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A Culture Model of Development Reveals Multiple Properties of
RPE Tight Junctions

Yuriko Ban and Lawrence J. Rizzolo*
Departments of Surgery and Anatomy, Yale University, New Haven, CT

Purpose: A culture model was used to examine the development of tight junctions in the retinal pigment epithelium
(RPE).

Methods: Chick RPE was isolated on embryonic day 7 (E7), E10 or E14 and cultured on laminin-coated filters. Barrier
properties were stimulated with E14 retinal conditioned medium. Morphology was characterized by confocal microscopy.
Permeability was determined by measuring the flux of horseradish peroxidase (HRP), radiolabeled inulin and mannitol,
and the transepithelial electrical resistance (TER). Changes in the expression of ZO-1 and a related protein, ZO-1LP, were
determined by immunoblotting.

Results: RPE from each age formed epithelial monolayers of similar height, but the density of the cultures varied in
parallel with density changes in vivo. The cultures appeared to regulate the permeability to ions and nonionic solutes
independently. With embryonic age, there was a progressive decrease in permeability that first affected larger and then
smaller tracers. Despite a small decrease in the permeability to mannitol, there was a large decrease in the permeability to
ions. This suggests that in E14 cultures tight junctions discriminated by charge, as well as size. Although E14 retinal
conditioned medium reduced the permeability to all solutes, it appeared to regulate size discrimination more than charge
discrimination. Despite large effects on permeability, conditioned medium had no effect on the expression of ZO-1 or ZO-
1LP.

Conclusions: The ability of tight junctions to discriminate on the basis of charge and size is regulated independently
during development. The permeability of tight junctions cannot be predicted by the level of ZO-1 expression.

The retinal pigment epithelium (RPE) forms the outerthe late stage (7,8).

blood-retinal barrier by regulating transport between the neural The current study focuses on the intermediate stage (E7-
retlng and the fg_nestrated capﬂ!anes_of the choroid. T'gm_'l4 of chick development) when junction permeability first
junctions are a critical feature of this barrier, because they reta creases. Despite the constancy of strand morphology, there
diffusion through the paracellular spaces. Together with thﬁ/as a change in the expression of the tight junction protein,
adherens junction and associated actin filaments,tightjunctio%_l (4). ZO-1 was the first tight junction protein to be
form an apical junctlo_nal complex that completely enc'rde_%escribed (9). Many studies correlate decreased permeability
each celllnear the apical end.of the_lateral membranes. If”ﬁth increased expression of ZO-1 in junctional pools. For
other regions of the blood-brain barrier, the barrier propertlegxample, in mammary epithelia glucocorticoids increased

of the_RPE (_jevelop granaI!y (j:,2), _An ea”Y step is. theEransepithelial electrical resistance (TER) and localized ZO-1
formqtlon ofh|gh—perr_neab|I|tytlghtjunqlons.An |nFerm¢d|atet0 junctional complexes, but transforming growth factor-
step is a decrease in the permeability of the junctions Qecreased TER and shifted ZO-1 to a parajunctional pool

proteins. Although this has clgssically t.)een.taken_ as th@o,u). Studies of RPE and retinal endothelia correlated higher
formation of the blood-brain barrier, these junctions still havg,, s of 70-1 with lower permeability under various culture

a relatively high permeability to smaller solutes. It is not um"conditions (12,13). Consequently, the presence of
a late stage that .the low permeability jpnctions prical Of t@jrcumferential bands of ZO-1 and actin is commonly taken
bIooq-braln parrler develop (3). Studies of chick RPE Qs evidence for tight junctions. However, ZO-1 is also present
consistent with these three stages of deyelopment. FunCt'o_r]ﬁlother junction types (14-16). For example, circumferential
tight junctlon§ were evident by embryon_|c day 7 (I_E7)' but d'Cl)ands of ZO-1 and actin were observed in the ependyma, which
not. become impermeable to h.orsergdlsh per_OX|dase (HRFa?cks tight junctions (1). Other studies show the level of ZO-1
unt 511'12 (4.5). The complexity of tlghtjgnctlon strands (aexpression often does not correlate with permeability (17-22).
function of strand number and branching pattern) Wa%imilarly, permeability does not always correlate with the

examineq by freeze fracture,_and did noF increase Lfr,‘t" E:L_@f\orphological complexity of tight junctional strands (7,8).
19 (6). This suggests a dramatic decrease in permeability du”ﬁ%gether, these data suggest that functional properties of

junctional strands can differ among epithelia. Notably, there
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chicken (4). One appears to be ZO-1, because it binds seveeahbyros on embryonic days 7, 10, or 14 (E7, E10, or E14).
antibodies to ZO-1 and is present in mature tight junctions oAfter removing the anterior structures, vitreous body, and
the RPE. The second was named ZO-1LP (ZO-1-like proteinpeural retina, the eyecups were transferred to phosphate
Z0-1LP bound some antibodies to ZO-1, had nearly the sanimiffered saline (PBS) containing 0.54 mM EDTA (E7 or E10)
mobility as ZO-1 on SDS gel electrophoresis, and was alsor 1.0 mM EDTA (E14) and incubated for 30 min af &
found in apical junctional complexes. Unlike ZO-1, ZO-1LP The RPE was peeled from the choroid and incubated for 10
was present in immature junctions of the RPE and thenin at 3?7 C in PBS containing trypsin, collagenase and
homologous junctions of the outer limiting membrane.DNAse. The cells were rinsed with DME containing 2.5%
Between E7 and E14, ZO-1LP gradually disappeared frorfetal calf serum and incubated for 2 h with periodic trituration
the apical junctional complex of RPE. Meanwhile ZO-1in a serum-free medium (SF2). The cells were plated on coated
gradually appeared and its expression peaked on E10. ZO12 mm Transwell filters (Corning Costar Co., Cambridge, MA)
expression then decreased when junction permeabilitgt a density of 5-7 x focells/cn?. The filters were freshly
presumably continued to decrease. coated with laminin (5pg/cm2) according to the
{nanufacturer’s directions (Collaborative Biomedical Products,

To explore the development of tight junctions, the curren : !
edford, MA). Cultures failed to form on commercially coated

study refined a previous culture model of early RPE; ) . o
development (23). We demonstrated that permeability and CJ”ters or filters on Wh'Ch_ the_ laminin was alloyved to dry. For
density depend upon the embryonic age of the isolated RpEOME cultures, the medmm in thg gp|cal medu_Jm chamber was
Different mechanisms regulated the permeability to ionic anaepla_c_ed by E1_4 retinal conditioned me_dlum (23). The
nonionic solutes without affecting the level of ZO-1 expressio <_:ond|t|0ne_d medium was prepared bY culturing neural _retlnas
that were isolated from E14 embryos in SF2 (12-14 retinas/15
ml). The SF2 was supplemented with 1.0 mM glutathione and
METHODS 50 uM ascorbic acid, and the cultures were maintained with
gentle agitation for 5 h at 3T in a humidified atmosphere of
10% COQ and 40% Q.
Cell culture—RPE was isolated essentially as described earlier

. s . : Antibody preparations—Fhe polyclonal antibody 7445
(24). Briefly, eyes were isolated from white Leghorn ChICkenwas raised against a 69 kDa peptide that corresponds to human

sequences that flank thee region of ZO-1 (25). Affinity
E14 purified 7445 was obtained from ZYMED (San Francisco,
CA). Antibody 7445 binds all known mammalian ZO-1's and
to chick ZO-1 and ZO-1LP (4). The monoclonal antibody
R40.76 was produced in rat against mouse ZO-1 (26). It binds
chick ZO-1, but does not bind ZO-1LP. It is available from
Chemicon (Temacula, CA).

SF2

Immunofluorescence labelingGultures were fixed for

10 min at room temperature with PBS containing 1.0 mM
MgClp, 0.1 mM CaCj and 3.3% formaldehyde. The cells were
washed in PBS and permeabilized by incubation in PBS
containing 0.1% Triton X-100 for 5 min. To label ZO-1, the
cells were blocked by incubation in PBS containing 1% boovine
serum albumin (BSA) and 5% goat serum for 30 min at 37
C. The cells were then incubated for 1 h at@7n blocking
buffer containing the monoclonal antibody R40.76. The cells
were washed in PBS containing 0.1% BSA, and incubated for
1hat37CinPBS containing goat anti-Rat IgG. The cultures
were washed as above and mounted in gelvatol with the cell

) ] ] ) ] side of the filter facing the coverslip. To label actin filaments,
Figure 1. ZO-1 and actin colocalize at cell-cell junctions. Culture(jg_l3

Conditioned Medium

: ) e cultures were fixed as above and labeled with BODIPY
RPE formed hexagonal arrays, and filamentous actin overlapped wi

ZO-1 at cell-cell junctions. RPE was isolated from E7, E10 or E1 1/59_1 phalloidin (MO|eCU|a,r .Pmbes.’ Eugene, Oregon)
embryos and cultured for 5 days on laminin-coated filters. Cultureémcordmg to the manUf"f‘Cturer S. 'nStru.Ct'onS and mounted as
were maintained in SF2 growth medium (A,C,E) or stimulated witr@0ove. The cells were viewed with a Bio-Rad (Hercules, CA)
E14 retinal conditioned medium (B,D,F). ZO-1 and actin wereMRC600 confocal microscope. Cell density was determined
localized by indirect immunofluorescence using antibody R40.7&y counting cells in 20-30,0Q0mZ fields, 10 fields/filter, 4-6
(Z2O-1), or fluorescently tagged phalloidin (actin). Confocal imagedfilters/experiment in three experiments. Cell counts were
were obtained in an en face plane near the apical membrane. Simifg&rformed using NIH Image software (V. 1.60). All tests of

results were obtained after 10 days in culture and with pOIVCIO”aéignificance used the Student’s t test with a minimum of three
antibody 7445 to ZO-1. Examples are shown for ZO-1 label (A ang:ultures per experiment

B), actin label (C and D) and double label (E and F). There was no
apparent effect of conditioned medium. Baruh. Permeability assays-Assays were performed in triplicate



Molecular Vision 3: 18 1997<http://www.emory.edu/molvis/v3/ban> © Molecular Vision

or quadruplicate after 9 days in culture, when the TER had The TER was measured every other day using endohm
reached a plateau. Radiolabeled [methdjinulin (3.0uCi/  electrodes and EVOM voltohmmeter (World Precision
ml; 405 mCi/g) or D-[13H(N)]mannitol (4.5uCi/ml; 19.7  Instruments, Sarasota, FL).

Ci/mmol) in 0.6 ml of SF2 or E14 retinal conditioned medium Immunoblotting—Filters were removed from their holders

was added to the apical medium chamber (Dupont NeWnq the cells were scraped into 1B@f PBS containing 100
England Nuclgar, Boston, MA). SF2 (1.5 ml) was added tg ), EDTA, 10 U/ml aprotinin, 10QM leupeptin and 4iM

the ba;al medium chgmb_er. These volumes were used so t @bstatinA. After adding 22 of 20% SDS, the samples were
the h_e|ght of the solution in ea%h chamber was the same. T ubated in a boiling water bath for 2 min., and the melanin
SOI[.H'ODS were reyvarmed to ,3E .and the cuIt_ures were granules removed by centrifugation. Protein concentration was
maintained at 37C in a hum.|d|f|ed incubator. Aliquots of 5 41 rmined using the Micro BCA protein assay kit (Pierce,
L_ll were removed from the apical and basal champers of Comr?gockford, IL). Equal amounts of protein (4§) were resolved
filters that lacked cells at 5, 10 and 15 min. A“quqts Wereoy electrophoresis on 6% polyacrylamide gels for 2.5x the time
taken from cell cultures at 30, 60 and 90 min. R""d'Ol""be'efjequired for bromophenol blue to reach the bottom of the gel.

”"’?"e,rs were quantified by counting aliquots .in a quuidImmunoblots were prepared and quantified as described by
scintillation counter (LKB Instruments, Inc., Ganhersburg,Wi”iamS and Rizzolo (4).

MD). For HRP, we observed a lag in its diffusion across control
filters. This could be nearly eliminated by preincubating the

filters in HRP (Type VI HRP, Sigma Chemical, St. Louis, MO). 23 1 T T T | |
HRP (50ug/ml) was added to the apical and basal media g EE&:TEDRSM’E‘
chambers for one hour. To start the experiment, the basal side & FUNDUS
of the filter was quickly rinsed 4-6 times by immersing itin , zo | — [ CVLTURE CELLE |
SF2 and transferring the filters to wells with 1.5 ml SF2 in the & 0o
basal chamber. Aliquots (5-13@) from the basal lateral = \\D
chamber were assayed by adding freshly prepared substrai‘g s & \\\
to 200pl. The substrate was 4Q@/ml o-phenylenediamine & i \ o ]
(Sigma Chemical, St. Louis, MO) and 0.012%Q+ in 0.05 =z e o \
M citric acid and 0.1 M phosphate, pH 5.0. The reaction Wasﬂ E&____ O
terminated after 15 min by the addition of gl0of 0.3 M w 10 F } &H& an .
H2S0Oy, and the absorbance at 492 nanometers was determinefg: ..\0._- T
with a microplate reader (Bio-Rad Laboratories, Hercules, — %.h 4
CA). Concentrations were calculated from a standard curve. - | H e
To prevent transcytosis, the preincubation and incubation
media contained 50M chloroquine.
To normalize the data, permeability was calculated from | | | | | |
the flux as follows: & g 10 1z 14 16
Flux = (X)g/(Y)j/A Embiryanic Day

where (X}g= counts per min (CPM) or micrograms in Figure 3. Cell density of cultured RPE decreases with embryonic age
the basal chamber; ({9 the initial concentration in the apical Cell density of cultured RPE decreased with embryonic age in parallel

chamber, expressed aS_CPM or mlcrc.)grams. per mlcrome\;vith the decrease previously described in vivo. RPE was cultured

and A = the area of the filter in éxThe final units become: an labeled as described in Figure 1. Cell density was determined as
microliter / cm?. Permeability was determined as the slope ofjescribed in Methods (red line, squares). Standard error bars were
the linear regression line of Flux versus time. Tests oémaller than the symbols. For comparison, the data of Coulombre

significance used the Students t test. (27) is replotted (blue lines).

E10 E14
CECERSETRY LEtn

Figure 2. RPE forms monolayers with ZO-1 and actin in apical junctional complexes. Cultured RPE formed monolayers ofgitnitechhe
Z0-1 and actin colocalized in apical junctional complexes. The cultures described in Figure 1 were examined by confooplyrmdtosc
transverse plane. In addition to apical, circumferential bands of actin, a small population of actin filaments was dispeysenlitithe
cytoplasm. Actin staining (A,B,C,D) was used to determine cell height and for evidence of contaminating fibroblastddmeatbfieined
(from triplicate filters, and from 4-6 experiments), there was no evidence of multilayering of RPE or an underlying layanohatng
fibroblasts. ZO-1 colocalized with the circumferential bands of actin, as exemplified by double labeled cells on E14 (EhanelWas no
significant difference in cell height between cultures. Downward arrows, apical membrane; Upward arrows, basal membapet.Bar, 1

E7

CM SF2
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HRP
RESULTS

2815 [
The original culture system described by Rizzolo and Li (23)
used Matrigel as a substrate, but Matrigel contains many
growth factors that could interfere with these studies.
Therefore, we tested purified laminin as a substrate for RPE
that was isolated from E7, E10 and E14 embryos. After one
day in culture, E14 retinal conditioned medium was added to a.mas b ;
the apical chambers of the indicated cultures to stimulate barrier
properties. In each case, the cells proliferated until confluent ﬂﬂﬂ
monolayers formed by 3-5 days in culture. The total protein 0.a88 L1l Il
per filter and cell density did not increase after this time (data E7 EIOE14 E7 EloEL4
not shown). The morphology of the cultures was assessed by 5F2 M
labeling actin filaments with fluorescently tagged phalloidin
or ZO-1 by indirectimmunofluorescence (Figure 1). Each label
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Figure 4. The flux of HRP, mannitol and inulin across the RPE
monolayer was linear for 90 min. (A) Each solute diffused rapidly
across control filters that lacked cells. The rate of diffusion decreased
with increased size of the tracer. A lag was noted for the diffusion of
HRP that was minimized by preincubating the filters in HRP, as
described in Methods (B,C,D). Three to four cultures were establishe€igure 5. Effects of embryonic age and retinal conditioned medium
from E10 embryos, and maintained in SF2 (open symbols) oon the permeability of RPE. The permeability of RPE was calculated
stimulated with E14 retinal conditioned medium (closed symbols)from linear regression analysis of the data exemplified in Figure 4.
After 9 days in culture, the flux of HRP (BYHJinulin (C) and  Assays were performed on 3-4 cultures. In growth medium (SF2),
[*H]mannitol (D) was measured in the apical to basal directionthere was a 40% decrease in the permeability to HRP between E7
Standard error bars were sometimes smaller than the symbol, aadd E10 with no difference for inulin or mannitol. Between E10 and
linear regression lines are included in panels B, C and D. RPE14, there was a 40% decrease in the permeability to inulin, but only
monolayers retarded the diffusion into the basal chamber. Cultures 15% decrease for mannitol. In E14 retinal conditioned medium
stimulated with E14 retinal conditioned medium had lower(CM), the permeability of each tracer decreased, but the age related
permeability. Similar results were obtained with E7 and E14 culturedifferences were eliminated. Error bars represent the standard error.
and are summarized in Figure 5. Confidence levels: * p < 0.01; # p < 0.05.

LIX1]
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yielded the same result for each culture. Examples are shown
for actin in cultures of E10 and E14 cells (Figure 1C,D,E,F}rigure 6. Effects of embryonic age and retinal conditioned medium
and ZO-1 in cultures of E7 and E14 cells (Figure 1A,B,E,F).°n the TER of RPE. A small, but significant, increase of TER was
Both probes labeled circumferential bands that correspond@gserved between E7 and E10, but a large increase was observed
to the apical junctional complex. In each case, confluen etween E10.and I§14.Th9§e age-relgted differences were preserved
. . .. after stimulation with conditioned medium.
monolayers were formed with the hexagonal packing typical
of simple epithelia. In double label experiments, much of the
filamentous actin colocalized with ZO-1 along the apical end 140 T T T T
of the lateral membranes (Figure 1E,F and Figure 2E,F). There
was no evidence for non-junctional pools of ZO-1, but actin
filaments were also present throughout the cytoplasm. This
allowed us to use phalloidin staining to determine the heighg_\ Conditioned
of the monolayer and search for multilayering or underlying ﬁ al | Medium
fibroblasts (Figure 2). No statistical difference in height was &
observed between cultures established from differentsy

120 | -

embryonic ages, or between cultures maintained in SF2 growth . oo SF2

: . o . ® El4
medium or retinal conditioned medium. Although many an | \*-\. ] + E10

: . . .

transversg secthns were examln(_ad, 'Fhere was no evidence of - =" E  E—+ m E7
multilayering or fibroblast contamination. wf w=— i

The principal difference in morphology was the cell . . . . .
density. Density did not change with time in culture after day z q 6 8 10 12
5, but did depend upon the embryonic age of the RPE (Figure Days in Culture

3). Because no statistical difference was observed between _ _
cultures with or without conditioned medium, these data wer&igure 6a. The TER of RPE isolated on E7 (squares), E10 (diamonds)
pooled. For comparison, Figure 3 also presents the data fro?ﬂd E14 (circles) was graphed as a function of days in culture. Cultures

- were maintained in growth medium (closed symbols, blue lines) or
a developmental study by Coulombre (27). The density of thsetimulated with E14 retinal conditioned medium (open symbols, green

cultured RPE decreased in parallel with the Qecreased densI'itﬁ(es). Standard error bars were sometimes smaller than the symbol.
of the parent cells. Although the RPE was isolated from the

entire globe, the density of the cultures corresponded most  1{}
closely with the density of the RPE in the fundus. This contrasts

with RPE cultured on Matrigel (23; data not shown), where =
E7 and E14 RPE had nearly the same density (E7+0 %) ]
x 1P cells/cn?; E14: 4.4 £ 0.3) x 1® cells/cn?). Because 80 1 T -
laminin had the least effect on age-dependent properties,
laminin-coated filters were used for the studies of permeability.

The development of blood-brain barriers has been studied’= 60 | |
in vivo by examining the diffusion of injected HRP (2,28). In S ats l_‘
the current study, HRP was added to the apical medium~i -
chamber and its appearance in the basolateral chamber was- T T
monitored over time. An example is shown for E10-derived &£ 40
monolayers (Figure 4). Because of the need to preincubatg=
the cultures with HRP (see Methods), the y-intercept was

#
variable. However, permeability (the slope of the linear H

regression line) was very reproducible, as indicated in Figure 20 L
5. The monolayer retarded diffusion across the filter, as
compared with coated filters that lacked RPE. Permeability
was reduced nearly four-fold by maintaining the cultures in
retinal conditioned medium. 0

Horseradish peroxidase is large (hydrodynamic radius ~30 E7T E10 E14 E7 E10E14
angstroms) and ionic. To separate the effects of size and charge SF2 CM
on flux across the monolayer, we measured the flux of nonionic '
tracers and small ions. Nonionic tracers of different size werEigure 6b. Data is summarized for the cultures described in Figure 5.
used to distinguish diffusion, which depends uponThe measurements were acquired just before the permeability

hydrodynamic radius, from transcytosis, which would beneasurements. Conditioned medium from E14 retinas stimulated the
independent of size. Mannitol (hydrodynamic radius ~4TER of all ages about 2 fold. As illustrated by the two experiments in
angstroms) and inulin (hydrodynamic radius ~10_14paneIsAand B, there was some variability in the strength of different

rpregarations of conditioned medium. Confidence levels: # p < 0.05,
angstroms) were selected, because there are no transmembrape 0.001
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transport mechanisms for these compounds. Examples aramunoreactive protein, and longer exposures of the
shown for diffusion across E10 derived monolayers (Figurénmunoblots were required to detect it. For the duration of
4). For each tracer, the flux was much lower than for contrahe cultures, ZO-1 predominated over ZO-1LP. However, the
filters that lacked a monolayer, and was linear over 90 minutesxpression of ZO-1 decreased 4-fold after 5 days without
As expected for a diffusion mediated process, the flwaffecting the TER. Except for the increase of TER, E14 retinal
decreased with increased size of the tracer. Conditionezbnditioned medium had no effect on these events. There was
medium lowered the flux of each tracer. no reproducible difference in the level of ZO-1 expression

To determine if the properties of the tight junctions change
with age, similar measurements were made with cultures
derived from E7 and E14 RPE. The results are summarized in

Figure 5. The comparison between ages shows a selectivity g E7 b E14
based on size that changed with embryonic age. The largest Conditioned Conditioned

tracer, HRP was affected first with an approximately 40%, . Medium SE2 Medidng  ~ SE2
decrease in permeability between the E7 and E10 cultures. Afulwre 1 3 5 7 9 3 5 7 9 57935 719
effect on the other tracers was observed between the E10 and ”

E14 cultures. The effect was greater for the intermediate-sized
inulin (40% decreased permeability) than the smaller-sized
mannitol (15% decreased permeability). For each culture,
medium conditioned by E14 retinas reduced permeability, but ; ' :
the effect was greatest on the E7 and E10 cultures. wBEHHNEAR .izéoil[p:n . R
Consequently, the permeability of these cultures became 200 kDa- Sl ;
identical to the stimulated, E14 cultures.

¥

Another measure of permeability is the TER, which o
measures resistance to ion flow across the monolayer. A stable
TER was observed after 5-7 days in culture (Figure 6a). In
those cultures that were stimulated by E14 retinal conditioned  {z

medium, the TER was consistently two-fold higher than ] E1d
unstimulated cultures. As expected for tight junctions, the TERC 08 - \ T
was reversibly reduced by a 15 min incubation in medium 04 |- H———n0 -
containing 10 mM EDTA. For direct comparison, the TER of , , , , e
the cultures used for the non-ionic flux measurements in Figure: 16 |- e

5is summarized in Figure 6b. A small, but significant, increase= 2L m — g
in TER was observed between E7 and E10, and a large increa§ ’ "‘“—-—-_h_h.ﬂ} FE___ﬂ___EI

was observed between E10 and E14. Unlike the flux of non§ s | O D__————D -
ionic tracers, the increase of TER with embryonic age was ' ' ' ' ' ! '
preserved after stimulation with conditioned medium. ™ . E7CHM |

To determine if changes in ZO-1 expression observed in OHH.——.
vivo can explain the concomitant decrease in tight junction %% / x d____f_ﬂf—o T
permeability (4), we examined ZO-1 expression in culture 0.4 0 o
(Figure 7). A polyclonal antibody was used to immunoblot ' ' ' ' '
Z0-1 after various times in culture. After one day, expression
in E7 cultures was similar to E7 RPE in vivo. ZO-1LP was Days in Culture
evident with very low levels of ZO-1 expression. By 3 days in
culture, the cells became confluent, and by 5-6 days the TER
of unstimulated cells reached a plateau of approximately 25igure 7. ZO-1 expression is unaffected by retinal conditioned
Ohm-cn®. By 3 days in unstimulated cultures, ZO-1 medium.b?_r;angez in ZO-1 exf?restsi(cj)nbwere udn_;_elateg to jlénction

: H rmeapility ana were unailtecte y conditionea meaium.

D o e el inios f ot o Cres 517 () an Ei4 9

) . . . ryos. E14 retinal conditioned medium was added on day 1 to the
discernible effect on morphology or density, the expression Ghdicated cultures. Total protein was extracted on the indicated day

ZO-1 or ZO-1LP was unaffected by E14 retinal conditionedy cyiture and 15 g per lane was immunoblotted with antibody 7445
medium. Consequently, the decrease in permeability induceéreveal ZO-1 and ZO-1 LP. The background is higher in (B), because
by conditioned medium was not accompanied by an increasenger exposures were required to detect a signal. The position of
of ZO-1 or a decrease of ZO-1LP. myosin (200 kDa) is indicated; beta-galactosidase (115 kDa) migrated

. off the bottom of the gel. (A) E7 RPE, 2 min exposure. (B) E14
The E14 cultures also required 3 days to become ConﬂueﬁtPE, 50 min exposure. (C) Densitometry of the immunoblots in

and 5 days for the TER of unstimulated cultures to reach ghneis (A and B). Qualitatively similar results were obtained in

plateau of approximately 45 Ohm-@nt.ike native E14 RPE,  several experiments. Open symbols, ZO-1; closed symbols, ZO-1LP;
the cultured cells expressed low amounts of ZO-Isquares, SF2; circles, conditioned medium.

1 1
3 4 4 fi T a 4
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between stimulated and unstimulated cultures. After 5 days ireported TER. Consequently, more current flows across the
culture, the TER of the stimulated cultures was higher thajunctions than through the cells, and the TER becomes
that of the E7 cultures, and continued to rise slightly even a@asensitive to membrane effects (29). Conceivably, differences
the level of ZO-1 decreased 4-fold. In summary, ZO-1in cell density or the width and tortuosity of the paracellular
expression could change in culture without parallel changgsath might account for small differences in permeability (34).
in permeability, and E14 retinal conditioned medium couldHowever, these differences should affect all permeability
decrease permeability without altering the time-course or levelssays the same way. The divergent changes in permeability
of ZO-1 expression. described below are more compatible with effects on tight
junctions.

DISCUSSION Ther_e was a progressiv_e change in ;ize selectivity_ as the
embryonic age of the RPE increased. First, a comparison of
E7 and E10 cultures revealed that the older cultures were 40%

Diffusion across tight junctions can be regulated, because tighgss permeability to HRP, and yet there was no difference in
junctions discriminate on the basis of size and charge. Althougpermeability to inulin or mannitol. Although HRP is positively

variations in discrimination have been described for differengharged, this effect was unlikely due to charge. The TER
epithelia (7,29), our study models changes in discriminatiomndicated that the permeability of small ions decreased only
as a single epithelium differentiates. We modeled thélightly. Second, a comparison of E10 and E14 cultures
intermediate phase of RPE development, because this is whegyealed that the permeability to inulin and mannitol decreased
permeability decreases without changes in the morphologiey 40% and 15%, respectively. Even though there was little

complexity of the tight junctions (2,4,6). difference in the permeability to the large polyion, HRP, or

The validity of the culture model depends on whether i the small monosaccharide, mannitol, the TER increased nearly

: : . : : r1?0%. Therefore, the permeation of large solutes was regulated
Vivo properties are retained in primary cell culture. Severa . o .
according to their size, but the permeation of small solutes

studies indicated that RPE can partially dedifferentiate ir\wN s requlated orimarily by their charae
culture (30-33). We devised a serum free medium that helpeda 9 P y oy ge.

preserve some of the native phenotype in culture and found E14 retinal conditioned medium revealed further
that retinal conditioned medium further promoteddifferences between size and charge discrimination. Although
differentiation (23,24). Differentiation was promoted moreE14 retinal conditioned medium reduced the permeability to
effectively by E14 than E7 retinal conditioned medium. Theséons and each of the tracers, the magnitude of the effect differed
studies were complicated by culturing RPE on Matrigelpetween cultures. For example, the permeability of E14
because Matrigel contains cytokines and growth factors thgultures to HRP was decreased 2.5 fold, but the permeability
potentially modulate cell behavior. For example, transformingf E7 cultures decreased 4 fold. With respect to HRP, inulin
growth factor-[alpha] modulates the permeability of culturedand mannitol, the permeability of the E7, E10 and E14 cultures
mammary epithelia (10,11). To minimize this possibility, was identical after stimulation by E14 retinal conditioned
cultures were established on purified laminin. Monolayers omedium. In contrast, the effect of conditioned medium on TER
uniform height were formed. In contrast to cultures onwas approximately two fold, regardless of age, and the age-
Matrigel, the density of E14 cultures was two-fold lower tharrelated differences were maintained. Conceivably, conditioned
the density of E7 cultures. This parallels the decrease in densfiyedium decreased permeability by decreasing the number of
that occurs in vivo (27), and indicates that laminin allowspores without affecting the charge of the pores. This would
density changes that mimic the in vivo condition. It thus shouldieduce the permeability to ionic and nonionic solutes alike,
be used for subsequent mechanistic studies of cell growth gt would allow charge differences between cultures to remain.
it is superior in this regard to other models. The permeabilitiRegardless of mechanism, two laboratories provided a
of the cultures also depended upon the embryonic age whefiecedent for dissociating permeability to ionic from
the RPE was isolated. The permeability to HRP decreasdtermeability to nonionic solutes. When occludin was
between E7 and E14, as was observed in organ culture (4)overexpressed in Madin-Darby canine kidney cells, there were

N . .. sjmultaneous increases in TER and permeability to mannitol
The presence of apical junctional complexes was indicate 1,35)

by the circumferential band of ZO-1 and filamentous actin.
Four observations indicated that this complex contained In some respects the permeability of the stimulated
functional tight junctions. The TER was reversibly reducectultures is comparable to other culture models of blood-retinal
by EDTA, consistent with the dependence of tight junction&nd blood-brain barriers, but the differences further
on extracellular calcium. The flux of nonionic solutes was siz€lemonstrate selectivity. The development of RPE is keyed to
dependent, which is more consistent with diffusion acrosthe development of the neural retina; E14 is just before
junctions than transcytosis. Permeability decreased in resporig@otoreceptors extend outer segments (2). Rat RPE was
to retinal conditioned medium, even if transcytosis wasgultured from a comparable stage of development (36). Rat
inhibited by chloroquine. In principal, conditioned mediumand chick cultures had similar permeabilities to inulin
could affect membrane transport. However, there are ngapproximately 0.1pl/cm2/min for each), but different
transporters for inulin, mannitol or HRP, and the electricapermeabilities to other solutes. In rat, the TER was 2-3 fold

resistance of biological membranes is much greater than tfégher, which indicates lower permeability to ions, and the
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permeability to HRP was 10 fold higher. Different means otechnical assistance, Chris Williams and Victoria Gross for
regulating the permeability to small ionic and nonionic solutesielp with initial experiments, and Colin Barnstable and Marvin
explains a disparity between our studies and those on braBears for critically reviewing the manuscript. James Anderson,
endothelia (20). Both studies measured similar fluxes (0.1thembers of his laboratory, and M.S. Mooseker provided
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