 1-5 are smaller than the data points. 
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Figure 3. RPE cells restrict tracer passage as compared with coated filters 

without cells. RPE cultures with TER levels of.180-240 ohm · cm2 were tested 

for permeability to SF (a),. inulin (b) or HRP (c). Tracer concentration in the 

basal compartment is plotted as a function of time. The standard deviation bars 

not shown are smaller than the data points. 
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Figure 4. RPE cell permeability is linear with time. Regression analysis of the 

data shown in Figure 3 demonstrated that RPE permeability for all three tracers 

is linear during the incubation intervals. The correlation coefficients of the 

regression lines were 0.986 for SF. (a), 0.999 for inulin (b) and 0.996 for HRP (c). 
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Figure 5. Tracer flu~ across the RPE cultures is relatively stable during 5 and 

10 min incubation intervals. Data shown in figure 3 were analyzed to determine 

the rate of tracer flux during the 2, '5, 10 and 30 min incubation intervals. 
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Figure 6. RPE cell permeability to SF is correlated inversely with TER levels. 

Cultures maintained in HOM or serum-containing medium were prepared as 

described in the methods and assayed for TER and SF flux. Data are expressed 

as mean:!: SD. 
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Figure 7. RPE cell intracellular uptake of HRP during the permeability assay is 

limited. HRP reaction product is restricted to a few small vesicles and 

multivesicular bodies (arrows). Product is not present within RPE cell junctions 

(between arrowheads). The large electron dense organelle_s are pigment 

granules and lipid droplets and are also present in cells not exposed to the HRP 

tracer. 
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Figure 8. RPE cultures switched from medium with normal calcium (NCM) to 

low calcium medium (LCM) increased their permeability. Cultures in NCM with 

TER levels of 212 ohm · cm2 were switched to LCM as described in methods 

and then assayed for permeability_ to inulin and SF. Tracer flux was·calculated 

for 10 minutes incubation intervals. Data are expressed as mean ± SD. (Note: 

One filter in LCM was lost duri_ng processing. The individual flux values were 

0.067 and 0.063 for inulin and 0.244 and 0.223 for SF). 
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Figure 9. RPE cultures switched from medium with normal calcium (NCM) to 

low calcium mediu~ (LCM) showed cond_ensation and perinuclear redistribution 

of ZO-1 and actin. Cultures prepared in NCM (a, c) or LCM.(b, d) as described 

in Figure 9 were reacted to demonstrate ZO-1 (a, b) or actin (c, d). 

Magnification = 800x 





CHAPTER 3. SERUM FACTOR(S) INDUCE BREAKDOWN OF 

TIGHT JUNCTIONS IN RETINAL PIGMENT EPITHELIAL CELL 

CULTURES 

PREFACE 

It has been suggested that breakdown of blood-retinal barrier and 

leakage of serum factors into retina due to vascular injury or to 

trauma and bleeding during reattachment surgery play a role in 

Proliferative Vitreoretinopathy (PVR). It has been demonstrated 

that serum factors can cause RPE cell proliferation and migration 

in human RPE cultures. However, it is not clear whether serum 

factors have direct effects on RPE tight junctions. In this chapter, 

PVR was modeled in the RPE cell culture system demonstrated in 

chapter 1 and the serum effects on RPE tight junctions were 

examined. 
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ABSTRACT 

An established retinal pigment epithelial (RPE) culture system was 

used as a model to study the blood-brain barrier function at 

epithelial cell level. RPE tight junctions become abnormally 

permeable in disease and injury conditions. In this study, stability 

of RPE tight junctions under serum treatment was examined and 

characterized in cell culture. Serum Containing medium was 

compared with serum free medium in their effects on the tight 

junction formation of RPE cells. Transepithelial electrical 

resistance (TER) measurement, permeability assay, 

immunolabelling, Western blot, and biochemical approaches were 

used to indicate the serum effect on the tight junction formation and 

to characterize the serum factors. The results showed that serum 

contains a factor that reduces the TER and increases the 

permeability of tight junctions of RPE cells. The TER and 

permeability changes of RPE cells are accompanied by fragmented 

Z0-1 labelling and reduced amount of Z0-1 protein on Western 

blot. The serum factor exerts its effect only on the apical surface of 

RPE cells and has affinity for heparin. It is heat labile and larger 

than 50 kD or binding to large proteins. Our data suggest that this 

factor exerts its effect in reducing tight junction formation through 
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inhibiting 20-1 protein synthesis or maybe 20-1 gene expression 

and that HGF/SF may be one of the candidates of this factor. 

Key Words 

Blood retinal barrier, cell adhesion, retinal pigment epithelium, 

retinal cell culture, serum effect, tight junction. 
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INTRODUCTION 

Two cell barrier layers separate the central nervous system (CNS) 

from the blood - the endothelium of the capillary and the epithelium 

of the choroid plexus (Brightman, 1989). The barrier functions of 

both layers depend on their tight junctions which limit paracellular 

permeability and restrict the passage of membrane proteins within 

the lipid bilayer. Together these functions serve to establish and 

maintain the differences between fluid compartments on either side 

of the monolayers. 

Control of endothelial cell permeability barriers and of epithelial 

cell ion transport functions have been studied extensively in vitro 

(Rubin et al., 1991; DeHouk et al., 1991; 1995). Less is known 

about the epithelial cell tight junctions. _ In order to analyze their 

regulation and to understand how they become altered in disease, 

we have developed a retinal model of the blood-CNS epithelial cell 

barrier. We chose the retina for our model system because of its 

simple organization, accessibility for experimentation .and because 

its cells can be easily maintained in primary culture conditions that 

closely model conditions in vivo. In the retina the outer blood-CNS

barrier is formed by the retinal pigmented epithelial (RPE) cells 
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which separate the neural retina from the leaky microvessels of the 

choriocapillaris. The RPE cells develop from the neural ectoderm 

to line the ventricular space in the developing eye, serving as the 

retinal homologue of the choroid plexus epith_elium (Junqueira et 

al., 1989). 

We have shown that freshly isolated RPE cells maintained in 

primary culture form tight junctions with high electrical resistance 

levels comparable with those in fresh bovine retinas and human 

cells in primary culture (Chang and Caldwell, submitted). The 

RPE tight junctions, like those of other epithelia, can be opened by 

switching the cells to low calcium medium (Chang and Caldwell, 

1995). Sensitive assays have been developed for accurate and 

reliable measurement of paracellular permeability which has been 

shown to correlate closely with transepithelial electrical resistance. 

RPE cells are known to become abnormally permeable in disease 

or injury, but the specific permeability inducing stimuli and the 

mechanisms of their actions are unknown (Bok 1979; Caldwell and 

McLaughlin, 1983; Caldwell et al., 1985; Chakrabarti et al., 1990; 

Zweypfenning et al., 1992; Campochiaro et al. 1984; 1986). The 

experiments reported here were designed to model a condition 

referred to as proliferative vitreoretinopathy in which the RPE cell 

permeability barrier breaks down subsequent to vascular damage 
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and leakage of blood products into the neural retina. · Factors 

present in serum have been found to stimulate proliferation and 

migration of RPE cells in culture and it is thought that they also 

induce RPE cell permeability dysfunction (Campochiaro et al. 

1984; 1986; 1987; Sen et al. 1988). Our comparative analyses of 

RPE cultures maintained with serum-containing medium versus 

those in serum-free defined medium supported this hypothesis and 

suggested that factors in serum also inhibit formation of RPE cell 

tight junctions (Chang and Caldwell, 1995). We have now directly 

tested this hypothesis by determining the specific effects of serum 

on RPE cell tight junctions. 
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MATERIALS AND METHODS 

Materials and reagents were obtained from Sigma otherwise 

indicated. 

Cell Culture 

RPE cells were isolated from 6-8 days old Long Evans rats as 

described previously (Chang et al. 1991 ). RPE sheets were 

digested with 0.1 % trypsin for 2-3 minutes to obtain, a single cell 

suspension and 2 X 105 cells/cm2 were plated on laminin coated 

filters in either a 96 well- or a 24 well-plate format as described 

previously (Chang _et al., 1996). The cultures were maintained in 

NCTC-135 medium with heat inactivated 10% fetal bovine serum 

(FBS, GIBCO BRL, Grand Island, NY) or in hormonally defined 

medium (HOM). HOM was always prepared fresh and consisted of 

NCTC-135 medium supplemented with insulin (1 O µg/ml), 

transferrin (5.5 µg/ml), sodium selenite (6. 7 ng/ml), sodium 

pyruvate (0.11 mg/ml), bovine serum albumin (1 mg/ml, RIA grade), 

linoleic acid-albumin (1 O µg/ml), hydrocortisone _(20 nM), 

triiodothyronine (1 O nM), putrescine (0.3 µg/ml), and aprotinin (50 
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µg/ml), bFGF (0.1 ng/ml, GIBCO BRL), and EGF (50 ng/ml, GIBCO 

BRL). 

Preparation of Platelet Poor Plasma 

Bovine platelet poor plasma was prepared as described by 

Dickinson and Slakey, 1982. Briefly, bovine blood obtained at 

local slaughter house (500 ml) was collected with 50 ml 3.8% 

sodium citrate in 0. 1' M Tris~Ringer solution, pH 7.2 at 4°C. The 

blood was centrifuged at 1,000g for 1_5 minutes to pellet the cell 

sediment, and then the supernatant was centrifuged at 15,000g for 

30 minutes at 4°C to collect plasma. 

Transepithelial Electrical Resistance (TER) 

TER was measured with an Epithelial Voltohmmeter and STX or 

STXI I electrodes (EVOM, World Precision Inc., Sarasota, FL). 

TER of the coated filter alone was measured as background and 

was subtracted from the filters with cells. TER was expressed as 

ohm• cm2
. 
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Permeability Assay 

Sodium fluorescein, SF, 376 D and horseradish peroxidase (HRP), . 

40 kD, were used as permeability tracers. The assay was done as 

described in (Chang et al., 1996). Briefly, tracers were constru(?ted 

in HOM at 25 µg/ml for SF and 50 µg/ml for HRP and were applied 

only to the apical compartment. The tracers were incubated with 

the cultures at 37°C with 5% CO2 for 2-60 min. To avoid hydraulic 

pressure differences between apical and basal compartments, the 

fluid level was equalized by adding 200 µI in the apical 

compartment and 800 µI in the basal one. The amount of SF that 

9rossed the RPE monolayers was determined using a CytoFluor II 

Microplate fluorescence Reader (Millipore, Marlborough, MA). For 

quantitation of HRP, media samples (20 µI) were reacted with o

phenylenediamine (OPD) at 400 µg/ml in buffer with 0.05 M citric 

acid, 0.1 M phosphate, and 0.012% of H2O2 at pH 5.0. The 

reaction was terminated by addition of 50 µI of 0.25 M H2SO4, and 

reaction product was read at 490 nm in a 7520 Microplate Reader 

(Cambridge Technology, Watertown, MA). 
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Lactate Dehydrogenase Analysis 

Lactate dehydrogenase (LDH) was assayed to determine whether 

cell death contributed to the decrease in TER induced by serum. 

The assay was done as described previously (Chang et al., 1996b, 

submitted). Briefly, serum-containing or serum-free medium (100 

µI ) was mixed with pyruvate (16.2 mM) and NADH (0.194 mM) in 

2.5 ml phosphate buffer. The LDH activity in the medium was 

determined by generation of NAD+ monitored at 340 nm at 1 minute 

intervals for 3 min beginning 30 seconds after the start of the 

reaction. 

lmmunocytochemistry 

lmmunolabelling of RPE cultures was done as described in (Chang 

et al., 1996). Briefly, cells on 24-Transwell filters were fixed with 

4% formaldehyde for 1·o_minutes and then rinsed in Phosphate 

buffered saline (PBS). Rat a·nti-2O-1 (Stevenson et al., 1986), 

monoclonal antibody was diluted 1: 100 _(Chem icon, Temecula, CA) 

or 1: 10 (Hybridoma Bank) in PBS with 0.5% triton X-100 and 

incubated with the cultures overnight at 4°C. Secondary antibQdy, 
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FITC goat anti-rat, was diluted 1 :64 and incubated with the cultures 

for 2 hours at 37°C. Actin was labelled with rhodamine-phalloidin 

(1 :50 in PBS, Molecular Probes, Eugene, OR) for 1 hour at room 

temperature. The cultures were removed from the Transwell and 

were examined and ·photographed using a Bio-Rad MRC-600 

Laser Scanning Confocal Imaging System. 

Changes in the 20-1 labelling pattern induced by serum were 

analyzed quantitatively. Serum-treated or HOM-treated cultures 

were prepared as described above. The analysis was done blindly 

in 5 cultures from each treatment condition. In each culture, five 

randomly selected areas were analyzed to determine the presence 

or absence of two specific tight junction morphology patterns: 1 ) 

"complex" junctions with loop-like segments ( + ); 2) "fragmented" 

junctions with broken segments (-). After examination, the 

treatment conditions were decoded and Chi-square test was done 

to test for statistical significance. 

Western Blotting 

RPE cells isolated from 6-8 days old Long Evans rats were plated 

at confluent density on laminin-coated plastic dishes and 
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maintained for 2 days in HDM with or without 10% serum. Protein 

was extracted for Western analysis of 20-1 protein (Siliciano and 

Goodenough, 1988). Briefly, RPE cell monolayers were rinsed 

twice with phosphate buffered saline (PBS), scraped into the same 

buffer with a rubber policeman, and then pelleted by centrifugation 

at 1,200 rpm for 10 minutes. All subsequent manipulations were 

done at 4°C. To solublize 20-1, extract buffer containing 6 M urea, 

10 mM imidazole, 2 mM MgC'2, 0.1 % Triton X-100, pH 7.4 and 

protease inhibitors (20 µg/ml each of pepstain, leupeptin, and 

chymostain; 3 µI/ml of diisopropylfluorophosphate). Extracts were 

centrifuged at 100,000g for 60 minutes at 4°C. Supernatants were 

- subjected to electrophoresis on 6% SOS-PAGE, followed by 

blotting and 20-1 immunodetection. For immunodetection, the 

ECL Western blotting system (Amersham) was used with HRP~ 

labelled secondary antibody (Amersham) and anti-2O-1 antibody 

(Hybridoma Bank). 

Cell Counting 

To see whether serum-induced decreases in TER and increases in 

permeability could have been due to induction ·of cell RPE cell 

detachment from the monolayer or to proliferation, cell density in 
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the treated cultures was determined by counting RPE cells in 

photographs of immunolabelled cultures. Areas (7 40 µm2
) were 

randomly selected from 4 cultures that had been maintained in 

HOM alone or with 10 % FBS. An unpaired Student "t" test was 

used to determine whether or not differences in cell density 

occurred between groups. 

Heparin Affinity 

Serum was dialyzed against the starting buffer (0.01 M phosphate 

. and 0.01 M NaCl, pH 7.0) at 4°C overnight, loaded on a heparin 

column (7 cm long with 2.76 cm diameter, 42 ml bed volume) and 

washed thoroughly with starting buffer until absorbance returned to 

the base line. The heparin bound fraction was eluted with 0.01 M 

phosphate buffer containing 1.5 M NaCl. After regeneration of the 

column with high salt buffer, the· unbound fraction _was reloaded to 

the column. The bound and unbound fractions obtained from the 

two runs were pooled separately and concentrated with 

ultrafiltration cells ·(pore size < 3000 0, Amicon). After dialysis 

against 500 ml of NCTC-135 medium for 48 hours, the 

concentrated fractions were equated to the starting concentration 

and constructed in HOM for testing on the RPE cell cultures. 
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RESULTS 

Serum lnhi.bits Tight Junction Formation and Induces Their 

Breakdown. 

To test serum effects on tight junction formation, RPE cells were 

cultured in base medium with 10% serum and then switched to 

hormonally defined medium (HDM) with or without 10% serum. 

The results showed that the TER levels of the cultures in HDM + 

1 0 % serum remained low (Fig 1 a). In contrast, the cultures that 

were switched into HDM without serum could develop high levels 

of TER (Fig 1 a). Furthermore, when cultures that had developed 

--

high levels of TER in HDM alone were switched to HDM + serum, 

their TER declined (Fig. 1 b). The effects of serum on RPE tight 

junctions are concentration dependent and reversible. RPE culture 

treated with higher serum concentrations showed lower TER levels 

(Fig. 2). When RPE cells were switched back to HDM, their TER 

recovered within 1-2 days (Data not shown). Permeability assays 

showed that serum induced substantial increases in tracer flux 

which were inversely correlated with TER levels as well with tracer 

size. TER in the serum-treated cultures' decreased to 40% of that 

for the cultures in HDM, whereas the flux of SF and HRP was 
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increased by 170% and 100% respectively (Fig. 3). This indicates 

that TER measurements provide a reliable indicator of serum 

effects on the function of RPE cell tight junctions and can be used 

as a rapid and sensitive indicator of tight junction formation and 

stability. 

To see whether the serum effect on tight junction stability could b_e 

a result of an immune response of the rat RPE cells to bovine 

serum, the effects of heat inactivated rat serum on rat RPE cell 

cultures were compared with those of heat inactivated fetal bovine 

serum. This analysis showed that sera from both species were 

effective in reducing the TER levels that RPE cells developed in 

HDM (Fig. 4). Rat serum induced a slightly greater reduction than 

fetal bovine serum which could be due to the specificity of rat 

serum factors for the rat RPE cells. These data suggest that the 

effects of fetal bovine serum on tight junctions of rat RPE cells are 

not to spec.ies differences but due to common factors present in the 

serum from both species: 

Experiments comparing the effects of platelet poor bovine plasma. 

on RPE cell TER and tracer flux with those of fetal bovine serum 

showed that plasma is also effective in inducing tight junction 
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breakdown. This suggests that the inhibitory factor is a product of 

the blood but not a product generated from blood clotting. 

Serum Induced TER Decrease Is Not Related to Cell Death or 

Cell Proliferation. 

Cytotoxicity (Nusrat et al, 1994) and enhanced cell division (Tice et 

al. 1979) have been considered or reported as contributing factors 

to the serum effects on TER of cultured intestinal cells. Therefore,, 

it is necessary to examine whether or not the serum-induced 

decreases in RPE cell TER are related to cell death or cell 

proliferation. Cell death was evaluated by an assay for LOH 

activity in the medium conditioned by cultures which had been 

maintained in HOM with or without serum for two days. The results 

showed that LDH activity levels were essentially unchanged after 

two days culture with cells (Fig. 5a). To assess cell proliferation, 

cells were plated at equal density, maintained with or without 

serum for two days, and prepared for morphometric analysis of cell 

density. The cell count data showed no significant difference in 

cell number or size between the two treatments (Fig. 5b). Thus, 

neither cell death nor cell proliferation, occurs in serum-treated 
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cultures. Therefore, the serum-induced TER decrease is not due 

to cell death or cell proliferation. 

The Serum Effect on RPE Tight Junctions Is Specific for the 

Apical Surface. 

RPE cells are highly polarized in vivo. Their apical surfaces which 

oppose the neural reti_na normally are protected from serum factors 

by the blood-retinal barrier. Therefore, the apical surfaces of RPE 

cells are not exposed to blood products or serum unless 

hemorrh~ge occurs in retina. On the other hand, the RPE basal 

surfaces face the relatively leaky choriodal capillaries. They may 

therefore be exposed ,to blood products under normal conditions. 

To see whether the serum effect is surface specific, serum was 

applied to either the apical or the basal surfaces of RPE cell 

cultures and HDM was added to the opposite surface. The results 

showed that serum induced a· breakdown of tight junctions only 

when it was applied to the apical surface of the RPE cell cultures 

(Fig. 6, closed circles). When serum was added to the basal side 

of the cultures, RPE cells could continuously develop TER up to ~ 

300 ohm• cm2 (Fig. 6, open circles). Therefore, the serum effect 

is apical surface specific for RPE cell cultures. 
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The Serum Effect on RPE Cell Tight Junctions Occurs Slowly. 

It is well known that tight junction formation requires calcium. 

Removal of calcium fr~m epithelial cell cultures results in 

dissociation of tight junctions (Chang and Caldwell, 1996). 

However, the tight junction dissociation occurs rapidly in minutes 

(Fig. 7 a) and apparently involves the transient translocation of tight 

junction proteins. When the time course of the serum effect on 

tight junction TER was compareGJ with that of a switch to low 

calcium medium, the data showed that serum effect occurs more 

slowly, requiring 7 hours to show its initia·I inhibitory effect on the 

stability of tight junctions (Fig. 7b). This indicates that the effect of 

serum on RPE cell tight junctions probably is not a simple process 

of protein translocation. 

The Serum Effect on RPE Cell Tight Junction TER and 

Permeability Is Accompanied by Decreases in 20-1 Protein. 

To see whether the alterations in TER and permeability induced by 

serum treatment of RPE cell cultures are related to the changes in 

tight junction structure, RPE cell cultures treated for -2 days in HOM 

with or without serum were fixed and labeled for immunodetection 
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of the tight junction protein, 20-1 and of junction-associated actin 

microfilement. The cultures maintained in HOM showed 20-1 

junctional labelling in a continuous polygonal pattern which often 

contained loop-like elaborations (Fig. Ba and b). This is suggestive 

of the network-:-pattern RPE cell tight junctions exhibit in freeze

fracture preparations (Caldwell et al., 1982). In contrast, cultures 

treated with serum-containing medium had a fragmented, 

I 

discontinuous labelling pattern (Fig. Be and d). To see whether 

these structural phenomena are specifically related to the 

treatments, cultures which had been maintained in serum 

containing HOM or HOM alone·were coded and examined blindly 

for the presence of loop-like structures, or fragmentation or 

absence of labelling. This analysis showed that the loop-like 

structures were commonly present in the HOM-treated cultures and 

rarely present in the serum-treated cultures. Conversely, areas of 

cell-cell contact showing junction fragmentation or absence of 

labelling were specifically increased in the serum-treated cultures · 

as compared with those maintained in HOM alone (P < 0.001, Chi

square Test; Fig. 9). In order to test whether this fragmented 20-1 

labelling is related to a reduced amount of 20-1 protein, protein 

extracted from serum-treated and from HOM treated RPE cultures 

was analyzed by Western blot (Fig. 10). Densitometric analysis 
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confirmed a 67% decreases in ZO-1 in the serum-treated cultures. 

· · Therefore, the fragmentation pattern in serum-treated culture is 

most likely due to a reduction in ZO-1 protein level. Since actin 

has a very close relationship with tight junctions (Madara, 1987, 

1992), actin labelling under different treatments was also 

examined. However, morphological differences in actin 

distribution between two treatments were not apparent (Data not 

shown). 

Serum-Derived Permeability Factor Is Heat Labile, 

Nondialyzible, and Has Affinity for Heparin. 

When serum was heated at 100°C for 5 minutes, its inhibitory effect 

on tight junction formation was completely abolished. RPE cells 

treated with medium containing heated serum could develop TER 

comparable to the cells in HDM (Fig. 11 ). When serum was heated 

at 80°C for 30 minutes, the activity of serum factor was significantly 

reduced but not eliminated. 

To further characterize the permeability-inducing factor, serum was 

dialyzed against NCTC-135 medium with 2 - 50 kD cut off dialysis 

tubing and then was tested for effect on RPE cell TER levels. 
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However, after dialysis with 50 kO cut off tubing, serum could still 

induce tight junction breakdown equivalent to non-dialyzed serum 

(data not shown). This indicates that either the serum factor is 

larger than 50 kO or that it binds to another protein and is non

dializable. Heparin-bound fractions eluted from a heparin affinity 

column with 1.5 NaCl showed effects on TER equivalent to that of 

serum ·(Fig. 12). Cultures treated with the unbound fraction 

developed significantly higher levels of TER, indicating that the 

majority of the activity was removed by the heparin column (P < 

0.0005, ANOVA; followed by Bonferroni Multiple Comparisons). 

Thus, the serum factor has heparin affinity. The difference 

between 1effects of HOM+ unbound fraction and HOM alone 

suggests that serum may contain additional inhibitory factors less 

effective than the heparin binding factor. 
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DISCUSSION 

Our results demonstrate that serum_ contains a factor(s) that 

inhibits formation of retinal epithelial cell tight junctions and 

induces their breakdown by a reversible process. Retinal epithelial 

cells treated with serum exhibit low levels of electrical resistance 

and increased permeability to low and high molecular weight 

tracers. This functional breakdown is manifested structurally by 

decreases in the tight junction protein 20-1 as shown by 

immunolabeling and by Western blotting. The serum effect was 

found to be specific for the apical surface. Comparison of the 

effects on tight junctions of rat serum with those of fetal bovine 

serum showed that the effect is due to a common factor that is 

present in serum from different species and is therefore not due to 

species incompatibility of rat RPE cells with bovine serum factors. 

Both serum a'nd blood plasma exerted similar effects, indicati'7g 

that the junction inhibiting factor is more likely a blood product 

rather than a factor derived from the blood clotting process. Initial 

characterization of the serum factor revealed that its activity is lost 

upon boiling. The factor was non-dialyzable at 50 kD, suggesting 

that it is relatively large or that it has binding affinity for other ·1arge 

proteins. 
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Our observations are the first we know of to show a decrease in 

20-1 protein level associated with impairment of tight junction 

sealing function. Decreases in electrical resistance and increases 

in permeability have been found to correlate with decreases in the 

number and complexity of tight junction stands as revealed by 

freeze-fracture in RPE and other epithelial cells (Madara et al, 

1985; Caldwell et al., 1982; Caldwell and Mclaulin 1984). 

Additional experiments are needed to determine whether the 

changes in 20-1 expression observed in our experiments are also 

accompanied by changes in tight junction ultrastructure and in 

other tight junction proteins. Of particular interest is the 

transmembrane protein occludin which is thought to function as _the 

tight junction sealing protein (Gumbiner, 1993). Further 

investigation is also needed to determine whether the reduced 20-

1 protein levels observed in our experiments are due to the 

inhibition of 20-1 expression at transcription level. Northern 

blotting will help to answer the question. 

The effect of serum treatment on RPE cell tight juncUons differs 

from that seen when tight junction breakdown is induced by 

treatment with low calcium medium. Previously, we have shown 

that 20-1 redistributes around the nucleus when RPE cultures are 

switched from normal calcium to low calcium medium (Chang and 
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Caldwell, 1996). We did not measure Z0-1 protein levels in our 

previous studies. However, others have shown that cultured 

epithelial cell lines maintained in suspension cultures (to prevent 

tight junction assembly) exhibit levels of Z0-1 protein comparable 

with that in monolayer cultures (Siliciano and Goodenough, 1988). 

Thus, Z0-1 alterations induced by serum treatment of RPE cells 

differ qualitatively and probably quantitatively from those induced 

by manipulating media calcium. The time course of the serum 

effect is also different from that induced by culture in calcium-free 

medium. Tight junction breakdown induced by serum occurs 

slowly, requiring 7 - 24 hours for the effect, whereas tight junction 

disassembly induced by treatment with low-calcium medium occurs 

within minutes. Comparing the serum effect on tight junction 

function and structure seen in the calcium switch protocol further 

proves that serum-induced tight junction breakdown is not a simple 

process of tight junction protein translocation but that it involves 

decreases in Z0-1 protein. 

The kinetics of the RPE cell response to serum treatment also 

differs from that seen in other epithelial cell types. In MOCK cells 

treated with serum the tight junction opening process is detected in 

1 O minutes and reaches its maximum effect within 40 minutes 

(Conyers et al. 1990) as compared with many hours for the retinal 
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epithelial cells. The tight junction breakdown in MOCK cells is also 

different in terms of its structural manifestations, being 

characterized by focal condensation of perijunctional actin ring at 

sites where three or more cells are in contact. The serum-treated 

RPE cell cultures exhibited no apparent alteration in actin 

distribution. The two cell types also differ in terms of surface 

specificity of the serum effect. The effect on MOCK cells is 

specific for the basal .surface (Conyers et al., 1990; Marmorstein, et 

al., 1992) while that on RPE cells is specific for the apical surface. 

This difference in surface specificity probably reflects differences in 

functions of the two cell types and in the. regulation of their tight 

junctions. Interestingly, the surface polarity of two cell types is 

also reversed in terms of the distribution of Na-K-ATPase 

(Junqueira et al., 1989; Rizzolo and Li, 1993) 

In addition to specific effects of serum factors on tight junctions, the 

possibility of generalized cellular responses to serum must also be 

considered. Serum factors are known to induce proliferation and 

migration of RPE cells in culture (Campochiaro et al., 1984, 1986, 

1987; Sen et al., 1988). Enhanced cell division (Tice et al. 1979) 

and cytotoxicity (Nusrat et al, 1994) have been considered in 

interpreting cell responses to serum treatment in other epithelial 

cell types. Our data argue against a role for proliferation or cell 
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death in the RPE cell serum response under the conditions of our 

experimental assays, however. Cell density analysis showed no 

change in cell number or size in the serum-treated cultures, 

indicating that cell proliferation did not occur during the serum 

treatment period. Our LDH assay resu~ts showed no evidence of 

cell death in the serum-treated cultur.es. After two days treatment 

with serum-containing medium, LDH activity in' the medium 

conditioned by the treated cells was very low and was actually 

reduced slightly as compared with media levels prior to culture. 

Thus it is very unlikely that the tight junction breakdown occurs 

secondarily to cell proliferation or cell death. Two explanations 

may account for the lack of serum-induced cell growth ir:i our 

system. One is that RPE cells are highly differentiated and do not 

proliferate under physiological conditions in vivo. The other is that 

cells in our culture system were plated on a filter substrate at very 

high density. We believe that these conditions help to maintain the 

RPE cells in their in vivo differentiated state and inhibit their 

proliferation even in the presence of serum-containing medium. 

The apical surface specificity of the serum effect on RPE cells also 

supports the above argument that the serum effect involves a 

specific effect on tight junctions rather than a generalized cellular 

response secondary to in9uction of cell proliferation or cell death. 
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Furthermore, the restriction of the cellular response to the apical 

surface strongly suggests that the process involves the specific 

stimulation of a RPE cell apical membrane receptor by-a specific 

factor in serum. 

Determining the identity of the junction-modulating factor requires 

further investigation. Serum has many components that could 

affect tight junctions, including proteins, lipids, hormones and 

growth factors. For example, thrombin has been reported to induce 

intercellular gaps between cultured RPE cells (Sakamoto et al. 

1994). As discussed above, an epithelial permeability factor has 

also been found in human serum which opens the tight junctions of 

MOCK cells (Conyers et al. 1990; Marmorstein et al. 1992). Lately, 

hepatocyte growth factor/scatter factor has been found to decrease· 

electrical resistance levels in the T 84 human colonic cell line -

(Nu~rat et al, 1994). Serum also contains growth factors With RPE

specific activity and affinity for heparin which include the fibroblast 
' 

growth factors, vascular endothelial growth factors (Schweigerer et 

al., 1987; Mascarelli et al., 1987; Sternfeld et al., 1989; Leschey et 

al, 1990; Guerrin et al., 1995). Among all of the above factors, 

Hepatocyte Growth Factor/Scatter Factor (HGF/SF) is a ·likely 

candidate for the retinal epithelial cell modulating factor because of 

its large size (90 kD) and known effects on tight junctions in T84 
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colonic cells (Nusrat et al., 1994). This effect occurs slowly (within 

48 hours), similar to the serum effect on RPE cells. Thus, it is 

possible that HGF/SF induces a breakdown of RPE cell tight 

junctions. Our preliminary analyses testing the effects of human 

recombinant HGF/SF on rat RPE cells showed no effects on 

electrical resistance levels, but further analyses are needed to rule 

out species incompatibility between _the human protein and 

receptors on the rat RPE cells. It is also possible that' serum 

contains more than one inhibitory factor. 

In conclusion, our data suggest a working model to explain the 

pathological progression of CNS disease and injury conditions 

accompanied by vascular damage and bleeding. We propose that 

blood products which enter the subretinal space or the ventricular 

compartments contain a fc~ctor( s) that induces further breakdown of 

the blood-CNS barrier due to its specific effects on the epithelial 

cell tight junctions. This alteration in the epithelial barrier function 

will lead to further alterations in the composition of the CNS fluid 

environment, thus contributing to the progression of the pathology. 
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Figure 1. Serum inhibits formation of tight junctions and 

induces their breakdown. RPE cells were plated in base medium 

' containing 10 % FBS for 4 days until their TER stabilized at ~ 50 

Ohm • cm2
, and then were switched to eithe'r HOM or HOM + 10 % 

serum (a). Cultures (n=4) thatwere switched to HOM could 

develop high levels of TER ( ~ 200 Ohm • cm2
), whereas cultures 

(n=4) switched to HOM+ serum could not develop high levels of 

TER. In parallel, RPE cultures (n=7) which were allowed to 

develop high levels of TER in HOM, and then switched to HOM 

with serum, TER decreased back to ~ 50 ohm • cm2 within 24 

hours (b). 
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Figure 2. Serum's effect on RPE cell TER is concentration 

dependent. RPE cultures prepared as described in methods were 

allowed to develop high levels of TER (460 .±. 69 ohm • cm2
) and 

then treated for 24 hours with HDM containing 2.5%, 10%, or 40% 

serum. TER decreased progressively as. serum concentration 

increased (p<0.001, ANOVA). 
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Figure 3. Serum induces an increase in RPE cell permeability. 

Cultures were prepared in serum containing medium. When their 

TER stabilized, they were switched to HDM with or without serum. 

TER (a) and permeability to SF (b) or HRP (c) were assayed two 

days later. Note that the flux of the low molecular weight tracer, SF 

(376 D), was about 200 times higher than that of the l_arge 

molecular weight tracer HRP (40 kD). 
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Figure 4. Rat (RS) and bovi"ne serum (FBS) are equally 

effective in inducing tight junction breakdown. Cultures were 

maintained in HOM until they reached their highest TER levels, and 

then they were switched to HOM + FBS . (n=7) or HOM + RS (n=7) 

to test serum specificity for 4 days. Both sera reduced the TER 

level developed in HOM by---: 500%. 
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Figure 5. Serum treatment has no effect on RPE cell death or 

cell number. To determine whether or not serum effects on TER 

and permeability could be due to cell death; LDH activity was 

assayed in unconditioned media or media conditioned for 48 hours 

by RPE cultures treated with HDM or HDM + serum (a). To 

determine effects of serum treatment on cell density, RPE cultures 

were treated for 4 days ·in HDM with or without 10% serum and 

then prepared for morphometric analysis of cell density (b ). Areas 

(7 40 µm2
) were randomly selected from 4 cultures in each 

condition and RPE cells were counted. Statistical analysis of cell 

density showed no difference between groups (p>0.05). -
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Figure _6. The serum effect on RPE tight junctions is specific for 

the apical surface. RPE cultures were allowed to develop TER 

levels of 200 ohm • cm2 in HDM and then were treated with 10% 

serum on either the apical or basal surface only. Cultures treated 

with HDM in the apical compartment and serum in _the basal 

compartment increased their TER by 150% while those with serum 

in the apical compartment decreased their TER by 150% compared 

with their initial TER (200 ohm • cm2
) levels. 
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Figure 7. The serum effect on RPE cell tight junctions occurs 

slowly. When RPE cells were switched from HDM with normal 

calcium levels to low calcium medium (a), their TER (233.9 + 33.0 

Ohm • cm2
) decreased to the background level within 2 minutes. 

Parallel cultures (243.7 + 42.9 Ohm• cm2
) switched from HDM to 

HDM with 10 % serum exhibited a gradual decrease in TER which 

began after 6-7 hours and ~as complete within 24 hours (b). 
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Figure 8. Serum induces fragmentation in RPE cultures. RPE 

cultures were treated for 2 days in HOM with or without serum and 

then prepared for immunolabelling. The cultures treated with HOM 

without serum sho~ed Z0-1 labelling in a continuous polygonal 

pattern containing loop-like structures (a and b).· The cultures 

maintained in HOM with serum showed a fragmented, 

discontinuous Z0-1 labelling pattern (c and d). 
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Figure 9. 20-1 labelling patterns are related to specific medium 

treatments. Cultures treated for 2 days with HDM alone or with 

10% serum were immunolabelled for 20-1 and then examined 

blindly for the presence of "complex", (loop-like)junctions, 

"fragmented", (broken or absent) junctions or neither pattern (i.e. 

single continuous line outlining cell boundary). Chi-square 

analysis showed a significant increase in fragmented junctions in 

the serum-treated cultures (p<0.001 ). 
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Figure 10. Serum induces a decrease in 20-1 protein. 20-1 

protein was extracted from RPE cultures maintained in HOM with or 

without serum for 5 days and prepared for immunoblotting of 20-1 

as described in the method section. Densitometry showed that 20-

1 protein levels in the cultures maintained in HOM with serum (lane 

1 and 2) was reduced by 67% compared with that in the cultures in 

HOM without serum (lane 3 and 4). 
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Figure 11. Serum-derived permeability factor is heat labile. RPE 

cell cultures that had developed high levels of TER in HDM were 

- . 
incubated for 4 days with heat inactivated ~erum (57°C, ·30 min to 

inactivate complements) or with serum that had been heated at 

80°C for 30 minutes, or 100°C for 5 minutes. RPE cultures treated 

with serum heated at 100°C developed TER comparable with RPE 

cells in HDM. Heat treatment at 80°C for 30 minutes reduced but 

did not abolish the serum effects compared with the cultures 

treated with heated inactivated control serum. . ( 
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Figure 12. Serum-derived permeability factor has affinity for heparin. Fetal 

bovine serum was fractionated by heparin affinity column as described in the 

methods section and then tested on RPE cultures with TER levels of 20 ohm • 

cm2
. Heparin bound fraction was equivalent to serum in its ability to inhibit 

' ' . 

cultures to develop TER. Cultures treated with the unbound fraction could 

develop significantly higher levels of TER (64.4 + 15.3 Ohm • cm2
). 
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CHAPTER 4 PIGMENT EPITHELIAL CELLS FROM DYSTROPHIC RATS 

FORM NORMAL TIGHT JUNCTIONS IN VITRO 

PREFACE 

The Royal College of Surgeons (RCS) rat is a well established animal model for 

' ' 

retinopathy. The retina degeneration in RCS rat has been studied very well and 

has been reported to be directly related to the RPE cell genetic defect. However, it 

is n~t clear whether increased RPE barrier permeability in RCS rat is directly due to 

genetic defect in RPE cells or occurs secondary to photoreceptor degeneration. In 

this chapter, increased RPE barrier permeability in RCS rat was investigated using 

the culture system established in chapter 1. 
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ABSTRACT 

Purpose. In the genetically defective Royal College of Surgeons (RCS) rat model 

· for retinal degeneration a breakdown occurs in the retinal pigment epithelial (RPE) 

cell tight junctions just as the photoreceptors begin tq degenerate. These 

experiments sought to determine the impact of the RPE genetic defect on this 

alteration in the RPE cell tight junctions. 

Methods. RPE cell cultures prepared from RCS and control rats were treated with 

hormonally defined medium (HOM), base medium conditioned by RCS or control 

retinas or unconditioned base medium. The tight junctions formed by these cultures 

were assayed functionally by measuring transepithelial electrical resistance (TER) 

and permeability. Junction structure was evaluated by immunolocalization of the 

tight junction protein zonula occludens 1 and of the junction-associated actin 

microfilaments. 

Results. RPE cultures from dystrophic rats formed structurally and functionally 

normal tight junctions when maintained in HOM. The junctions remained stable 

when the medium bathing the apical surface was switched to base medium 

preconditioned by normal retinas. In contrast, cultures treated with medium 

preconditioned by degenerating dystrophic retinas or with unconditioned medium 

exhibited a breakdown in their tight junctions. 
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· Conclusions. RPE cells isolated from RCS rats can f9rm tight junctions normally 

in vitro. Normal but not dystrophic retinas release factors that support RPE tight 

junctions. Therefore, the junctional pathology seen in dystrophic rat RPE cells in 

vivo is probably due to the loss of trophic factors normally provided by the 

healthy neural retina rather than a direct effect of the genetic defect on the tight 

junctions.· 



INTRODUCTION 

The Royal College of Surgeons (RCS) rat is a well established model for 

inherited retinal degeneration secondary to dysfunction of the retinal pigment 
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epithelium (RPE).1,2 In this model the photoreceptors begin to degenerate 

during the third postnatal week due to a genetic defect in RPE cell phagocytosis 

of the photoreceptor outer segments.3-8 At the same time, the RPE cell tight 

junctions become abnormally permeable to the low molecular weight 
\ 

extracellular trace~ lanthanum nitrate. 9 The tight junction breakdown progresses 

as the degeneration continues and at two months and later permeability 

increases are widespread. 9, 1 O The tight junctions also deteriorate structurally as 

indicated by freeze fracture analyses showing increased fragmentation and 

decreased numbers of tight junction strands_ 11, 12 These tight junction 

alterations have been presumed to occur secondarily to the photoreceptor 

degeneration, 9 but their specific relationship to the RPE cell genetic defect and 

the dystrophic process has not been determined. In order to elucidate this 

relationship, we have now assayed the function and stability of tight junctions 

formed by dystrophic rat RPE cells using a cell culture model system_ 13, 14 

Experiments were designed to test two alternative hypotheses. The first is that 

structural breakdown and increased permeability of RPE cell tight junctions in 

RCS rats are a direct result of the genetic defect, i.e. that the RPE tightjunctions 

are intrinsically defective. The second is that the RPE tight junctions are normal 
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but become altered due to changes that occur in their surrounding environment 

secondary to the dystrophic process. 

Here we demonstrate that RPE cells from RCS rats form tight junctions in vitro 

that are structurally and functionally indistinguishable from those formed by 

-
normal RPE cells. We also show that medium conditioned by healthy neural 

retinas of normal rats contains factors which maintain RPE cell tight junctions 

while unconditioned medium or medium conditioned by degenerating dystrophic 

retinas fails to support RPE tight junctions. These observations suggest that the 

RPE cell tight junction_ alterations in RCS rats occur secondarily to the 

photoreceptor degeneration and ar~ not due to direct effect of the mutation on 
.,. 

the tight junctions. 
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MATERIALS AND METHODS 

Cell Culture 

RPE cell cultures were prepared from 6-8 day old rat retinas as described 

previously_ 13, 14 The rats were treated in ~ccordance with the ARVO Statement 

for the Use of Animals in Ophthalmic and Vision Research. Retinas were 

obtained from breeding colonies of pink-eyed and black-eyed dystrophic rats, 

congenic controls for_ RCS and Long Evans r~ts. RPE cells were dissociated 

_ into single cells and small clusters and plated into 24-well Transwells (0.4 µM 

pore size, COSTAR, Cambridge, MA) which had been coated with matrigel (1:1 

ratio in NCTC-135 medium, Collaborative Research, Bedford, MA). RPE cells 

were seeded at the density of 2 X 1 o5 cells/cm2 and were maintained in 

hormonally defined medium (HOM). HDM was prepared using NCTC-135 base 

medium supplemented with growth factors, pr~teinase inhibitors and antibiotics 

as described_ 13, 14 In some experiments cells were plat~d initially in plastic 

dishes, amplified by culture for 3-5 days in DMEM with 10% fetal bovine serum 

and then harvested for preparation of Transwells as described above. 

Conditioned Medium Preparation 

Conditioned medium (CM) was prepared using the method described by Rizzolo 

and u.15 Briefly, neural retinas from 1 month old dystrophic or control rats were 
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placed in NCTC base medium which contained 50 mM vitamin C, 1 mM 

glutathione, 1 % BSA, 20 mM Hepes, and 2% penicillin-steptomycin (2 

retinas/ml). After incubation for 6 hours at 37°C under 95% 02 and 5% CO2, 

retinas were discarded and the conditioned media were collected, filtered, and 

stored at -70°C. For treatment of qultures, CM was added to the apical 

compartment of the Transwell and hormonally defined medium was added to the 

basal compartment. The volume of medium in the apical (200 µI) and basal 

I 

compartments (800 µI) was adjusted to avoid hydrostatic pressure differences. 

Medium in the apical compartment was changed every other day and that in 

basal compartment was changed every day. 

Lactate Dehydrogenase Activity 

Lactate dehydrogenase (LDH) was assayed using a kinetic UV method. 

Samples (100 ml) were mixed with 2.5 ml of phosphate buffer containing 16.2 

mM pyruvate and 0.194 mM NADH at-25°C. Generation of NAD+ was read at 

340 nm after 30 seconds and was monitored at 1 minute intervals for 3 minutes . 

following the initial reading. One unit of LDH activity is defined as the amount of 

enzyme which catalyzes the formation of 1 mM/L of NAD+/min. 

Transepithelial Electrical Resistance (TER) 

An Epithelial Voltohmmeter with STXII electrodes (EVOM, World Precision 

Instruments, Inc., Sarasota, FL) was used to measure RPE cell TER. TER 



values for the filters alone without cells were measured as background and 

subtracted from values for RPE cultures. TER was expressed as ohm · cm2
• 

Permeability Assay 
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Sodium fluorescein (SF, 376 D) and horseradish peroxidase (HRP, 40 kD) were 

u.sed as permeability tracers. Tracers (25 µg SF/ml and 50 µg HRP/ml). were 

constituted in HDM, added to the apical compartments alone or in combination 

and incubated with the cultures at 37°C with 5% CO2 for consecutive intervals of 

2 - 60 min. The amount of tracer that crossed the monolayer to reach the basal 

compartments was determined for each time point. SF was directly read in a 

CytoFluor II Microplate Fluorescence Reader (Millipore, Marlborough, MA). HRP 

concentration was determined by reaction of 20 µI samples with 150 µI of freshly 

made substrate [o-phenylenediamine, 400 mg/ml in 0.05 M citric acid, 0.1 M 

phosphate, and 0.012% H2O2, pH 5.0]. The peroxidase reaction was terminated 

by addition of 50 ml 0.25 M H2SO4 and product was read in a 7520 Microplate 

reader (Cambridge Technology, Watertown, MA). Tracer concentration for each 

sample was calculated by comparison with standard curves prepared using 

tracer samples from time 0. 

lmmunocytochemistry 

RPE cultures were fixed with 4% formaldehyde in phosphate buffered saline 
. ' 

(PBS) for 10 minutes at room temperature. For 20-1 labelling, cell cultures were 
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incubated with antibody (monoclonal rat anti-2O-1, diluted 1: 100, Chemicon, 

Temecula, CA) overnight at 4°C. After being washed with PBS cultures were 

incubated for 2 hours at 37°C with secondary antibody (1 :64, FITC goat anti-rat; 

Sigma, St Louis, MO). For actin labelling cultures were incubated with 

rhodamine-phalloidin (1 :50 in PBS, Molecular Probes, Eugene, OR) for 1 hour at 

room temperature. All labeled cultures were washed with PBS 5 times and the 

filters with cells were separated from the Transwells. The cultures were 

examined and photographed using an Olympus BH-2 Fluorescence Microscope. 



RESULTS 

Tight Junctions of RPE Cells from Dystrophic Retinas Form Normally In 

Vitro 
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To test whether the increased tight junction permeability observed in dystrophic 

rat RPE cells in vivo could be a direct effect of the genetic RPE cell defect, 

cultures of both normal and dystrophic RPE cells were analyzed in parallel. 

Tight junction formation was examined by measuring TER and by perme~bility 

assay. TER was taken beginning one day after cell plating and continuing over 
½ 

6 days. After the last TER reading, permeability was·assayed. TER data showed 

that the RPE cells from the mutant retina could develop TER levels comparable 

with normal RPE cells (Fig. 1 a). Permeability assay showed that' the mutant 

RPE cells, like normal RPE cells, could also restrict the passage of sodium 

fluorescein (Fig. 1 b) or horseradish peroxidase (Fig. 1 c). We used first passage 

cultures for this analysis so that the cultures could be prepared simultaneously 

using the same batches of media, tracers, and other reagents. This was done 

because our initial studies had shown that cultures prepared from freshly 

isolated RPE cells exhibited slight differences in maximum TER levels reached 

due to slight variations in cell attachment and survival following trypsinization. In 

other experiments using different batches of fresh RPE isolates, absolute TER 

levels obtained were higher than those shown in Figure 1, ranging between 200 

- 300 ohm· cm2. TER levels in fresh RPE isolates from RCS retinas were 



sometimes a little higher than the controls and sometimes a little lower. No 

significant differences were detected between the two strains: 

The dystrophic RPE cells also were normal morphologically as indicated by 

localization of junction-associated proteins. Phalloidin labeling showed actin 

concentrated apicolaterally in a circumferential microfilament bundle which 

highlighted the junctional complex zone (Fig. 2). No differences between the 

dystrophic and control rat strains were evident in terms of the_ir junctional 

morphology or cell shape or size. lmmunolabeling for 20-1 also showed no 

differences between the dystrophic and control RPE cells ( data not shown). 
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Medium Conditioned by Normal Retinas Supports the Maintenance of RPE 

_Tight Junctions In Vitro 

We next tested whether the RPE tight junctions in the dystrophic retina become 

altered due to changes in the cellular milieu that occur secondarily to the retinal 

degeneration. We reasoned that the tight junctions might be adversely affected 

either by negative factors released by the degenerating retina or by the loss of 

positive factors normally released by the healthy retina. To test these 

possibilities media preconditioned by either normal or dystrophic retinas were 

used to treat RPE cultures that had developed stable levels of TER during 

culture in HDM. Freshly isolated R,PE cells were used for these experiments. 

The data were normalized to the starting level of TER developed in HDM in 
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order to allow comparison of cultures prepared from cells isolated at different 

times. This was necessary because small litter sizes of the inbred rat strains 

limited the number of retinas available for cell isolations and culture preparation. 

The pattern of the RPE cultures' responses to the different media treatments was 

highly consistent between different batches of primary RPE cultures. The results 

showed that when HOM in the apical compartments was replaced by medium 

preconditioned by normal retinas, the cultures prepared from either normal (Fig. 

3a) or dystrophic (Fig. 3b) rats could maintain their TER levels for up to 5 days 

(ANOVA showed no significant decline in TER measures between successive 

days of treatment). In contrast, when the apical compartment HOM was replaced 

with medium preconditioned by dystrophic retinas TER declined steadily, 

dropping 60% over the 5 day test period (Fig. 3c, p < 0.001, ANOVA). RPE 

cultures ma'intained in unconditioned base medium without additional 

supplements showed similar TER decreases (Fig. 3d, p < 0.001, ANOVA). 

Results of permeability assays using the low molecular weight tracer SF 

confirmed th~ RPE cell tight junction instability shown by these TER assays. As 

TER decreased in the cultureis ·treated with unconditioned base medium, their 

permeability increased as. indicated by increased flux of SF across the 

monolayer (data not shown). 

Analysis of cellular morphology in the same cultures used in these conditioned 

~edium experiments by immunolabelling showed that cells were organized as a 
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continuous monolayer of tightly packed hexagonal cells as described above. 

20-1 was located at the cell-to-cell contact zone, outlining the cells polygonal 

shape (Fig. 4). No differences in the morphology or viability of the RPE cells 

were detected under the different medium treatments, nor were any obvious 

differences in junction morphology detected. Actin labeling also showed no 

differences between groups (data not shown) Apparently the functional assays 

of tight junction formation are much more sensitive to tight junction alterations 

than these immunolocalization approaches. 

The results of the above experiments with conditioned medium suggest that the 

healthy retina releases soluble factors needed to support stable tight junctions. 

These factors may be altered or missing in the media conditioned by the 

degenerate dystrophic retina. Alternatively, dying cells in the degenerating 

retina may release factors that are damaging to the RPE cells and their tight 

junctions. In order to further evaluate this latter possibility, the extent of cell 

lysis which may have occurred during the preparation of conditioned medium 

was examined by assaying lactate dehydrog.enase (LOH) activity. This analysis 

showed that LOH released into the conditioned medium during the 6 hour 

incu~ation at 37°c· was significantly lower in the dystrophic retinas than for the 

normal control retinas ( 132 ± 44 units/L vs 302 ± 115 units/L. respectively). 

Thus, it .is unlikely that lytic factors released by the dystrophic retina during 

preparation of the conditioned medium are responsible for the tight junction 

changes observed .in our experiments. Furthermore, when the total amount of 
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~DH present in the retinas prior to culture was assayed in samples subjected to 

three cycles of freezing and thawing, the amount in the healthy retina was found · 

to be over twice that in the dystrophic retina (2,249 units/L vs 1,004 units/L). 

The reduction in the total amount of LOH activity in the dystrophic samples as 

compared with the controls is probably due to the fact that cell density is 

substantially reduced in the one month old dystrophic retina because many of 

the photoreceptors have degenerated. 2 Since the percentage of LOH activity in 

the retina:..conditioned medium relative to the total retinal LOH activity was the 

same in both strains (13%), it can be presumed that equivalent amounts of cell 

lysis occurred in both media preparations. Thus, it is unlikely that lytic factors , 

released by the degenerate retina are responsible for the tight junction instability 

shown in these experiments. 
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DISCUSSION 

Increased permeability of .the blood-retinal barrier is an early complication in 

most retinal diseases and is thought to contribute to development of proliferative 

retinopathy. The dystrophic RCS rat provides an excellent animal mod~I for 

analysis of this disease progression because its RPE cell tight junctions become 

leaky just as the photoreceptors begin to degenerate.9 As the RPE cell 

breakdown progresses, the retinal capillaries also become permeable and then 

proliferate within the subretinal space and in vitreoretinal membranes.10-12, 16-

22 A number of pathological changes have been described within both RPE cells 

and glial cells of the dystrophic rat retina which may contribute to this 

pathological disease progression, 23-27 but the primary stimulus for the RPE cell 

permeability breakdown has not been investigated. The experiments reported 

here were designed to address this issue by testing whether the RPE cell 

permeability increase in RCS rats results from the inability of the mutant cells to 

form stable tight junctions or whether it occurs secondary to the retinal · 

degeneration. 

Our analyses of TER, p~rmeability and junction morphology in RPE cultures 

from normal and dystrophic rats showed that the dystrophic RPE cells have the 

potential to form tight junctions which are functionally and structurally 

indistinguishable from those formed by normal RPE cells. Since 6-8 day old RPE 
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cells were used for these analyses and the phagocytic defect and RPE cell tight 

junction breakdown first becomes evident somewhat later, 2, 9 it might be 

suggested that the RPE cells used in our experiments are too young to show a 

genetic defect. However, evidence from phagocytosis studies in vitro has 

demonstrated that RPE cells isolated from 6-8 day old RCS rats manifest their 

genetic defect as indicated by defective ingestion of photoreceptor outer 

segments. 4 Thus, any effects of the genetic defect on tight junction 

assembly/stability should also be apparent at this time. Therefore, the high TER 

levels and low permeability exhibited by the dystrophic RPE cells in vitro 

strongly suggest that the RPE cell genetic defect does not impair assembly or 

stability of the tight junctions. 

After demonstrating that RPE tight junctions of dystrophic rats could form 

normally in vitro, we next tested our alternative hypothesis, i.e. that the tight 

junction alterations are due to changes in the cellular milieu of the RPE 

monolayer that occur secondary to the photoreceptor degeneration. Our data 

showed that medium conditioned by normal retinas supported the high TER 

levels developed by both normal and dystrophic RPE cultures in HDM. In 

contrast, neither unconditioned base medium nor medium preconditioned by 

dystrophic retinas was able to maintain the stability of the tight junctions. 

Moreover, the decrease in TER in these cultures was not due to a loss of RPE 

cells or to any obvious changes in RPE cell morphology because we did not 

observe any cell loss or morphological· changes when the cultures were labelled 



116 

for 20-1 or actin. These data indicate that cells of the normal retina release 

trophic factors which support tight junction stability. This finding is consistent 

with previous analyses using RPE cells isolated from the developing chick retina 

which showed that soluble retina-derived factors promote the development of 

RPE tight junctions in vitro.15 

The negative effects of the medium preconditioned by dystrophic retinas on RPE 

tight junction stability probably reflects the fact that trophic factors released by 

the healthy cells in normal retinas are decreased or lost as the photoreceptors 

degenerate in the dystrophic retina. A possible alternative explanation is that 

lytic factors which impair tight junction stability are released by dying cells in the 

degenerating dystrophic retina. We feel that we can rule out this latter 

explanation on the basis of the results of the LOH assay. First, the amount-of 

LOH in the medium preconditioned by the dystrophic retinas was substantially 

lower than that in the medium conditioned by healthy retinas. This indicates that 

the amount of cell lysis in the one month old dystrophic retina was even IE!3SS 

than that in the healthy age-matched control preparation which .had a beneficial 

effect on tight junction stability. Second, the total amount of LOH in the 

freeze/thawed dystrophic retinas was only half that found in the normal retinas, 

indicating a 50% decrease in living cells probably due to photoreceptor 

degeneration in RCS rats which is e~tensive at one month (for review, see 2). 

Since the one month old RCS retina has fewer total living cells compared with 

normal retina, it very likely contains reduced levels of trophic factors normally 
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released by healthy cells. This could explain why RCS retina-conditioned 

medium failed to support the stability of the tight junctions developed by normal 

RPE cultures. 

The LOH analysis also suggests that cell lysis did not contribute significantly to 

the beneficial effects of the medium preconditioned by normal retinas. The 

absolute levels of LOH activity in the conditioned media were very low ( < 1 

unit/ml), indicating that very little cell lysis occurred during media preparation in 

either rat strain. Thus, the trophic factors from the normal retina are probably 

derived mainly from extracellular sites. Release of cytoplasmic material from 

retinal cells damaged during preparation of the conditioned medium is therefore 

unlikely to contribute to the positive effects of the normal retina-conditioned 

medium on RPE cells. 

It should be noted that the gradual decline in tight junction stability observed in 

the RPE cultures treated with unconditioned medium or medium conditioned by 

dystrophic retinas was not associated with any obvious alterations in tight 

junction structure as indicated by immunolocalization of 20-1 or actin. Further 
( 

analysis with more sensitive morphological methods such as electron 

microscopy will be necessary to determine the structural basis for the alterations 

revealed by our functional assays. Biochemical analyses using Western blot or 

Northern blot procedures may also help to reveal quantitative differences in 

expression of junctional proteins. 
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In conclusion, these investigations are the first to show that genetically defective 

RPE cells from dystrophic rats have the potential to form tight junctions normally 

in vitro and that the stability of these junctions can be supported by soluble 

factors from normal retinas but not by those from dystrophic retinas. Further 

work is necessary to identify factors from either normal or dystrophic retinas that 

affect tight junction stability and to rule out conclusively the presence of negative 

factors in medium conditioned by the dystrophic retina. Retinal cells are known 

to produce a number of factors which modulate RPE cell growth, including,basic 

fibroblast growth factor (bFGF), vascular endothelial growth factor, transforming 

growth factor-11 and others. 28-32 These factors have been found to interact with 

each other in modulating the rate of RPE cell growth and they may also affect 

other RPE cell responses including tight junction formation and function. 

Interestingly, a deficiency in bFGF receptors has been reported in RPE cells of 

dystrophic rats. 33 The specific effects of this deficiency on RPE cell functions 

have not been examined. Analyses using conditioned medium approaches 

together with bFGF and other growth factors and their neutralizing antibodies 

will help to identify factors that are involved in stabilizing or destabilizing RPE 

cell tight junctions. Our data reported here show that RPE cells from normal and 

dystrophic rats develop comparable tight junctions when maintained in a defined 

medium which contains 0.1 ng/ml bFGF. We have not determined whether or not 

the presence of bFGF or other media components is required for fight junction 

formation or stability in vitro. However, preliminary studies with neutralizing 
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antibodies against bFGF suggest that it may have a modest role in stabilizing 

tight junctions of normal RPE cells. Additional experiments examining the. 

potential interaction of bFGF with other growth factors should help to clarify the 

role of this factor in tight junction formation and to show whether or not a bFGF 

receptor deficiency in RCS rats has any effect on tight junction stability. 
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Figure 1. RPE cells from dystrophic retinas form tight junctions normally in 

vitro. RPE cultures were prepared from normal (open circles) or dystrophic 

(filled circles) retinas, maintained in HOM and assayed for TER (a) ·and 

permeability to SF (b) and HRP (c). Data are plotted as mean.:!: standard 

deviation. 
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Figure 2. Cellular morphology of dystrophic RP~ cells appears normal in 
I 

vitro. Cultures prepared using RPE cells isolated fr?m normal (a) or dystrophic 

(b) retinas were maintained in HOM for 6 days and then stained with phalloidin. 

Actin microfilaments are distributed peripherally at the region of the cell4o-cell 

junctional complex. 
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Figure 3. Medium conditioned by normal retinas supports the stability of 

normal or dystrophic RPE cell tight junctions in vitro. RPE cultures. from normal 

( a, c, d) or dystrophic (b, d) rats were allowed to develop stable TER levels in 

HOM. Then the HOM in the apical compartment was substituted with medium 

pre-conditioned by normal (NCM, a, b) or dystrophic retinas (RCSCM, c) or with 

unconditioned base medium (UCM, d) and TER was measured for 5 successive 

days. Data are plotted as mean .± standard deviation. 
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Figure 4. Cellular morphology of RPE cultures treated with medium 

preconditioned by normal) or dystrophic retinas appears normal in vitro. Normal 

RPE cell cultures were treated with normal (a) or dystrophic (b) retina 

conditioned medium as describ~d in figure 3 were immunoreacted with an 

antibody against 20-1. In both treatments, 20-1 was distributed peripherally at 

the zone of the cell-to-cell junctions. 





CHAPTER 5 DISCUSSION 

THE VALUE OF A RPE CELL CULTURE MODEL SYSTEM 

A cell culture system has been established to study the RPE barrier 

function. In this culture system, RPE cells can form tight junctions with 

high TER and low paracellular permeability in serum-free conditions. 

The measwement of TER is a sensitive indicator for tight junction 

permeability which has been found to be inversely correlated with 

resistance in many epithelial cell cultures (Diamond, 1.977; Madara and 

Dharmsathaphorn, 1985; Rizzolo and Li, 1993). Electrical resistance 

levels developed by the rat RPE cells in this culture system are relatively 

high ( 150 - 240 ohm •cm2). It is imp-racticai to compare our data directly 

with resistance levels in the rat retina in vivo due to the small size of the 

rat eyecup. However, the resistance data of rat RPE cell cultures are 

quite similar to that of other mammalian species. For example, pigment 

epithelium/choroid tissue explants prepared from fresh bovine retinas 

have been found to exhibit specific transepithelial electrical resistance 

values between 11 0 and 250 ohm • cm2 (Pautler, 1990; Edelman, 1991 ). 
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Similarly, cultures of fetal bovine RPE cells have been found to develop 

resistance levels averaging 309 ohm • cm2 whereas average resistance 

values for RPE cultures prepared from different human donor eyes 

ranged from 109 to 346 ohm• cm2 (Bok, 1992). Thus, the rat retina 

offers an appropriate model for other mammalian RPE cells. 

This rat RPE cell culture model system has the ability to restrict the 

passage of both high and low molecular weight tracers when it develops 

high levels of TER ( 150 - 240 ohm • cm2). More importantly, thi.s 

permeability assay is sensitive to the TER changes. RPE cell 

permeability to the paracellular tracers is low in cultures with high levels 

of TER whereas permeability increases in cultures with low levels of 

TER. The morphological characteristics of our RPE cultures are similar 

to that seen in vivo as shown by electron microscopy and 

immunolabelling. Studies using the calcium switch protocol ( calcium 

concentration changed from 1.8 mM to < 5µM) indicate that the epithelial 

barrier properties depend largely on the formation of well developed 

cell-to-cell junctions. Therefore, RPE barrier properties in this culture 

system compare closely with those in vivo. This culture system provides 

· a good model to study the barrier function of RPE cell tight junctions, 

and makes it possible to identify the modulators of RPE barrier function. 

In addition, formation of high resistance tight junctions may indicate 
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highly polarized RPE cells which could be useful for analyses of other 

RPE cell functions such as phagocytosis or retina attachment. 

SERUM EFFECTS ON RPE TIGHT JUNCTION FORMATION AND 

CHARACTERISTICS OF SERUM FACTORS INVOLVED 

, Proliferative vitreoretinopathy (PVR) occurs with an influx ~f serum 

components into the vitreous and subretinal space. It is characterized 

by the bloo~-retinal barrier breakdown, RPE cell migration from their 

normal anatomic position into the vitreous cavity followed by proliferation 

and vitreoretinalmembrane formation. (Campochiaro et al., 1984; Sen at 

al., 1988). It has been suggested that serum factors play an important 

role in the induction of PVR. My data (Chang et al., 1996) have shown 

that RPE cells can not develop high levels of TER when the cultures are 

maintained in serum containing medium. This supports the hypothesis 

that serum factors can affect the RPE barrier function arid may 

contribute to the progression of PVR. 

My data demonstrate that fetal bovine serum contains a factor(s) that 

inhibits RPE cells from developing high levels of TER or induces 

decreases in TER levels in cuitures allowed to develop high TER levels 

in serum free medium. Reduced TER levels are correlated with 
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increases in RPE cell permeability to tracers. Interestingly, we have 

found that there is a special 20-1 labelling pattern associated with 

serum-treated RPE cells in which 20-1 labelling along the RPE cell 

membrane at cell-cell junction areas becomes fragmented. By contrast, 

the 20-1 labelling pattern in RPE cultures maintained in hormonally 

defined medium often showed loop-like elaborations around RPE cell 

boarders which is suggestive of the network-pattern tight junctions 

exhibited in freeze-fracture preparations (Caldwell et al., 1982; Caldwell 

and Mclaulin 1984; Madara et al., 1985;. The time course of serum 

effects on RPE cell tight junctions is much longer (8 hours) than that of 

calcium-induced tight junction disassembly (within 2 minutes) indicating 

that serum-induced tight junction breakdown may be due to the inhibition 

of 20-1 protein synthesis or· even gene expression at transcription level. 

Western blot showed that the level of 20-1 protein in serum-treated 

RPE cultures was reduced 67% compared with that in serum-free

defined medium which suggests that 20-1 protein synthesis may be 

inhibited by the serum factor. Lactate dehydrogenase (LDH) assay was 

used for assessment of cell death (Rizzolo and Li,· 1993). LDH is a 

cytosol enzyme which is released when cells die. The results of LDH 

assay showed that RPE cells treated with HDM + serum did not released 

LDH more than the cells treated with HDM along which suggests that the 

serum effects are not related to cell death. Cell proliferation induced by 
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seru·m factor was examined by cell counting. The results of cell counting 

showed that there wa-s no significant difference between the serum

treated culture and HOM medium treated culture which indicates that the· 

serum effects are not related to cell proliferation. 

The characterization of serum factor indicates serum factor that the 

_ serum factor is not species specific. However, its effects on tight 

junctions are apical surface specific which suggests that the serum 

factor may exert its effects through binding receptors c;m the apical 

surface of RPE cells. The factor may be > 50 kD or may bind to larger 

proteins because serum dialysis with up to 50 kD cut off tubing could not 

eliminate inhibitory serum effects. 

In other studies, serum factor affinity to heparin was tested and it was 

shown that the factor possessed heparin affinity. There are a quite few 

different protein species which have affinity to heparin such as basic or 

acidic fibroblast gro~h factor (15-16 kD), vasculotropin/vascular 

endothelial growth factor (45 kD), and hepatocyte growth factor/scatter 

factor (HGF/~F). Among all these proteins, HGF/SF is a more likely 

candidate for the permeability-inducing serum factor because of its large 

size (90 kD) and its known effect-on the tight junctions of intestinal 

epithelial cell~ (Nusrat et al., 1994). It has been reported that treatment 
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with human HGF could lower TER of T84 human colonic cells when 

HGF is applied to the basal side of cell culture in vitro (Nusrat et al., 

1994) and the effect took place in· 48 hours which is similar to the time 

course of serum effects in my RPE culture. In summary, the serum 

factor and HGF/SF have several common characteristics: they both are 

> 50 kD, both have affinity for heparin, both affect permeability with 

similar kinetics, and both are surface specific. My preliminary 

experiment with human recombinant HGF/SF showed no effect on RPE 

cell TER levels, however, this could be due to species incompatibility 

between the human protein and rat RPE cell receptors. It is also 

possible that serum contains ·more than one inhibitory factor. To identify 

the serum factor(s), further investigation will be needed using. 

biochemical or immunological approaches. 

RPE BARRIER FUNCTION IN RCS RATS 

In a third set of experiments, the blood-retinal barrier at the RPE cell 

level in RCS rats was examined. The RCS rat is a well established 

rodent model for retinopathy due to an inherited RPE dystrophy. The 

retinal degeneration has been very well studied in this animal model 

(Mattes and Bok, 1985). It has been proved that the photoreceptor 

degeneration is due to the genetic defect expressed in RPE cells 
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(Mullen and LaVail, 1976). The aim of this set of experiments was to 

investigate whether the increased RPE cell permeability in RCS rats was 

due to a geneti·c RPE cell defect or was due to tight junction breakdown 

that occurred secondarily to the photoreceptor degeneration using the 

cell culture model system established in Manuscript I (Chang et al., 

1996). 

The results of these analyses indicate that dystrophic RPE cells have 

the potential to form.tight junctions normally. The TER, permeability to 

extracellular tracers, and junction morphology of the cultured RCS rat 

RPE cells were comparable to those of normal RPE cells .. When the 

alternative hypothesis,- tight junction breakdown may occur secondarily 

to ·the photoreceptor degeneration, was tested using conditioned 

medium techniques, the data showed that tight junction stability of RPE 

cells is supported by the retina-conditioned medium from normal rats but 
I 

not by retina-conditioned medium from dystrophic rats. The positive 

effect of normal retina-conditioned medium suggests that the cells of 

normal retina release trophic factors to support tight junction stability 

and the negative effect of conditioned medium from the dystrophic retina 

indicates that the cells of the_ dystrophic retina may release reduced 

amounts of trophic factor due to· retina degeneration or that they may 

even produce some· negative factors. It is possible that the tight junction 
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breakdown in RCS rats is not a direct result of the genetic defect but 

occurs secondarily to the photoreceptor degeneration. 

One of the questions in this study is whether RPE cells we used (6-8 

days old) are too young to manifest their genetic defect. The evidence 

from phagocytosis studies has shown that RPE cells from 6-8 days old 

dystrophic rats demonstrate their deficiency in phagocytosis in cultures 

(Chaitin and Hall, 1983). It is likely that if the genetic defect has effects 

on the tight junction stability, the young RPE cells from dystrophic rats 

would not show well-formed tight junctions like normal RPE cells did. 

More likely, they would form tight junctions with low TER and high 

permeability compared with normal RPE cells. 

It should be noted that the reduced TER or increased permeability 

induced by the treatment of dystrophic retina-conditioned medium is not 

due to cell loss since we did not detect any cell loss in actin or 20-1 

labelled cultures. Furthermore, we could not find any morphological 

changes in the cultures with the decreased TER induced by the 

treatment of dystrophic retina-conditioned medium. Therefore, our 

functional assays are much more sensitive than the morphological 

assays. More sensitive morphological methods such as confocal 

microscopy or electron microscopy may be necessary to reveal the 
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morphological changes associated with decreased TER induced by the 

treatment of dystrophic retina-conditioned medium. Biochemical 

me,thods such as Western blot or Northern blot may help reveal the 

differences in 20-1 or actin expression quantitatively. 

To determine the extent of cell lysis during the preparation of retina

cond_itioned medium, the activity of lactate dehydrogen~se (LOH), an 

endogenous enzyme released by damaged cells was assayed. The 

LOH assay showed the extent of cell lysis during conditioned medium 

preparation was 13% in both .strains. It sugge~ts that the trophic factors 

in normal retina-conditioned medium are mainly from extracellular matrix. 

during the 6-hour incubation time since cell lysis was limited during the 

conditioned medium preparation. In addition, we noticed that absolute 

levels of LOH in the dystrophic retina and the conditioned medium from 

dystrophic retina are only 1 /2 that in normal retina or conditioned 

medium. Th~refore,_ it is unlikely that the negative effect of dystrophic 

retina-conditioned medium is due to lytic factors released from 

dystrophic retina. The reduced levels of LOH in dystrophic retina and its 

-conditioned medium are most likely due to the decreased cell density 

caused by extensive photoreceptor degeneration in RCS rats (LaVail, 

1979). 
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In summary, these studies have shown for the first time that RPE cells 

from dystrophic rats can form tight junctions comparable to normal RPE 

cells and that the stability of RPE tight junctions can be supported by 

normal retina-conditioned medium but not by dystrophic·retina

conditioned medium. Further studies will be needed to identify the . 

positive factors in the normal retina-conditioned media or the negative 

factors in dystrophic retina-conditioned media. It has been reported that 

retina releases several growth factors including basic fibroblast growth 

factor (bFGF), vascular endothelial growth factor, transforming growth 

factor and others (Schweigerer et al., 1987; Mascarelli et al., 1987; 

Sternfeld et al., 1989; Leschey et al., 1990; Guerin et al., 1995). My 

preliminary studies with bFGF neutralizing antibodies indicate a modest 

role of bFGF in stabilizing tight junction formation in normal RPE cell 

cultures. In addition, bFGF receptor deficiency has been reported in 

RPE. cells· of RCS (Malcaze et aL, 1993). All these results suggest that 

bFGF may be one of the trophic factors in the normal retina-conditioned 

medium. Further studies on the role of other growth factors in stabilizing 

tight junction formation are necessary. The lack of supporting effects of 

the dystrophic retina-conditioned medium to tight junction formation 

could also be due to absence of the trophic factors present in normal 

retina. However, there is a need to rule out the existence of negative 

factors 
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SUMMARY 

In order to study the blood-retinal barrier function at RPE cell level, a 

retinal pigment epithelial cell culture model has been established. With 

aid of this culture model, two disease-related blood-retinal barrier 

conditions, Proliferative Vitreoretinopathy (PVR) and inherited retinal 

degeneration in Royal College of Surgeons (RCS) rat, have been 

modeled. 

In the studies of modeling PVR, we have demonstrated that serum 

contains a factor(s) that inhibits tight junction formation and induces their 

breakdown in RPE cell culture. The inhibitory serum effects on RPE 
.. 

tight junctions are associated with a fragmented Z0-1 ( a tight junction 

protein) labeling pattern and reduced amounts of Z0-1 protein. The 

active factor in serum has heparin affinity, is specific to the apical 

surface of RPE cells, heat labile, and probably bigger than 50 kD. 

In the studies of RPE barrier function in RCS rats, we have shown that 

RPE cells from RCS rats have the potential to form tight junctions 
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comparable to RPE cells from normal rats. However, the stability of tight 

junctions can be only supported by the medium conditioned with normal 

retinas but not with dystrophic retinas. This suggests that normal retina 

releases trophic factors to support RPE cell tight junction's and that 

dystrophic retina either loses the trophic factors which are provided by 

normal retina or produces a negative factor to weaken the stability of 

RPE tight junctions. 
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