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PURPOSE. MCT3 is a proton-coupled monocarboxylate trans-
porter preferentially expressed in the basolateral membrane of
the retinal pigment epithelium (RPE) and has been shown to
play an important role in regulating pH and lactate concentra-
tions in the outer retina. Decreased expression of MCT3 in
response to trauma or disease could contribute to pathologic
changes in the retina. The present study followed the expres-
sion of MCT3 after wounding and re-epithelialization of chick
RPE explant and human fetal (hf) RPE cultures.

METHODS. Immunofluorescence microscopy and immunoblotting
were performed to determine changes in MCT expression after
scratch wounding and re-epithelialization of chick RPE/choroid
explant cultures and hfRPE cell monolayers.

RESULTS. MCT3 expression and basolateral polarity were main-
tained in chick RPE/choroid explant cultures and hfRPE mono-
layers. Wounding resulted in loss of MCT3 and the upregula-
tion of MCT4 expression in migrating cells at the edge of the
wound. On re-epithelialization, MCT3 was detected in chick
and hfRPE cells when cells became hexagonally packed and
pigmented. However, in hfRPE cells, MCT4 was consistently
expressed throughout the epithelial monolayer. RPE cells at
the edges of chick explants and hfRPE cultures with a free edge
expressed MCT4 but not MCT3.

CONCLUSIONS. Wounding of RPE monolayers resulted in dediffer-
entiation of the cells at the edge of the wound, as evidenced by a
loss of MCT3 and increased MCT4 expression. Collectively, these
findings suggest that both cell-cell and cell-substrate interactions
are essential in directing and maintaining differentiation of the
RPE and expression of MCT3. (Invest Ophthalmol Vis Sci. 2010;
51:5343–5350) DOI:10.1167/iovs.09-5028

The retina is one of the most metabolically active tissues in
the body and produces large quantities of lactate by the

metabolism of glucose through aerobic glycolysis.1,2 Lactate
produced by Müller cells is used by photoreceptors to fuel
oxidative phosphorylation, whereas excess lactate is trans-
ported out of the retina to the choroidal blood supply by the

retinal pigment epithelium (RPE).3 In this capacity, the RPE
serves as the gatekeeper of the outer retina, regulating the flux
of ions, metabolites, and fluid between the outer retina and the
choroidal blood supply. Transepithelial transport of lactate is
facilitated by monocarboxylate transporters (MCTs) in the api-
cal and basolateral membranes of the RPE.4

The MCTs are members of the SLC16A gene family of
transporters. Both the avian eye and the mammalian eye ex-
press a variety of these transporters, including MCT1 and
MCT3 in the RPE and MCT4 in the retina.5 Although MCT3 is
expressed preferentially in the basolateral membrane of the
RPE, MCT1 is widely expressed in tissues throughout the body,
and MCT4 is expressed in cells and tissues that are highly
glycolytic.6

MCT1, MCT3, and MCT4 form a heterodimeric complex
with CD147,6–9 a type I glycoprotein and member of the
immunoglobulin superfamily.10 CD147 was first characterized
as an extracellular matrix metalloproteinase inducer and a
blood-brain barrier antigen.11–13 Assembly of the MCT/CD147
complex in the endoplasmic reticulum is required for the
efficient trafficking of the mature transporter to the plasma
membrane because in the absence of one subunit the other is
targeted for degradation.8,9

The importance of MCTs in maintaining normal vision has
been demonstrated in mice with targeted deletion of either
CD147 (Bsg) or MCT3 (Slc16a8) genes. In Bsg�/� mice there
was a decrease in the amplitudes of scotopic and photopic
electroretinograms (ERGs) before degeneration of photorecep-
tor cells.14 Work from our laboratory suggested that the
change in visual function observed in the Bsg�/� mice was
caused by the loss of expression of MCT1, MCT3, and MCT4 in
the RPE and retina and the disruption of metabolic coupling
between Müller cells and photoreceptor cells.5 This hypothesis
was supported by our recent study demonstrating that mice
with a targeted deletion of the Slc16a8 (MCT3) gene exhibited
decreased amplitudes of the light-stimulated ERG, whereas
lactate levels in the retina were increased.15

The expression of RPE-specific genes can be altered in
response to disease and trauma, thereby contributing to patho-
logic changes in this tissue.16 Removing RPE cells from eyes
and placing them in culture also results in changes in gene
expression that can vary with the time in culture and culture
conditions.17–22 Our laboratory previously reported that MCT3
mRNA and protein were not detected in chick RPE cells when
cultured on plastic or transwell inserts.23 These findings sug-
gested that cell-cell, cell-substrate, or RPE-photoreceptor inter-
actions are essential to regulate the expression of RPE specific
genes. To obtain further insight into the regulation of MCT3 in
RPE cells, we examined the expression of MCT3 in chick
RPE/choroid explant cultures and hfRPE cells after the integrity
of the epithelial monolayer was disrupted by mechanical
wounding. Our findings show that disruption of cell-cell inter-
actions leads to a downregulation of MCT3 and an up-regula-
tion of MCT4. In addition, we reported that MCT3 was ex-
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pressed after re-epithelialization but that the rapidity of MCT3
reexpression may be reliant on factors from the basal lamina.
Taken together, these results indicate that the integrity of the
RPE monolayer is essential for maintaining expression of MCT3
and that the basal lamina may contribute to the modulation of
MCT expression in the RPE.

MATERIALS AND METHODS

Animals

White Leghorn chick embryos used in these studies were procured
from a local supplier and incubated in a forced draft incubator at
38.0°C to 38.5°C. C57Bl/6 mice used in these studies were purchased
from Jackson Laboratories (Bar Harbor, ME) and were maintained on a
12-hour light/12-hour dark cycle. The animals were euthanatized dur-
ing the light period of the cycle. All animal procedures were performed
in compliance with National Institutes of Health guidelines as ap-
proved by the Institutional Animal Care and Use Committee of Thomas
Jefferson University (Philadelphia, PA). Procedures were conducted in
accordance with the ARVO Statement for the Use of Animals in Oph-
thalmic and Vision Research.

Chick Explant Culture

Eyes were enucleated from embryonic day (E)9 or E12 chick embryos,
the anterior portion and neural retina were removed, and the remain-
ing posterior eyecup was incubated in HEPES-buffered saline with 5
mM glucose (HBSG, pH 7.4) for 10 minutes at room temperature
before the cup was cut into two to four sections. Using fine forceps,
the RPE and choroid layers were dissected from the sclera and placed
choroid side down onto nitrocellulose-coated two-well glass chamber
slides containing minimal essential medium (MEM) with 10% fetal
bovine serum (FBS). Explants were incubated overnight. The following
day, three to four triangular wounds were made by brushing RPE cells
off the basement membrane with a single piece of human hair. Ex-
plants were fixed in cold methanol at 1, 3, and 5 days after wounding.

Primary Cultures of Chick and hfRPE Cells

Chick RPE cells were isolated from E9 chick embryos as previously
described.23 The eyecup was incubated in PBS containing 15 mM
EDTA for 30 to 40 minutes before the RPE was gently peeled off the
basement membrane. Cells were placed in MEM with 10% FBS, tritu-
rated, and plated on 35-mm tissue culture dishes before incubation at
37°C in 5% CO2 and air.

hfRPE cells were obtained from Sheldon Miller (National Eye Insti-
tute, Bethesda, MD). The research followed the tenets of the Declara-
tion of Helsinki and the National Institutes of Health institutional
review board. On arrival, cells were trypsinized and seeded onto clear
transwell inserts (Transwell; cat. 3460; Corning Costar, Corning, NY)
as described previously.18 When the cells were confluent, evenly
pigmented, and had a transepithelial resistance greater than 800 �/
cm2, they were used for experiments. For wounding experiments,
monolayers were scratch-wounded using a 200 �L pipet tip. Resultant
wounds were approximately 1-mm wide.

Antibodies and Microscopy

Chicken MCT3 (Mab3C4) antibody used in these studies was produced
and characterized in our laboratory as previously described.23 A poly-
clonal antibody to chicken MCT4 was generated against a 20-mer
synthetic oligopeptide corresponding to the carboxyl terminal amino
acids (FLKDEPEKNGEVVTNPETCV) of chicken MCT4 (Research Ge-
netics, Huntsville, AL). Rabbits were boosted with the peptide at
weeks 2, 6, and 8 and bled at weeks 0, 4, 8, and 10. The 8- and 10-week
bleeds were combined and purified using immunoaffinity columns
prepared with peptide antigen linked to agarose.

Human anti-peptide MCT3 and MCT4 were generated by Yenzyme
and characterized in our laboratory as previously described.24 An

anti–laminin antibody (3H11), developed by Willi Halfter,25 was ob-
tained by Developmental Studies Hybridoma Bank developed under
the auspices of the National Institute of Child Health and Human
Development and maintained by the University of Iowa, Department of
Biological Sciences (Iowa City, IA). Additional antibodies used for these
studies were anti–Connexin 43 (Cx43; Invitrogen, Carlsbad, CA) and
anti–�-actin (Sigma, St. Louis, MO). AlexaFluor-tagged secondary anti-
bodies and AlexaFluor488-tagged phalloidin were purchased from Mo-
lecular Probes (Eugene, OR). A fluorescent dye (To-Pro-3 Iodide-633;
Invitrogen) was used to visualize nuclei in mouse eye sections. Horse-
radish peroxidase (HRP)–conjugated secondary antibodies were pur-
chased from Thermo Scientific (Pierce, Rockford, IL).

Immunofluorescence and Immunohistochemistry

For histologic assessment during development, eyes were excised from
chick embryos at different stages of development (E3, E8) and fixed by
immersion in 4% paraformaldehyde in PBS containing 3% sucrose for 5
minutes at room temperature followed by 30 minutes on ice. For E3
embryos, the whole embryos were fixed. Samples were washed with
PBS and then equilibrated in PBS containing increasing concentrations
of sucrose (10%, 20%, 30%). Tissues were then placed in tissue freezing
medium (Triangle Biomedical Sciences, Durham, NC) and frozen in
liquid nitrogen. Cryosections (8–12 �m) were collected on glass slides
and labeled with antibodies as described.5 For histologic assessment
after wounding, chick RPE/choroid explants were fixed in 4% parafor-
maldehyde (Electron Microscopy Sciences, Hatfield, PA), 2.5% glutar-
aldehyde (Sigma, St. Louis, MO) in 0.1 M sodium cacodylate buffer (pH
7.4) with 8 mM CaCl2 for 2 hours on ice and post-fixed with 1%
osmium tetroxide for 1 hour on ice. After dehydration in a graded
ethanol series followed by propylene oxide, the explants were infil-
trated and embedded in epoxy resin (Epon; Electron Microscopy Sci-
ences). Sections (1 �m) were stained with methylene blue/azure blue,
then examined and photographed using a microscope (E800; Nikon,
Tokyo, Japan) equipped with a digital camera (Optronics, Goleta, CA).

For immunofluorescence labeling, chick/RPE explant cultures and
hfRPE cell cultures were fixed in 4% paraformaldehyde in PBS for 5
minutes at room temperature and then 25 minutes on ice. Cultures
were washed in PBS, permeabilized with methanol at �20°C for 3
minutes or 0.3% Triton at room temperature for 5 minutes. Mouse eyes
were fixed and processed for cryosections as previously described.14

Cells and tissue sections were blocked using 5% BSA in PBS with 0.1%
Tween 20 (PBST) and incubated with primary antibody overnight at
4°C. The next day, cultures were washed with PBST and incubated in
secondary antibody for 30 minutes, washed, and mounted with mount-
ing medium (Airvol 205; Air Products and Chemicals, Inc., Allentown,
PA). Images were obtained on a laser scanning confocal microscope
(LSM510; Carl Zeiss, Oberkochen, Germany) with a 20� objective.
High-power images were taken with a 63� oil objective. Images (see
Figs. 4, 5) were prepared from projections (2–10 slices) of Z-stack
images taken with a 63� objective with or without the 2� zoom (see
figure legends for specific magnifications). Images were processed
(LSM510 [Carl Zeiss]; Photoshop 7.0 [Adobe, San Jose, CA]), with
adjustments made only to brightness and contrast.

Immunoblot Analysis

The RPE was dissected from the embryonic chick eye, and detergent-
soluble cell lysates were prepared as previously described.15 For
hfRPE, cells were harvested from the monolayer and the side of the
transwell insert for extraction (see Fig. 3B). Before scraping, cells were
washed with PBS and lysed with ice-cold lysis buffer (25 mM HEPES
buffer, pH 7.4, 150 mM NaCl, 5 mM MgCl2, 1% Triton X-100, 60 mM
N-octyl-�-glucopyranoside) containing protease inhibitors (protease in-
hibitor cocktail; Sigma) for 30 minutes, then centrifuged at 14,000g at
4°C for 30 minutes. The protein concentration of the cleared lysates
was determined (BCA Reagent; Thermo Scientific, Pierce). Lysates
were diluted in 4� LDS sample buffer (Invitrogen, Carlsbad, CA), and
equal amounts of protein were loaded onto 4% to 12% Bis-Tris gels
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(NuPAGE; Invitrogen). Separated proteins were transferred electro-
phoretically from gels to membranes (Immobilon-P; Millipore, Bedford,
MA). Membranes were incubated for 1 hour at room temperature in
blocking buffer (20 mM Tris, 137 mM NaCl, pH 7.5, 5% dry skim milk)
followed by 1-hour incubation with primary antibodies and 30-minute
incubation with HRP-conjugated secondary antibodies diluted 1:5000.
Reactive bands were visualized with enhanced chemiluminescent
Western blotting detection reagents (Thermo Scientific, Pierce).

RESULTS

Expression Patterns of MCT3 in Chick RPE

In the adult eye, the RPE is known to express high levels of
lactate transporters, which regulate the transepithelial trans-
port of excess lactate from the outer retina to the choroidal
vessels. Two MCTs in particular are expressed in distinct mem-
brane domains of the RPE—MCT1 in the apical and MCT3 in
the basolateral membrane—so that their coordinated activities
can facilitate a net flux of lactate out of the retina. MCT4
expression is restricted to the neural retina in the mature adult
eye and, therefore, does not typically play a role in RPE func-
tion. In the current studies, we examined the expression of
MCT3 and MCT4 in the chick eye during development. Using
immunofluorescence confocal microscopy, MCT4 was de-
tected in the neuro-ectoderm and in the inner and outer layers
of the optic cup. Specifically, at E3, both the primitive RPE and
the neural retina expressed MCT4, but MCT3 was not detected
(Supplementary Fig. S1, top panels, http://www.iovs.org/cgi/
content/full/51/10/5343/DC1). As differentiation proceeded,
there was a loss of expression of MCT4 and an increase in
expression of MCT3 in the RPE, as shown in sections of E8 eyes
(Supplementary Fig. S1, bottom panels). Previous studies from
our laboratory also showed that when chick RPE cells were
grown in primary culture, they exhibited a loss of MCT3 mRNA
and protein expression. To confirm these findings and to de-
termine whether there was any alteration in expression of
MCT4 in cultured cells, we examined the expression of these
MCTs in freshly isolated E9 RPE cells and confluent cultures of
RPE cells prepared from E9 chick embryos. Western blot anal-
ysis showed that in lysates from primary chick RPE cultures,
there was a downregulation of MCT3 and an upregulation of
MCT4 expression (Fig. 1A). In contrast, RPE cells isolated from
chick RPE/choroid explant cultures maintained expression of
MCT3; only very low levels of MCT4 were detected (Fig. 1B).

Immunofluorescence confocal microscopy was used to ex-
amine the expression of MCT3 and MCT4 in chick RPE/choroid
explants. Figure 1C is a schematic representation of the RPE/
choroid explant culture, indicating the regions of the mono-
layer shown in Figure 1D and the explant edge shown in Figure
1E. In the en face view of RPE/choroid explants (X-Y plane),
MCT3 labeling was detected at cell-cell borders, characteristic
of proteins polarized to the basolateral membrane (Fig. 1D, top
left panel). MCT3 labeling was detected at the basolateral
surface as seen in Figure 1D (X-Z plane, bottom left panel).
Little MCT4 was detected in the RPE monolayer (Fig. 1D, right

FIGURE 1. Differential expression of MCTs in quiescent cells and
dedifferentiated chick RPE cells. (A) Immunoblot analysis demonstrat-
ing that MCT3 was expressed in RPE harvested from E9 chick embryos.
MCT3 was not detected when these cells were placed in culture
(cultured RPE). MCT4 was not detected in E9 RPE but was found in
cultured RPE lysates. (B) MCT3 expression was maintained in explant
cultures of chick RPE, in which the basement membrane was not
disrupted. MCT4 expression was not upregulated in these cultures.
Actin served as an internal loading control. (C) Schematic representation
of RPE/choroid culture model. Dotted line: regions of interest. (D)
Confocal immunofluorescence microscopy showed that

MCT3 was expressed basolaterally in chick RPE explant cultures,
whereas MCT4 was detected at only very low levels in the intact RPE
monolayers of these cultures. Scale bar, 20 �m. X-Y, en face view of
RPE cultures. Scale bar, 10 �m. X-Z, x-z plane of the mid-region
displayed in upper panels. (E) MCT3 was not detected at the edges of
chick RPE explant cultures, where the monolayer was disrupted but
MCT4 was detected in this region. Merged image: demarcation of
expression of each of these isoforms. Lower panels are magnified
images (63�) of cells in the upper panels (20�). Scale bars: 20 �m
(top); 10 �m (bottom).
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panels). However, at the borders of the explant cultures,
where the cut edge resulted in the disruption of the basement
membrane and in cell-cell contacts, we observed a loss of
MCT3 and an increase in MCT4 expression (Fig. 1E). Taken
together, these findings suggested that cell-cell and cell-matrix
adhesion could contribute to maintaining the expression of
MCT3.

Dedifferentiation of RPE Cells Accompanied by
MCT Isoform Switching

To address whether the switch in MCT isoform expression was
caused by the disruption of cell-cell contacts, we performed
scratch-wounding experiments on chick RPE/choroid explant
cultures. The explant cultures were wounded by gently brush-
ing off the RPE without disruption of the basal lamina (Fig. 2A).
Explants were fixed and examined immediately after wound-
ing, and thick plastic sections were examined to determine the
integrity of the basement membrane after wounding (Fig. 2B,
top panel). Wounded explants were also labeled with anti–
laminin antibody and examined using immunofluorescence
confocal microscopy. Laminin was detected in the wounded
area, but in the non-wounded region, labeling was obscured by
the overlying RPE (Fig. 2B, bottom panels). Overall, our histo-
logic and immunohistochemical data indicated that the basal
lamina remained intact after wounding of RPE/choroid explant
cultures.

Chick RPE/choroid explants were cultured for 1, 3, and 5
days after wounding, then were fixed and colabeled with
MCT3 and MCT4 antibodies and imaged using immunofluores-
cence confocal microscopy. After wounding, cells at the edge
of the wound dedifferentiated and began to migrate into the
wound area. At 1 day after wounding, MCT3 labeling decreased
in cells at the edge of the wound, whereas MCT4 labeling
increased in these cells (Fig. 2C, left panels). By 3 days after
wounding, MCT4 was detected at high levels in the RPE cells
that had resurfaced the wound but was not detected in the
surrounding epithelia. In contrast, MCT3 was expressed at
high levels in the undisturbed epithelium but was downregu-
lated in the re-epithelialized wound (Fig. 2C, middle panels).
By 5 days after wounding, RPE cells in the resurfaced wound
were hexagonally packed, pigmented, and labeled with MCT3
antibody, whereas MCT4 labeling was no longer detected (Fig.
2C, right panels).

MCT3 and MCT4 Expression in hfRPE
Cell Cultures

hfRPE cells grown on transwell filters, though not cultured on
a native matrix substrate such as Bruch’s membrane, are pig-
mented, hexagonally packed, and express genes characteristic
of and uniquely expressed by the RPE in situ. However, cells at
the periphery of the culture have a free edge and continue to
proliferate and extend up the wall of the transwell insert
(Figs. 3A, 3B). We examined MCT3 and MCT4 expression in
the detergent soluble lysates prepared from these different
populations of hfRPE cells. Immunoblot analysis revealed that
hfRPE cells in the monolayer expressed high levels of MCT3,
whereas cells along the wall of the insert expressed decreased
levels of MCT3, indicative of a dedifferentiated and migratory
phenotype (Fig. 3C). Interestingly, hfRPE cells also expressed
MCT4 at both stages of differentiation (Fig. 3C).

The finding from our studies with chick RPE/choroid ex-
plants showed that if wounded RPE cells reestablished cell-cell
junctions, cells could redifferentiate and express MCT3. How-
ever, cells at the periphery of the explant culture that had a
free edge remained undifferentiated and expressed MCT4
rather than MCT3 (Fig. 1E). In the eye, the RPE is derived from
the outer layer of the optic cup and is continuous with the

pigmented layer of the ciliary epithelium (PCE). Thus, even at
the perimeter of the retina in vivo, the RPE does not have a
free edge. Although the RPE and PCE form junctional com-
plexes, MCT3 was detected only in the basolateral mem-
brane of the RPE (Fig. 3D). Consistent with our previous
studies, MCT4 was detected only in the neural retina and not
in the RPE or CE (Fig. 3D).

FIGURE 2. Wounding of RPE explants cause MCT isoform switching.
(A) Schematic representation of wounding paradigm for chick RPE/
choroid explant cultures. 1, wound region; 2, intact monolayer. (B,
top) Histologic section showing the region of wounding of the chick
RPE explant culture at 1 day (1d) after wounding. Arrow: wound edge.
Arrowhead: intact basement membrane. Bottom: wounds were la-
beled with anti–laminin antibody to demonstrate that the basement
membrane remained intact after wounding. 1 and 2 correspond to
numbering in (A). Left: differential interference contrast. Right: lami-
nin labeling. (C) At 1 day after wounding, a switch in MCT isoform
expression was detected in the leading edge of the wound, where
MCT4 was turned on and MCT3 was turned off. MCT4 expression was
further enhanced in proliferating and migrating cells inside the wound
at 3 days after wounding, whereas MCT3 expression remained low in
this region. By 5 days after wounding, the wound region had rediffer-
entiated and MCT3 was re-expressed.
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Decrease of MCT3 Expression at the Leading Edge
of Wounded hfRPE

Given that hfRPE cells express both MCT3 and MCT4, we next
wanted to determine the localization of these transporters in
the epithelium. Using confocal microscopy, we found that, as
in other RPE model systems, MCT3 staining was detected at the
lateral borders of polarized hfRPE monolayers, indicative of
basolateral localization of the protein (Fig. 4A, top panels).
MCT4 was also polarized to the lateral borders of these cells,
consistent with basolateral distribution of the transporter (Fig.
4A, bottom panels).

To determine whether the expression of MCT3 was depen-
dent on cell-cell adhesion, we performed scratch-wound assays
on hfRPE cells grown on transwell filters. Up to 72 hours after
wounding, we observed with immunofluorescence confocal
microscopy a loss of MCT3 expression in the wounded area
(Fig. 4B, top panels). MCT4 was expressed at the wound edge
and was detected not only at the cell-cell borders (arrowhead)
but also in the leading lamellipodia (Fig. 4B, bottom panels,
arrow). Wounds were sealed by 3 days after wounding; how-
ever, MCT3 was not detected in cells of the healed wound until
10 days after wounding (data not shown) and was not uni-
formly expressed until 16 days after wounding (Fig. 5A). The
reexpression of MCT3 correlated with the formation of a
tightly packed epithelial monolayer, increased pigmentation,

and expression of connexin-43 (Cx43) at the lateral borders
(Fig. 5B). These changes in expression are consistent with the
more differentiated phenotype observed on re-epithelializa-
tion.

DISCUSSION

In the eye, the barrier and transport properties of the RPE are
essential for maintaining the health and functional activity of
the photoreceptor cells. The vectorial transport of nutrients
and metabolites into and out of the retina depends on the
specific expression and polarized distribution of metabolic
transporters in the apical and basolateral plasma membranes of
the RPE. Recent work from our laboratory has demonstrated
the importance of MCT3, an RPE-specific lactate transporter, in
regulating light-stimulated rod responses and lactate levels in
the outer retina. The present studies showed that disruption of
the RPE monolayer resulted in the downregulation of MCT3
at the edge of the wound and that MCT3 was reexpressed in
cells in the wound area only after re-epithelialization and re-
establishment of cell-cell contact.

In the embryonic chick eye, we observed a switch in the
expression of MCT isoforms in the RPE during development.
MCT4, a lactate transporter primarily expressed in glycolytic
tissues, was detected in the neuro-ectoderm, the optic vesicle,

FIGURE 3. The RPE requires continu-
ous cell-cell contact to maintain MCT3
expression. (A) Schematic demonstrat-
ing migration of hfRPE cells in culture.
1, hfRPE monolayer; 2, hfRPE cells that
migrated up the walls of the transwell
insert. (B) Light micrograph demon-
strating the movement of hfRPE up the
wall of the transwell insert. Numbers
correspond to those in (B). Arrow: area
of migration up the wall of the insert.
(C) Immunoblot analysis showing
that MCT3 was expressed at high lev-
els in lysates of hfRPE monolayers
and at lower levels in lysates of hfRPE
cells migrating up the sides of the
transwell inserts. MCT4 expression
was observed in each preparation.
�-Actin, internal loading control.
Numbers correspond to those in (B).
(D) MCT3 expression was clearly
limited to the RPE in the mouse eye.
MCT4 was not expressed in this re-
gion. Arrow: border between the
RPE and the ciliary epithelium. Blue:
cells were stained to visualize nuclei.
CB, ciliary body; PCE, pigmented cil-
iary epithelium; NCE, nonpigmented
ciliary epithelium; PRC, photorecep-
tor cell; ONL, outer nuclear layer.
Scale bar, 20 �m. Original magnifica-
tion, 63� with a 2� zoom.
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and the optic cup in developing chick embryos (Supplemen-
tary Fig. S1, top panels). As the RPE cells of the outer layer of
the optic cup began to pigment and differentiate into the
mature RPE, there was a decrease in MCT4 and an increase in
MCT3 labeling (Supplementary Fig. S1, bottom panels). This
switch correlated temporally with development of the choroi-
dal vasculature and retinal differentiation. Interestingly, our
current studies also revealed that there was a switch in MCT
expression when E9 to E12 RPE cells were isolated and grown
in culture; there was a downregulation of MCT3 and an up-
regulation of MCT4 were observed. This finding suggested that

factors from the neural retina or the basement membrane, or
maintenance of cell-cell contacts, may be essential for directing
and maintaining the differentiated properties of the RPE.23,24

Two RPE culture models were used to examine the regula-
tion of MCT3: chick RPE/choroid explant cultures and hfRPE
cells. The chick RPE/choroid explants were cultured while
attached to their native basement membrane, whereas the
hfRPE cells were plated on filters coated with human extracel-
lular matrix. As observed in RPE in situ, both the chick RPE/
choroid explants and the hfRPE cell cultures expressed MCT3
in the basolateral membrane. Scratch-wounding of chick RPE/

FIGURE 4. Alteration in protein expression in wounded hfRPE cells. (A) Confocal immunofluorescence microscopy revealed that MCT3 (top) and
MCT4 (bottom) co-localized with actin filaments at the lateral borders of hfRPE cells, indicative of basolateral polarity. (B) MCT3 expression was
not detected at the leading edge of the wound (top, arrows). However, MCT4 expression (bottom) was observed both in cells at the leading edge
of the wound (arrow) and at the lateral cell-cell borders (arrowhead). The cytoskeleton was visualized with phalloidin-488 labeling. Cells were
fixed for immunofluorescence 48 hours after wounding. Scale bar, (A, B) 10 �m.

FIGURE 5. hfRPE can differentiate
after wounding and re-epithelializa-
tion. (A) Immunofluorescence confo-
cal microscopy revealed that 16 days
after wounding, MCT3 was detected
in the re-epithelialized wound. Dot-
ted lines: original wound edge.
Lower: magnified images of the re-
gions denoted by the boxed areas.
Scale bar, 20 �m. (B) Confocal im-
munofluorescence microscopy
showed expression of Connexin-43
(Cx43) at cell-cell borders in the
healed wound. Insets: magnified im-
ages of the regions denoted by the
boxed areas. Dotted lines: original
wound edge. Scale bar, 20 �m.
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choroid explants and hfRPE monolayers led to a loss of MCT3
expression in cells at the leading edges of the wounds. After
re-epithelialization of the monolayers, the cells redifferenti-
ated, as indicated by hexagonal packing of cells, pigmentation,
and expression of MCT3. Although both chick RPE/explant
cultures and hfRPE cell cultures were re-epithelialized by 3
days after wounding, the time course for redifferentiation of
these RPE cultures was different. MCT3 was detected in re-
epithelialized wounds after 5 days after wounding in chick
RPE/choroid explant cultures but not until 16 days after
wounding in the hfRPE cells. These results are consistent with
other studies showing that loss of cell-cell contact led to epi-
thelial-mesenchymal transition and increased migration of RPE
cells.26 In addition, the more rapid differentiation of the chick
RPE cells suggests that specific components of the basal lamina
may be responsible for directing the differentiation of RPE.
Indeed, many studies have demonstrated the importance of the
basement membrane in modulating RPE differentiation.19,27

Overall, these findings suggest that re-expression of MCT3 in
RPE cells after wounding was dependent on both the reestab-
lishment of cell-cell contacts and the composition of the base-
ment membrane.

After scratch wounding of the RPE, we also found that MCT4
was expressed in the migrating cells at the leading edge of the
wound. MCT4 was not detected after re-differentiation of the
RPE monolayer in the chick explant cultures, mimicking the
coordinated regulation of MCT3 and MCT4 expression ob-
served during embryonic development (Supplementary Fig.
S1). In the hfRPE cultures, we found MCT4 expression in the
migrating cells at the edge of the wound; however, MCT4 was
also expressed at the basolateral membrane of polarized hfRPE
monolayers. These data support our speculation that factors
from the basement membrane are also required to modulate
MCT expression in the RPE.

The increased expression of MCT4 in cells at the edge of the
wound is interesting, because previous reports from our labo-
ratory have shown a role for MCT4 in cell motility in the
human RPE cell line ARPE-19. These studies showed that MCT4
interacted with the adhesion receptor �1-integrin and that
silencing of MCT4 slowed cell migration.28 The observation
that MCT4 is also increased in chick RPE cells after wounding
and is localized to the leading edges of migrating hfRPE cells
would indicate a role for MCT4 in RPE cell motility in these
models.

Similar to the wounded edges of the RPE cultures, we found
that MCT4, but not MCT3, was detected in RPE cells in the
periphery of the chick RPE explants and hfRPE cultures, where
cells had a free edge. Cells at the free edges in both these
culture are like “wounds that cannot heal” and, in that capac-
ity, provide a model for studying RPE cell migration after injury
or disease. In vivo, the RPE does not have a free edge but is
continuous with the pigmented epithelium of the ciliary body,
forming an uninterrupted epithelium around the eye. There-
fore, the models of RPE used in this study, though not exact
mimics of RPE in vivo, provide interesting insights about RPE
biology during trauma or disease, namely, aberrant migration
and proliferation. Our previous observations highlighting a role
for MCT4 in cell motility support this hypothesis, and under-
standing whether this transporter plays a role in RPE migration
in ocular diseases characterized by aberrant wound healing,
such as proliferative vitreoretinopathy, warrants further study.

Along with changes in MCT3 expression after wounding,
downregulation of the gap junction protein Cx43 was also
observed in hfRPE cells during wound healing (data not
shown) but was detected at the lateral cell borders when the
wound had redifferentiated. Recently, it was reported that
Cx43 contributes to the differentiation of RPE through cAMP
signaling.29 Specifically, it was reported that differentiated RPE

cells exhibit increased levels of cAMP, which then increase the
expression of Cx43 in the epithelium. RPE cells fail to differ-
entiate without the cAMP-induced expression of Cx43, high-
lighting the importance of this gap junction protein in regulat-
ing the differentiation state of the RPE. The temporal
correlation in expression of Cx43 and MCT3 suggests that
Cx43 may provide an additional level of regulation that con-
tributes to the differentiation of RPE cells after wounding and
re-epithelialization.

Taken together, these studies demonstrated that MCT3 is a
specific marker for differentiated RPE and that expression of
MCT3 in the RPE is dependent on the maintenance of cell-cell
junctions. Our data also highlight the importance of the base-
ment membrane in modulating the speed of differentiation and
the ability to turn off expression of MCT4 after redifferentia-
tion of wounded RPE. Understanding the exquisite control of
MCT expression in quiescent and migratory RPE is critical for
the understanding of RPE biology during diseases such as
proliferative vitreoretinopathy and may be useful in designing
stem cell and transplant therapies to repair diseased or dam-
aged RPE.
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