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PURPOSE. To determine whether the small GTPase Rap1 regu-
lates the formation and maintenance of the retinal pigment
epithelial (RPE) cell junctional barrier.

METHODS. An in vitro model was used to study RPE barrier
properties. To dissect the role of Rap1, two techniques were
used to inhibit Rap1 function: overexpression of RapGAP,
which acts as a negative regulator of endogenous Rap1 activity,
and treatment with engineered, adenovirally-transduced mi-
croRNAs to knockdown Rap1 protein expression. Transepithe-
lial electrical resistance (TER) and real-time cellular analysis
(RTCA) of impedance were used as readouts for barrier prop-
erties. Immunofluorescence microscopy was used to visualize
localization of cadherins under steady state conditions and also
during junctional reassembly after calcium switch. Finally, cho-
roidal endothelial cell (CEC) migration across RPE monolayers
was quantified under conditions of Rap1 inhibition in RPE.

RESULTS. Knockdown of Rap1 or inhibition of its activity in RPE
reduces TER and electrical impedance of the RPE monolayers.
The loss of barrier function is also reflected by the mislocaliza-
tion of cadherins and formation of gaps within the monolayer.
TER measurement and immunofluorescent staining of cad-
herins after a calcium switch indicate that junctional reassem-
bly kinetics are also impaired. Furthermore, CEC transmigra-
tion is significantly higher in Rap1-knockdown RPE monolayers
compared with control.

CONCLUSIONS. Rap1 GTPase is an important regulator of RPE cell
junctions, and is required for maintenance of barrier function.
This observation that RPE monolayers lacking Rap1 allow
greater transmigration of CECs suggests a possible role for
potentiating choroidal neovascularization during the pathology
of neovascular age-related macular degeneration. (Invest Oph-
thalmol Vis Sci. 2011;52:7455–7463) DOI:10.1167/iovs.11-
7295

Neovascular age-related macular degeneration (AMD) is a
leading cause of legal blindness in the United States and

worldwide.1,2 The most severe vision loss occurs in neovascu-
lar AMD that is initiated when choroidal endothelial cells
(CECs) originating from the choriocapillaris are activated to
migrate through Bruch’s membrane and then across the retinal

pigment epithelium (RPE). Once across the RPE barrier, cho-
roidal neovascularization (CNV) within the neurosensory ret-
ina can occur. CNV in the neurosensory retina can leak and
bleed, causing vision loss. Thus, preventing CNV from entering
the neurosensory retina is one important way to reduce blind-
ness associated with neovascular AMD.

Under normal conditions, it is believed that the RPE can
effectively limit CNV by forming a physical barrier and by
appropriate compartmentalization of both proangiogenic (e.g.,
VEGF)3 and antiangiogenic factors (PEDF, endostatin, and
thrombospondin 1),4,5 (reviewed in Ref. 6). The combination
of polarized secretion of these factors, and then maintenance
of the resulting chemotactic gradient owing to the barrier
properties of the RPE is thought to play a critical role in
preventing CNV development in the neurosensory retina.7

However, in aging eyes, metabolic stresses, hypoxia, and in-
flammation can all increase angiogenesis and cause RPE barrier
compromise (reviewed in Ref. 8). We have previously shown
that increased contact between CECs and the RPE can induce
RPE barrier breakdown9 and facilitate CEC transmigration
across the RPE.10 One mechanism for CEC transmigration is
age-dependent upregulation of the RPE-derived VEGF189 iso-
form and subsequent Rac1 GTPase activation within CECs.11

There is evidence that this activation of Rac1 in CECs leads to
increased generation of reactive oxygen species, which in turn
causes further upregulation of VEGF expression by the RPE,
resulting potentially in a positive feedback loop.12 Rac1 also
has well-defined roles in promoting cell motility and migration
in a wide variety of cell types.13 However, increased migratory
capability of CECs notwithstanding, CNV in the neurosensory
retina also requires RPE barrier disruption. Thus, better under-
standing of the proteins that regulate the RPE barrier may also
improve our understanding of why CNV occurs and lend in-
sight into mechanisms to reduce its occurrence.

Signaling molecules such as the small guanosine triphospha-
tases (GTPases) of the Rho family have been implicated in
cell-cell junctional assembly, disassembly, and maintenance
(reviewed in Refs. 14, 15), as well as regulation of actin cyto-
skeleton remodeling during dynamic events, including cell
migration.16 Most recently, we have become interested in
another GTPase, Rap1, which is a member of the Ras super-
family.17 Like all GTPases, Rap1 acts as a molecular switch,
cycling between an active (GTP-bound) and an inactive (GDP-
bound) form. GTP binding and subsequent activation of GT-
Pases is facilitated by guanine nucleotide exchange factors
(GEFs), whereas inactivation occurs by hydrolysis of guanosine
triphosphate (GTP) to guanosine diphosphate (GDP) and is
catalyzed by GTPase-activating proteins (GAPs).18 Several GEFs
for Rap1 have been identified including Epac1/2, PDZGEF-1/-2,
and C3G; some have been specifically implicated in Rap1
activation during endothelial cell junctional regulation.19–22

GAPs that inactivate Rap1 include Spa-1 and RapGAP.23,24 Rap1
has been previously shown to be involved in regulating the
assembly and permeability of both endothelial25–27 and epithe-
lial cell junctions.28,29 Interestingly, Rap1 activation and sub-
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sequent junctional strengthening have also been implicated as
mechanisms for inhibiting monocyte transendothelial migra-
tion.25

In this work, we sought to determine whether Rap1 GTPase
is involved in the regulation of RPE barrier integrity, and
whether loss of Rap1 in RPE subsequently impacts CEC trans-
migration. Using a microRNA-based knockdown strategy
and/or expression of a negative regulator of Rap1, RapGAP, we
performed transepithelial electrical resistance (TER) and real-
time cell electrical impedance analysis (RTCA) measurements
to determine barrier properties of RPE under these conditions.
Additionally, CEC transmigration across Rap1-deficient RPE
was examined. Our results indicate that Rap1 is an important
signaling protein involved in RPE barrier function, and suggest
the possibility that taking steps to enhance the RPE barrier, for
example by using mechanisms to activate Rap1, may limit
choroidal endothelial cell transmigration in CNV.

METHODS

Cell Culture

ARPE-19 cells (RPE) were obtained from ATCC (Rockville, MD) and
grown in DMEM/F-12 plus 10% FBS, and used from passage 15–20,
while epithelioid properties were present.30 Primary human choroidal
ECs (CECs) were isolated from donor eyes obtained from the North
Carolina Eye Bank as described in detail previously.31 CECs were
grown in endothelial growth media (EGM-2, from Lonza, Walkersville,
MD) supplemented with 10% FBS and used from passage 2–4.

Adenovirus Experiments

Generation of Knockdown Adenoviruses. Engineered mi-
croRNA adenoviral constructs were engineered using an expression
vector system (BLOCK-iT Pol II miR RNAi; Invitrogen, Carlsbad, CA)
according to the manufacturer’s protocol. Double-stranded oligonucle-
otides were designed to form an engineered pre-miRNA sequence
structure that targets unique sequences in human Rap1A and Rap1B
(Rap1 RNAi). Synthesized oligonucleotides were annealed and ligated
into pcDNA 6.2-GW/ EmGFP-miR. As a negative control (Neg RNAi) we
used the pcDNA6.2-GW/� EmGFP-miR-neg control plasmid (Invitro-
gen), which contains an insert that is processed into a mature miRNA,
but is not predicted to target any known vertebrate gene. The EmGFP-
miRNA cassette from these constructs was subsequently cloned (pAd-
CMV-Dest Gateway vector kit).

Adenovirus Production. Virus was produced in a packaging
cell line (293A) with an expression system (ViraPower Adenoviral
Expression System; Invitrogen) using the manufacturer’s recom-
mended protocol. Briefly, the cells were transfected with vector (PacI-
digested pAd-CMV-Dest) containing the desired RNAi cassette using
transfecting reagent (Lipofectamine 2000; Invitrogen). Mature viral
particles were harvested by collecting the cells/media, and subjecting
to multiple freeze-thaw cycles, then centrifugation. Cocistronically
expressed EmGFP serves as a marker for knockdown cells. Viral vec-
tors for expression of GFP and RapGAP were prepared and used as
described previously.25

Infection of RPE with RNAi Adenovirus and
Analysis of Knockdown

RPE were infected with adenovirus (GFP, RapGAP, Neg RNAi, or Rap1
RNAi) for times indicated in the figure legends. Efficient knockdown
was usually attained 48 to 72 hours post virus addition. Knockdown
was confirmed regularly by Western blot analysis of cell lysates using a
polyclonal antibody that recognizes total Rap1 (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA). Expression of GFP and GFP-RapGAP was con-
firmed visually by fluorescence microscopy.

Rap1 Activity Assays
8CPT 2�OMe-cAMP (Biolog, Hayward, CA) is a compound commonly
used as a means to induce Rap1 activation in cells.32 To confirm
activation of Rap1 in RPE after this treatment, we performed standard
Rap1 activity assays as described in detail previously.33 In brief, lysates
were incubated with a GST-fusion protein of the Ras/Rap binding
domain of the effector protein RalGDS (GST-RalGDS-RBD), immobi-
lized on glutathione sepharose beads. This fusion protein specifically
recognizes and binds only to active GTP-bound Rap1.34 The amount of
active Rap1(from the pulldown) and total Rap1 (from a sample of
reserved total cell lysate) was determined by Western blot analysis with
a polyclonal anti-Rap1 antibody (Santa Cruz Biotechnology) which
recognizes both isoforms of Rap1, followed by an HRP-conjugated
anti-rabbit secondary antibody (Chemicon, Billerica, MA).

Barrier Function Assays
Transepithelial Electrical Resistance (TER) Experi-

ments. ARPE-19 were plated at confluent density (1.8 � 105 cells) on
12 mm diameter, 0.4 �m pore size Transwell filters and cultured for

FIGURE 1. Loss of Rap1 GTPase activity by expressing RapGAP re-
duces plateau TER in ARPE-19 cells. (A) Comparison of active (GTP-
bound) Rap1 in lysates of ARPE-19 cells expressing either GFP control
or RapGAP and assayed. Active (GTP-bound) pool of Rap1 is shown in
top row; middle row confirms equivalent loading using total Rap1
from whole cell lysates and bottom row indicates equal amount of
expressed protein. (B) Immunofluorescence microscopy of a Tran-
swell-grown monolayer of ARPE-19 72 hours postinfection to confirm
that adenoviral infection efficiency of RapGAP approaches 100% (vi-
sualized by a cocistronically expressed GFP marker). (C) ARPE-19 cells
grown on Transwell filters were infected with adenovirus to express
either RapGAP or GFP only as a control. TER measurements were taken
72 hours post virus addition. Shown are data from one of three
independent experiments. TER is significantly reduced when RapGAP
has been expressed for 72 hours (*P � 0.0000032, n � average of 3
filters per condition).
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the duration indicated in each figure legend, with media replaced daily.
TER was measured at given time points using an Endohm-12 Transwell
Chamber connected to an EVOM Voltohmmeter according to the
manufacturer’s instructions. Uninfected or 0 hour TER readings were
those taken immediately before virus addition. For calcium switch
experiments, ARPE-19 cells were grown to confluency on Transwell
filters, and then transduced with either a negative control or Rap1
knockdown virus for another 2 days before performing the calcium
switch assay. In these experiments, “steady state” TER represented the
measurement taken immediately before EGTA addition. Next, 4 mM
EGTA was added for 30 minutes to disrupt junctions. After EGTA
washout and readdition of calcium-containing media, TER was again
measured after 0.5, 1, 2, 24, and 48 hours to determine the recovery of
TER values during junctional reassembly. Data for these experiments
was graphed as absolute change in TER (in ohms per cm2) relative to
the initial steady state value.

Real-Time Cell Analysis (RTCA) Experiments. Barrier
properties of RPE were also measured using a commercially available
system (xCELLigence Real-Time Cell Analyzer [RTCA]; Acea Biosci-
ences/Roche Applied Science, Basel, Switzerland). This technology
measures electrical impedance as a readout for the barrier status of
cells grown directly on biocompatible microelectrode coated surfaces.
Cells grown on these surfaces have comparable cell growth rate,
proliferation, adherence, and other parameters as determined by tra-
ditional assay methods.35 Changes in impedance (represented as Cell
Index) reflect changes in barrier function and permeability.36 ARPE-19
were pre-infected with GFP or GFP-RapGAP virus for 24 hours before
plating an equal cell number onto microelectrode-coated surface of the
wells of a disposable cell-based assay devise (E-Plate 16; Roche Applied
Science). Cells were counted with an automated cell counter (Nexce-
lom Bioscience, Lawrence, MA). Impedance readings were taken au-
tomatically every 15 minutes until the end of the experiment and
plotted as Cell Index � SD. For experiments using the Rap-activating
compound, 8CPT-2�OMe-cAMP, drug (250 �M) or vehicle alone (PBS)
was added at the time of plating into the microelectrode plates.
Confirmation of equal seeding density was obtained for every experi-
ment by plating in parallel an equivalent number of cells into a 24-well
dish and staining and counting nuclei at the end of the experiment
(data not shown).

Immunofluorescence Microscopy

ARPE-19 grown on glass coverslips were fixed and permeabilized with
3.7% formaldehyde (30 minutes at room temperature), and 0.2% Triton

X-100/TBS (5 minutes at room temperature). To detect all cadherin
isoforms in the RPE, a pan-cadherin monoclonal antibody (clone CH-
19) was used (Sigma, St. Louis, MO), followed by an Alexa 594-
conjugated anti-mouse secondary antibody (Molecular Probes). Actin
was visualized by staining with Texas Red-labeled phalloidin (Invitro-
gen). Fluorescence images were obtained with a microscope (Axiovert
200M; Zeiss, Thornwood, NY) equipped with a digital camera
(Hamamatsu ORCA-ERAG, Bridgewater, NJ) and acquired using a high-
end software package (Metamorph Workstation; Universal Imaging
Corp., Sunnyvale, CA).

CEC Transmigration Assays
Transmigration of CECs across the RPE monolayer was measured as
previously described.31 ARPE-19 cells were preinfected with negative
control or Rap1 knockdown virus for 48 hours, and then plated onto
the underside of 8 �m pore size Transwells (Costar/Corning) for
another 24 hours. Uninfected ARPE-19 were plated in the bottom of
each well to provide additional chemoattractant.31 Primary human
CECs were fluorescently labeled with dye-delivery solution (Vybrant
Dio Cell-labeling solution; Invitrogen) following the manufacturer’s
protocol (Molecular Probes), and then plated inside the inserts. Forty-
eight hours after adding the CECs, the underside of the filters were
trypsinized to collect CECs that had completed transmigration (i.e.,
those CECs which had migrated across the filter and/or the RPE), and
counted using a hemacytometer and fluorescence microscopy.

Statistical Analysis
Statistical significance was determined by Student’s t-test (one-tail,
equal variance) using the average values obtained from at least tripli-
cate Transwells in a given experiment. Graphs are representative of
results from three independent experiments. A P value of � 0.05 was
considered statistically significant. For RTCA experiments, one repre-
sentative trace of at least 3 independent experiments is shown,
graphed as the average Cell Index value from wells plated in triplicate
or quadruplicate. Immunofluorescence data and Western blot analyses
are also representative of multiple independent experiments.

RESULTS

Inhibiting Rap1 Activity by Expressing RapGAP in
RPE Decreases Plateau Levels of TER
Rap1 GTPase has been implicated as a signaling protein in-
volved in regulating cell-cell adhesion events involved in bar-

FIGURE 2. Electrical impedance of the RPE cell monolayer is decreased on expression of RapGAP.
ARPE-19 cells expressing either GFP or RapGAP were plated at equal cell density into microelectrode-
coated wells of an E-Plate 16 and electrical impedance was measured by RTCA. (A) Representative RTCA
trace showing that Cell Index is lower in cells expressing RapGAP compared with GFP alone. Data points
represent the average Cell Index � SD from at least 3 separate wells. (B) Combined data from 3
independent experiments showing the average Cell Index � SD at the 22-hour time point. RapGAP
expression significantly decreases Cell Index at this time point (*P � 0.01, n � 3 independent experi-
ments).
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rier function in many cell types, such as endothelia.25–27 We
set out to test whether this is true for RPE cells, which do
express Rap1 protein (data not shown). As an initial means to
inhibit Rap1 activity, we exogenously expressed the protein
RapGAP,37 a GTPase activating protein (GAP) that acts as a
negative regulator of Rap1 activity by promoting the hydrolysis
of GTP to GDP.38 Within 24 hours of transduction with an
adenoviral expression vector, Rap1 activity assays revealed that
RPE expressing RapGAP had reduced Rap1 activity as shown
by decreased pull-down of Rap1-GTP compared with cells
expressing GFP only (Fig. 1A). In ARPE-19 cells, adenoviral
infection efficiency of RapGAP approaches 100% as deter-
mined by visualization of a cocistronically expressed GFP
marker (Fig. 1B). We then measured the TER of ARPE-19 cells
grown on Transwell filters after expression of either GFP-
RapGAP or GFP alone for 72 hours. Figure 1C shows that 72
hours after expression and Transwell plating, the average
TER of GFP control cells is 35 ohm/cm2, while the TER of
RapGAP-expressing cells is significantly lower, at 24.67 �
0.58 ohms per cm2 (*P � 0.0000032). As a second means of
assessing barrier function in cultured RPE, we took advan-
tage of real-time cell analysis (RTCA), an electrical imped-
ance-based system that can be setup to take automatic,
noninvasive measurements of barrier function in real-time.36

Cells pretreated so as to begin expressing either GFP alone,
or RapGAP for 24 hours before the experiment were re-
plated at equal cell density into microelectrode coated wells
of the RTCA E-Plate. Impedance measurements were re-
corded every 15 minutes for up to 22 hours. A representa-
tive trace demonstrating decreased impedance with RapGAP
expression is shown in Figure 2A. The average Cell Index of
GFP or RapGAP-expressing cells from 3 independent exper-
iments at the 22-hour time point is presented in Figure 2B.
Expression of RapGAP significantly reduced the plateau Cell
Index values (*P � 0.0093) compared with GFP control cells
(average Cell Index of GFP control, 10.43 � 2.02 vs. Rap-
GAP, 4.23 � 1.95). A confirmatory experiment was per-
formed using hfRPE cells, and a similar pattern of reduced
Cell Index on expression of RapGAP was observed (data not
shown). Taken together, Figures 1 and 2 show two indepen-
dent experimental methods (TER, RTCA) to indicate that
activation of Rap1 is important for the acquisition of RPE
barrier function.

Activating Rap1 Strengthens the RPE Cell Barrier

Having determined that inhibition of Rap1 activity by RapGAP
expression decreases RPE monolayer barrier properties, we
next wanted to determine whether, conversely, Rap1 activa-
tion enhances barrier function. To do this, we used the Rap
GTPase-activating drug 8CPT-2�OMe-cAMP. This cAMP analog
has been shown to specifically activate Rap1 via effects on
upstream exchange factors (Epac1 and Epac2), but importantly
does not activate other cAMP-responsive pathways involving
protein kinase A or other downstream pathways, e.g., Ras and
ERK.32 We first confirmed that treatment with 250 �M 8CPT-
2�OMe-cAMP activates Rap1 in ARPE-19 cells. We used a stan-
dard GST pulldown method that utilizes the Ras/Rap binding
domain of the effector protein RalGDS (GST-RalGDS-RBD) to
selectively detect the active GTP-bound form of Rap1.34 The
Rap1 Western blot analysis of a typical assay shows that the
pool of active Rap1 is increased after treatment (Fig. 3A). Next
we performed RTCA experiments in which RPE were treated
at the time of plating with 250 �M 8CPT-2�OMe-cAMP or

FIGURE 4. Efficient RNAi-mediated knockdown of Rap1 expression in
ARPE-19 using an engineered microRNA. ARPE-19 cells were infected
with adenovirally-delivered, nontargeting control (Neg), or Rap1-
knockdown virus. Three days later, cells were harvested and lysates
were analyzed for Rap1 protein by Western blot analysis. Loss of Rap1
protein is evident in Rap1 knockdown lane compared with Neg con-
trol lane. Blot was reprobed with an antibody against �-actin as a
control to confirm equal loading.

FIGURE 3. Rap1 can be activated
with the drug 8CPT-2�OMe-cAMP in
ARPE-19, and this increases electrical
impedance. (A) Confluent ARPE-19
cells were treated with vehicle (PBS)
or with the Rap1-activating drug 8CPT-
2�OMe-cAMP before harvesting lysates
for determination of Rap1 activity. Ac-
tive (GTP-bound) Rap1 is shown in top
row, and bottom row confirms equiv-
alent loading using total Rap1 from
whole cell lysates. (B) ARPE-19 cells
were treated with vehicle (PBS) or drug,
and electrical impedance was measured
using RTCA. Graph shows a typical
RTCA trace from one representative ex-
periment. (C) Combined data from 3 in-
dependent experiments showing the
fold change in Cell Index � SD, 22 hours
after 8CPT-2�OMe-cAMP treatment, nor-
malized to untreated control. Rap1 acti-
vation increases Cell Index, indicating
enhanced barrier properties (*P � 0.01,
n � 3 independent experiments).
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vehicle control phosphate buffered saline (PBS) to determine
whether Rap1 activation affected monolayer impedance. A
representative Cell Index trace (Fig. 3B) shows that Rap acti-
vation by drug treatment increases Cell Index compared with
vehicle (Fig. 3B). Furthermore, combined data from 3 indepen-
dent RTCA experiments (Fig. 3C) show that the increase is
statistically significant (*P � 0.0113). Thus, we conclude that
activating Rap1 has positive effects on RPE cell barrier prop-
erties.

Specific Knockdown of Rap1 by RNAi: Effects on
RPE Barrier Properties

While expression of RapGAP and treatment with 8CPT-2�OMe-
cAMP are two commonly used methods for experimentally
modulating the activity of Rap GTPases,37,39 these approaches
may not be the most specific means to do so, because both
treatments can also affect other closely related GTPases such as
Rap2.32,40 To more specifically study the role of Rap1 and its
two isoforms, Rap1a and Rap1b, on RPE barrier function, we
turned to an adenovirally-encoded engineered microRNA

knockdown approach. We have previously used this method to
successfully target other GTPases, for example, RhoA.41 We
generated adenoviral vectors that expressed miRNA for knock-
down of total Rap1 (Rap1 RNAi) (both Rap1a and Rap1b
isoforms), as well as a vector with a nontargeting negative
control sequence (Neg RNAi). Importantly, Western blot anal-
ysis of RPE cell lysates 3 days after infection shows loss of Rap1
protein expression in Rap1-knockdown cells compared with
negative control (Fig. 4).

With the tools to efficiently knockdown Rap1 protein ex-
pression, we first analyzed the localization of the adherens

FIGURE 6. Knockdown of Rap1 GTPase decreases plateau TER levels.
ARPE-19 cells were plated on Transwell filters for 24 hours before
infecting with virus to induce expression of either negative control or
Rap1 RNAi constructs. TER was measured before addition of virus (un),
and then at times indicated for a total period of 5 days. Data are shown
from one representative of three independent experiments. Cells with
Rap1 knockdown have significantly lower TERs at all time points after
knockdown. Bars represent average TER � SD from n � 3 Transwells
per condition (*P � 0.01).

FIGURE 7. TER recovery after calcium switch is impaired after Rap1
knockdown or expression of RapGAP. ARPE-19 cells grown on Trans-
well filters were infected with adenovirus to express negative control
RNAi, Rap1 RNAi, or RapGAP protein. Initial (t � 0) TER measure-
ments were taken 48 hours post virus addition. Cells were then treated
with EGTA for 30 minutes to disrupt cell-cell junctions, followed by
washout and readdition of calcium-containing media for the indicated
times to allow for junctional reassembly. The graph shows the average
change in TER (ohms per cm2), relative to control cells at t � 0. Data
points are the average � SD from n � 4 wells (*P � 0.02, comparing
both Rap1-knockdown and RapGAP-expressing cells to control).
Shown is one representative from three independently performed
experiments.

FIGURE 5. Loss of Rap1 protein by
knockdown or inhibition of Rap1 ac-
tivity by expression of RapGAP dis-
rupts cadherin and F-actin localiza-
tion in ARPE-19 monolayers. ARPE-19
cells infected with the indicated
RNAi viruses (Neg, Rap1), or RapGAP-
expressing virus (RapGAP) were
grown for 2 days and then replated
onto coverslips for another 24 hours
before fixation and processing for
immunofluorescence microscopy.
(A) Loss of Rap1 protein by knock-
down or inhibition of its activity by
RapGAP expression disrupts junc-
tional localization of cadherins when
compared with control (Neg) cells.
The cell monolayer exhibits discon-
tinuous cadherin staining and loss of
cell-cell contact, producing gaps (ex-
amples indicated by arrows) in the
normally confluent monolayer. (B)
Knockdown of Rap1 or expression
of RapGAP cause changes in mor-
phology of the F-actin cytoskeleton.
In control monolayers (Neg) actin staining is present in a perijunctional ring, however, knockdown of Rap1 results in the formation of cytoplasmic
stress fibers and cell retraction, similar to expression of RapGAP. Scale bar, 50 �m.
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junction proteins, the cadherins, after loss of Rap1 protein.
Immunofluorescence microscopy reveals that Rap1 knock-
down disrupts cadherin localization. Compared with negative
control cell monolayers, which exhibit a continuous junctional
staining pattern with no discontinuities or gaps, the Rap1
knockdown cells show decreased junctional localization of
cadherin and loss of cell-cell contact, producing numerous
gaps in the monolayer (Fig. 5A; examples of gaps indicated by
arrows). This was also observed after Rap1 inactivation by
RapGAP expression (Fig. 5A, far right panel). We next looked
at the morphology of the F-actin cytoskeleton after knockdown
of Rap1 or expression of RapGAP. RPE monolayers infected
with the negative control knockdown construct have a prom-
inent perijunctional actin ring, characteristic of epithelial
monolayers with mature cell-cell adhesions (reviewed in Ref.
42). This peripheral actin ring is absent after Rap1 knockdown
(Fig. 5B, middle panel), and we also observe the presence of
cytoplasmic stress fibers and cellular retraction. In RPE ex-
pressing RapGAP, the perijunctional actin ring was also re-
duced, and there was obvious cell retraction and/or rounding,
producing large gaps in the monolayer (Fig. 5B, right panel).

Morphologic analysis thus supported the idea that loss of
Rap1 protein or inhibition of its activity negatively impacts RPE
cell barrier properties. We next confirmed this by performing
TER measurements on RPE monolayers treated with Rap1 RNAi
virus compared with negative control. As shown in Figure 6,
Rap1 knockdown significantly decreased TER relative to neg-
ative control (*P � 0.01).

Junctional Dynamics: Reassembly after
Calcium Switch

The ability of cellular junctions to respond to stimuli in a
dynamic manner is paramount for appropriate regulation of
paracellular permeability and the transmigration of other cell
types, such as endothelial cells or immune cells, across the
barrier presented by the monolayer. Related to the progression
of AMD, the RPE monolayer must be able to respond to age-
induced stresses such as hypoxia, inflammation, and oxidative
stress, to maintain barrier function.8 To study the ability of
Rap1 in RPE to dynamically regulate cell-cell junctions, we
used the calcium switch protocol, which measures junctional
assembly. The calcium switch assay is based on the observation
that cell-cell junctions are disrupted when cells are switched to
medium containing EGTA to chelate extracellular calcium,43

due to the loss of calcium-dependent cadherin-mediated adhe-
sion. Subsequent washout of EGTA and restoration of physio-
logical levels of calcium results in the synchronous de novo
assembly of cell junctions.44 A representative calcium switch
experiment is shown in Figure 7. On EGTA treatment, as
expected, there was a sharp decrease in TER from starting
levels (t � 0) for all conditions. However, after EGTA washout,
recovery of TER is significantly delayed in RPE with Rap1
knockdown or RapGAP expression compared with control
cells, indicating that Rap1 is required for optimal junctional
reassembly.

To better visualize what happens to junctional proteins
during the calcium switch protocol, we set up, in parallel,
coverslips plated with ARPE-19 that had also been infected
with negative control or Rap1 RNAi. Coverslips were fixed at

FIGURE 8. Knockdown of Rap1 inhibits junctional localization of
cadherin during junctional reassembly after calcium switch. ARPE-19
cells were plated onto coverslips at confluent density, and then treated
with negative control or Rap1 RNAi for 48 hours. Cells were then
treated with EGTA for 30 minutes to disrupt cell-cell junctions, fol-
lowed by washout and readdition of calcium-containing media for
indicated times. Coverslips were fixed and processed for immunoflu-
orescent detection with a pan-cadherin antibody to visualize cell-cell
junctions. EGTA treatment completely disrupts the cell monolayer of
both control and Rap1 knockdown. On washout of EGTA, control cell
monolayers regain junctional cadherin localization and intact mono-
layer appearance faster than Rap1 knockdown cells.

FIGURE 9. CEC transmigration is higher across Rap1 knockdown
ARPE-19 cell monolayers. ARPE-19 cells preinfected with control or
Rap1 knockdown virus were plated on inverted Transwells. Fluores-
cently-labeled CECs were added and allowed to transmigrate for 48
hours before quantification. Data are shown as number of transmi-
grated CECs � 104 cells/mL (mean of n � 5 Transwells � SD). Graph
shows one representative of three independent experiments (*P �
0.018862).
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various time points after EGTA treatment and washout and
processed for immunofluorescent detection of cadherins. As
shown in Figure 8, EGTA treatment disrupts cadherin staining
(compare with Fig. 5A, Neg RNAi panel) equally in control RPE
and RPE with Rap1 knockdown. Thirty minutes after EGTA
washout, the control cells begin to re-establish linear cad-
herin staining at cell-cell contacts, and this pattern increases
over time, with complete cadherin localization at cell junc-
tions within 24 hours of calcium readdition. However, in
cells lacking Rap1, junctional cadherin relocalization is im-
paired. The delayed relocalization of cadherins after EGTA
washout in this experiment mirrors the delay in TER recov-
ery (Fig. 7). Thus, in ARPE-19, Rap1 GTPase is needed for
dynamic junctional reassembly, indicating its significance
for barrier regulation.

Enhanced Transmigration of CECs across Rap1-
Knockdown ARPE

Ultimately, the RPE serves as a barrier to the neurosensory retina
to migrating CECs during CNV. We have previously reported data
from coculture and transmigration assays that relate to pathways
important in human neovascular AMD.9–11,31,45 We therefore
tested whether the observed junctional dysfunction that
occurs with loss of Rap1 activity correlates functionally with
CEC transmigration across the RPE monolayer. RPE infected
with Rap1 RNAi or negative control RNAi were grown on
the underside of Transwell inserts as described previously
and in Methods.31 Fluorescently-labeled CECs were then
plated within the insert, and after 48 hours, transmigrated
CECs were collected and quantified. Figure 9 shows a rep-
resentative experiment demonstrating that the number of
CECs undergoing transmigration is significantly higher
across the RPE monolayer that is deficient in Rap1 (P �
0.01886). These results reveal that the barrier-disruptive
effects of Rap1 knockdown can increase CEC transmigra-
tion, a key step in the development of CNV.

DISCUSSION

In this study we have identified the small GTPase Rap1 as a
novel regulator of RPE cell junctions. We found that RPE
barrier function was negatively impacted when Rap1 pro-
tein function was inhibited, either by RNAi knockdown, or
expression of RapGAP, a negative regulator of Rap1. Multi-
ple readouts of junctional integrity were affected; both TER
and cellular impedance were decreased, and mislocalization
of cadherins and the loss of the perijunctional actin ring
were observed. The junctional defects after Rap1 inhibition
not only involved maintenance of junctions, but also im-
paired the dynamic regulation of RPE cell junctions, as
evidenced by the delayed junctional reassembly kinetics
observed after calcium switch. Furthermore, loss of Rap1 in
RPE resulted in increased CEC transmigration in our in vitro
model of CNV.

The ability to regulate junctions dynamically is important
during metabolism. As age-related changes occur in the RPE,
impairment of this function may potentially manifest as
ill-defined leakage of fluorescein dye, such as that seen
during fluorescein angiography in occult forms of CNV. Loss
of the RPE’s ability to dynamically regulate its junctions may
also interfere with compartmentalization of angiogenic ago-
nists, normally secreted from the basal aspect of the RPE,3

and inhibitors secreted from the apical aspect, by permitting
movement of factors to opposite compartments. Taken to-
gether with increased RPE expression of angiogenic factors
like VEGF, this change in growth factor concentrations may
lead to activated, motile CECs, such as through activation of

Rac112 and provide chemoattractants in the neurosensory
retinal space for activated CECs to transmigrate the RPE.
Activation of Rap1 in the RPE cells may be a protective
mechanism to maintain the integrity of the RPE junctions,
and thus serve to contain occult CNV from breaking through
to the neurosensory retina. Our in vitro data are in line with
this possibility, because activation of Rap1 with a Rap-
activating drug (8CPT-2�OMe-cAMP) enhanced the barrier
properties (electrical impedance) as measured by RTCA,
whereas inhibition of Rap1 function in RPE facilitated CEC
transmigration across an RPE monolayer.

Our in vitro experiments make use of the nontransformed
human RPE cell line ARPE-19. In early publications, ARPE-19
formed polarized monolayers with high TERs.46 Also, ARPE-19
cells were reported to have expression profiles similar to na-
tive human RPE when grown on plastic.47 With repeated
passages, however, the barrier properties of the monolayers
were reduced.30 Also, ARPE-19 cells have been reported to lack
claudin-19, which is expressed in human RPE.48 Still, ARPE-19,
when used in a consistent manner make a good RPE model for
AMD for several reasons. First, diseases in which the RPE
barrier is compromised such as in AMD, may in fact be better
represented by a cell type, which also exhibits lower TER.30

We also found that ARPE-19 express increased levels of VEGF
compared with other RPE types,30 better reflecting human
neovascular AMD in which inhibition of VEGF positively and
profoundly affects the natural progression.49 In this regard,
ARPE-19 may be likened to “stressed” RPE in vivo under con-
ditions that favor development of neovascular AMD. We have
corroborated our findings with ARPE-19 in an experiment
using hfRPE in short-term culture, in which overexpression of
RapGAP similarly reduced monolayer impedance when as-
sayed using RTCA (data not shown). Finally, when choosing an
in vitro model system, one must also acknowledge that the use
of human fetal RPE in research has similar ethical consider-
ations to those that have been raised in the fetal RPE transplan-
tation field.50

Our observation that Rap1-knockdown RPE monolayers
allow for greater transmigration of CECs suggests that taking
steps to enhance the RPE barrier by using mechanisms to
activate Rap1, may limit CEC transmigration in neovascular
AMD. The therapeutic use of specific Rap1-activating com-
pounds such as 8CPT 2�OMe-cAMP warrants investigation,
as does gene therapy involving targeted expression of acti-
vated Rap1 in the RPE layer of the eye. Further study with in
vivo models will be important to determine the potential of
this approach. Rap1 exists as two nearly identical isoforms
Rap1A, and Rap1B; knockout mouse models for each iso-
form exist.51–53 Currently it is not clear if these isoforms
have overlapping or unique functions in the RPE. Thus, it
will be informative to determine individual isoform effects
on RPE barrier properties and on laser-induced CNV forma-
tion in vivo.

In conclusion, our findings identify Rap1 GTPase as a novel
regulator of RPE junctional barrier function, and suggest the
idea that selectively activating Rap1 in some AMD patients,
perhaps with occult forms of CNV, might be a mechanism to
limit vision loss from neurosensory retinal CNV and improve
clinical outcomes.
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