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Abstract Diabetic retinopathy (DR) is a major complication
of diabetes and a leading cause of blindness in working-age
Americans. DR is traditionally regarded as a disorder of
blood-retina barriers, and the leakage of blood content is a
major pathological characteristic of the disease. While the
breakdown of the endothelial barrier in DR has been investi-
gated extensively, the vascular leakage through the retinal
pigment epithelium (RPE) barrier in the disease has not been
widely acknowledged. As the blood content leaked through
the RPE barrier causes excessive water influx to the retina, the
breakdown of the RPE barrier is likely to play a causative role
in the development of some forms of diabetic macular edema,
a major cause of vision loss in DR. In this article, we will
discuss the clinical evidences of the diabetes-induced RPE
barrier breakdown, the alteration of the RPE in diabetes, the
molecular and cellular mechanism of RPE barrier breakdown,
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and the research tools for the analysis of RPE barrier leakage.
Finally, we will discuss the methodology and potential appli-
cations of our recently developed fluorescent microscopic
imaging for the diabetes- or ischemia-induced RPE barrier
breakdown in rodents.
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Introduction

The retina is the most active tissue metabolically, and its
activity and metabolism are supported by choroidal and retinal
vascular circulations, a unique arrangement of blood supplies
in mammals (Fig. 1). Approximately 20% of blood flow is
supplied to the retina from the central retinal artery through the
microvascular capillaries, which is utilized to support neuronal
activities in the inner retina [1]. Tight junctions between adja-
cent retinal endothelial cells form the inner blood-retina barrier
or endothelial barrier that separates the inner retina from the
blood. Choroidal vasculature provides approximately 80% of
the blood circulation to the retina via the choriocapillaris for
activities of outer retinal neurons (mainly photoreceptors). The
retinal pigmented epithelium (RPE) is a monolayer of cells
separating the fenestrated choriocapillaris (leaking capillaries)
and the neuronal retina (Fig. 1). The tight junctions between
the RPE cells form the outer blood-retina barrier or the RPE
barrier. Tight junctions, adherent junctions, and facilitated and
active transporters perform important barrier functions in the
physiological processes of the retina, by transporting nutrients,
water, and ions, and removing metabolic wastes. The RPE is
the site of phagocytosis, a process that renews and removes
approximately 10% of lipid-rich photoreceptor outer segment
discs daily [2]. As docosahexaenoic acid is a major component
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Fig. 1 Simplified illustration
of the mammalian retina. ONL
outer nuclear layer. /NL inner
nuclear layer. Top right
immunohistochemical staining
for occludin in mouse RPE
flat mount. Left hematoxylin
and eosin-stained mouse
retinal section
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of photoreceptor outer segment membrane and is required for
important retinal functions [3], the RPE barrier plays a crucial
role in the transport and recycle of fatty acids [4]. To support
the energy needs for neuronal activities, the RPE barrier also
plays an important role in transporting glucose and lactose
through glucose and monocarboxylate transporters [5, 6]. Ret-
inoids are essential components of visual cycle and are replen-
ished from the blood by the RPE [7]. The removal of excessive
water from the subretinal space to the choriocapillaris, which is
critical to the health of the retina, is also regulated by the active
transport systems in the RPE [8—10].

Diabetic retinopathy (DR) is a major complication of
diabetes and a leading cause of blindness in working-age
Americans. DR is traditionally regarded as a disorder of
blood-retina barriers, and the leakage of blood content to
the retina is a major pathological characteristic of the dis-
ease. While the breakdown of the endothelial barrier in DR
has been investigated extensively, the concept of RPE bar-
rier breakdown in the disease has not been widely acknowl-
edged. As the blood content leaked through the RPE barrier
causes excessive water influx to the retina, the breakdown of
the RPE barrier is likely to play a causative role in the
development of some forms of diabetic macular edema
(DME), a major cause of vision loss in DR. As two detailed
reviews about the RPE barrier and tight junctions were
published early this year [11, 12], the focus of this article
will be on the regulation, function, and analysis of the RPE
barrier in diabetes, particularly those related to tight junc-
tions. In this article, we will discuss the clinical evidences of
the diabetes-induced RPE barrier breakdown, the alteration
of the RPE in diabetes, the molecular and cellular mecha-
nisms of RPE barrier breakdown, and the research tools for
the analysis of RPE barrier leakage. Finally, we will discuss
the methodology and potential applications of our recently
developed fluorescent microscopic imaging for the diabetes-
or ischemia-induced RPE barrier breakdown in rodents.
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Overview of the RPE barrier

The RPE barrier comprises facilitated and active transporters,
adherent junctions, and tight junctions. Tight junctions are
elaborated network of transmembrane and cytosolic proteins
that forms a selective semipermeable barrier between adjacent
RPE cells. Figure 2 is a simplified illustration of the published
core components of tight junctions in the RPE. Occludin,
claudins, and junction adhesion molecules are major tight
junction backbones [13—18] that are associated with zonula
occludens-1 (ZO-1) and ZO-2 [16]. As the polarity of epithe-
lial junctions is vital to their function [19], tight junctions are
localized to the apical side of the RPE. The composition of
tight junction proteins varies significantly among different
species or at different developmental stages of a single species
[11].

Cadherins and nectins, major adherent junction proteins
in the RPE [20-22], are positioned basal to the tight junc-
tions. They are anchored to the myosin through actin fila-
ments that provide mechanical strength for their binding. E-
cadherin plays a role in modulating the proper localization
of other proteins, such as Na" and K'-ATPase, in the RPE
[22]. Nectin-1 has been shown to serve as the receptor for an
invading virus [20, 21]. However, it is proposed that the
major function of adherent junctions is to coordinate with
tight junctions for modulating cell shape, polarity, and pro-
liferation [11]. Likewise, gap junctions, located within the
tight junctions in the RPE, may also assist tight junctions to
exert their functions [11].

Clinical evidences of RPE barrier breakdown in diabetes
The presence of excessive albumin in the retina is a major

characteristic of vascular leakage in DR and can be readily
detected in diabetic human specimens and experimental
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animals by immunohistochemistry [23]. In a screening of
1,850 nonproliferative DR patients, 14 patients (19 eyes)
were selected for a 4-year follow-up angiographic survey
based on the following criteria: minimal microaneurysms
and without clinically significant macular edema [24]. At
the end of the survey, all 19 eyes appeared to have
fluorescein leakage diffused from the RPE near the mac-
ular area, with no apparent cystic changes or cystoid
macular edema, suggesting that the main lesions in these
patients were in the RPE and the alteration of the RPE
was responsible for the leakage [24]. These patients may
have what is classified as DME without alterations in the
morphology or thickness of the retinal layers [25]. Opti-
cal coherence tomography (OCT) images indicate that a
significant portion of DME cases is exudative retinal
detachment [26, 27]. In a survey of 78 eyes from 58
patients with DME, 24 (31%) demonstrated serous retinal
detachment [28]. The largest group of DME patients is
classified as diffusible DME as they show diffuse or
localized thickening of the photoreceptor outer nuclear
layer [25]. Diffusible DME patients with major patholog-
ical defects near the RPE area are likely to have an
altered RPE barrier [25]. While the etiology for DME
remains largely elusive, the inability for the retina to
clear the leaked blood content and for the RPE to re-
move excessive water is likely a major cause of the
disease [29]. It is understandable that the pathological
changes in macular edema patients are not simply the
consequence of water and protein leakage; however, it is
safe to conclude that the RPE barrier dysfunction is
involved in the development of the edema, such as
exudative retinal detachment. Indeed, in our experimental
modeling of retinal detachment with endotoxin-induced
uveitis, the subretinal gap is filled with the macromole-
cules leaked through the RPE barrier (Fig. 3e). In sum-
mary, a significant amount of clinical evidences suggests that
the RPE barrier dysfunction is a part of vascular complications
in DR.

Tight junctions
1

Fig. 2 Simplified illustration of tight junctions in the RPE. ZOs zonula
occludens, JAMs junction adhesion molecules

Alterations of the RPE in diabetes

The tight junctions in both the endothelial and RPE barriers
are compromised in DR [30-32]. Diabetes and hypoxia
(occurred in late stage of DR) induce the breakdown of the
RPE barrier [24, 32]. The ultrastructural changes in the RPE
in early stage of diabetes can be readily detected in exper-
imental animals by electron microscopy [33—35]. As a result
of a diabetes-induced relaxation of the RPE barrier, an
increased leakage of blood content can be observed in
human diabetes and in diabetic animals [23, 30, 36]. An
alteration of the RPE barrier in DR also affects the c wave of
electroretinography, a signature of RPE integrity [37-39]. In
a proteomic study comparing human donors of pre-DR and
age-matched controls, 62% of the RPE proteins with signif-
icantly altered expression were those reported to have
diabetes-induced change in nonretinal tissues, including
proteins responsible for metabolism, chaperones in mito-
chondria, proteins in the cytosol and the endoplasmic reticu-
lum (ER), and oxidative stress releasers [40]. The upregulation
of proteins related to metabolism, ER stress, and oxidative
stress indicates that the RPE may play a similar role as other
tissues that respond to diabetic stress actively. Therefore, the
RPE is an important tissue biochemically and mechanistically
in DR.

Regulations of RPE barrier functions

Much of the work on the regulation of RPE barrier functions
has been relied on the use of in vitro culture models, with a
few exceptions. In this approach, the RPE barrier function is
determined by the measurement of transepithelial resistance
(TER). Hyperglycemia causes hypoxia, which in turn indu-
ces the upregulation of vascular endothelial growth factor
(VEGF or VEGF-A) in the eye [31, 41]. VEGF is a major
mediator of retinal vascular hyperpermeability in diabetes
[42—44]. Overexpression of VEGF or its receptors is asso-
ciated with DME [45—47]. Although the RPE is known to be
important to the regulation of permeability for the RPE
barrier [48], mechanistic studies on the function of the
RPE barrier were carried out in RPE cultures supplemented
with VEGF. However, in cultured ARPE-19 and RPE-51
cells, VEGF significantly upregulated ZO-1a" and ZO-1a~
mRNA and proteins, resulting in a significant increase in
their TER [49]. In addition, the VEGF-treated cells
exhibited an elevated ZO-1 membrane assembly [49]. This
result suggests that VEGF may play a dual role in regulating
the expression and posttranslational modification of tight
junction proteins, as well as the assembly of tight junctions.
Oxidative stress generated by tertiary butyl hydrogen per-
oxide stimulated VEGF-A and VEGF-C expression. The
secretion of these cytokines to the apical side was higher
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Fig. 3 Imaging of the breakdown of the RPE barrier in retinal sections
from mice injected with high molecular weight FITC—dextran intrave-
nously. a One-year-old diabetic mice injected with 40 kDa FITC—dextran.
b—d P17 ischemic mice injected with 10 kDa FITC—dextran. e Leakage of
10 kDa FITC—dextran in a mouse model of endotoxin-induced uveitis.

than that to the basolateral side in polarized ARPE-19 cul-
tures [50]. Co-cultures of bovine RPE cells with endothelial
cells reduced the RPE barrier function significantly and led
to a greater release of soluble VEGF into the conditioned
media [51]. Neutralizing soluble VEGF with an antibody led
to a partial recovery of barrier properties in the RPE and
endothelial co-cultures [51]. In both ARPE-19 and primary
porcine RPE cells, VEGF caused a significant reduction of
TER, and this response was only observed following an
apical VEGF administration [52]. The response to VEGF
was blocked by a pretreatment with VEGF receptor 2 antag-
onists [52], suggesting that VEGF signaling through the
apically oriented VEGF receptor 2, was responsible for the
breakdown of the RPE barrier. In these RPE cultures, VEGF
receptor 1 agonist, placental growth factor (PIGF), did not
significantly alter the TER [52]. However, intravitreal injec-
tion of PIGF-1 relaxed the RPE tight junctions with sub-
retinal fluid accumulation, retinal edema, and cytoplasmic
translocation of junction proteins in rats [53]. This result
suggests that PIGF-1 may play an opposite role in regulating
tight junction assembly in the RPE barrier from that in
endothelial barrier [54]. Pigment epithelium-derived factor,
which was proposed to play an opposite role as that of
VEGF in endothelial barrier breakdown, maintained the
barrier function in ARPE-19 and primary porcine RPE cells
by inhibiting VEGF receptor-2 signaling through gamma-
secretase [55]. However, in claudin-rich fetal human RPE
(fhRPE) cells, VEGF and anti-VEGF agents bevacizumab
and ranibizumab demonstrated a minimal effect on the TER
[56]. This result is supported by the observation that high
glucose upregulated claudin mRNA expression in ARPE-19
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Arrows severe break points, red line the outer limiting membrane, white
line the boundary of the RPE barrier leakage, yellow line the boundary of
the endothelial barrier leakage, blue line the inner limiting membrane,
pink line the boundary of the evenly distributed RPE barrier leakage

cultures [57]. As the TER in thRPE cells is eightfold of that
in ARPE-19 cultures [58] and the roles of the RPE during
fetal development may be substantially different from that in
adulthood, the thRPE probably needs a much tighter barrier.
While high glucose did not alter the expression of occludin
and ZO-1 mRNA significantly in ARPE-19 cultures [59],
chronic oxidative stress relaxed the tight junctions and in-
creased the permeability in the monolayer of ARPE-19 cells
[60]. These seemingly conflicted results may be derived
from the differences in experimental designs. It is also
important to keep in mind that variations in the cells utilized
in their studies, as demonstrated by the comparison of
fhRPE and ARPE-19 cells recently [58], could also cause
variation in experimental outcomes. Since the RPE can only
be truly functional within its own cellular architecture, cau-
tions must be taken in interpreting the data obtained in vitro.
Therefore, we verified the tight junction integrity in ische-
mic and diabetic mice, which was shown to have a signif-
icant upregulation of their retinal VEGF [31, 41]. The loss
of tight junction integrity in the RPE, as judged by immu-
nohistochemical staining of occludin, was apparent in ischemic
and diabetic mice [32].

Early studies showed that serum inhibited the formation of
tight junctions and reduced the expression of ZO-1 in RPE
cultures derived from the Royal College of Surgeons’ rats [61,
62]. In ARPE-19 cells grown in high glucose, erythropoietin
was shown to be protective against the increased RPE barrier
permeability through its downstream targets Janus kinase 2
and phosphoinositide 3-kinase [63]. Interleukin (IL) family
cytokines, such as, IL6, IL-17A, and IL17F, significantly
decreased the TER of the ARPE-19 monolayer and increased
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the rate of diffusion for fluorescein isothiocyanate (FITC)—
dextran through the upregulation of chemokines [64, 65].
Neutrophils may also play a role in regulating the function
of the RPE barrier. Basolateral incubation of bovine RPE—
choroid explants with neutrophils decreased the expression of
occludin and ZO-1 and significantly increased the permeabil-
ity of the explants [66]. This effect was reversed by an anti-
body against matrix metallopeptidase 9 (MMP-9), suggesting
that the neutrophil-derived MMP-9 may play an important
role in disrupting the integrity of the RPE barrier [66].

Fenofibrate is a drug against cardiovascular risk in diabetes
through the reduction of cholesterol by downregulating the
levels of low-density lipoprotein, very low-density lipopro-
tein, and triglyceride and by upregulating the level of high-
density lipoprotein level [67]. In ARPE-19 cells grown in
high-glucose media, fenofibrate upregulated the expression
of fibronectin and collagen IV, basement membrane compo-
nents known to cause endothelial barrier breakdown [68].
Fenofibrate also reduced the IL-1{3-induced RPE barrier per-
meability in ARPE-19 cultures grown in high-glucose media
by suppressing adenosine monophosphate-activated protein
kinase [68, 69]. Interestingly, fenofibrate may have a general
beneficial effect on reducing high glucose- or hypoxia-
induced oxidative and ER stresses in the RPE by reducing
stress-mediated signaling and by inducing autophagy and
survival pathways [70].

Methods for in vivo analysis of RPE barrier breakdown

Horseradish peroxidase, which can be detected by incubating
with diaminobenzidine, has been used for ultrastructural trac-
ing for the breakdown of the RPE barrier, the lesion in the outer
retina and the RPE, and the alteration of tight junctions in
diabetic rats [71], in pigs subjected to experimental blunt eye
injury [72], and in rats with phototoxic retinopathy [73]. This
qualitative method is particularly useful for identifying the
lesions and for localizing the RPE barrier leakage. The leakage
of the RPE barrier can also be measured by immunohistochem-
istry for albumin, a major parameter of vascular leakage in DR
[23]. However, this method usually measures the cumulative
effect of vascular leakage. As the blood content leakage
through the RPE barrier migrates towards vitreous ([29], also
see Fig. 3¢ in our model), the albumin leaked through the RPE
barrier moves to the inner retina and vitreous and mixes with
the blood content that leaked through the endothelial barrier.
Therefore, it is difficult to assess the relative quantity of the
RPE barrier-specific leakage with the method.

Fluorescent angiography-based technology is very useful
for detecting the diabetes-induced vascular leakage in humans
and experimental animals. As both the RPE and endothelial
barriers are compromised in DR, it is challenging to distin-
guish the diabetes-induced RPE barrier leakage with this

technology. However, this technology can be used to detect
the leakage from the RPE barrier if there is no interference
from the endothelial barrier, such as that in central serous
(CSC). In CSC only the RPE is compromised and the RPE
barrier leakage can be clearly detected by fluorescent angiog-
raphy in humans and experimental animals [74, 75]. There-
fore, fluorescent angiography can be used to identify the RPE
barrier leakage in patients of nonproliferative DR, as discussed
earlier [24]. This type of technology has also been used to
detect the RPE barrier-specific leakage in short-term diabetic
rats with no apparent leakage from the endothelial barrier at
the time [71]. The development of OCT technology has large-
ly enhanced our ability to perform diagnosis for DR patients,
particularly for those with macular edema. A combination of
OCT with fluorescent angiography is more advantageous for
the classification of DR patients [76]. While OCT is a diag-
nostic tool for lesions, it is not ideal for the measurement of
RPE barrier leakage. To our knowledge, fluorescent angiog-
raphy and OCT has not been used extensively in analyzing the
breakdown of the RPE barrier in experimental animals.

Fluorescent microscopic imaging of RPE barrier
breakdown in rodents

To evaluate the significance of the diabetes-induced RPE
barrier breakdown and to establish a quantitative assay for
the RPE barrier-specific leakage, we recently developed a
method to identify macromolecules leaked through the RPE
barrier de novo in diabetic and ischemic rodents [32]. Imme-
diately after injecting 40 kDa FITC—dextran intravenously to
mice 12 months after the onset of diabetes, we detected strong
fluorescent signals next to the RPE (Fig. 3a) [32], which was
not present in the age-matched controls. The intense fluores-
cence suggests the presence of severe break points in the
nearby RPE. Since the retina in late stage of diabetes is
hypoxic, we took advantage of ischemic animals obtained
with the oxygen-induced retinopathy (OIR) model [77], which
allows us to generate our experimental animals in a very short
time. By placing newborn mice in 75% oxygen from postnatal
day 7 (P7) to P12 and in room air from P12 to P17, we
generated ischemic mice. These ischemic mice demonstrated
the breakdown of the RPE barrier similarly as that in diabetic
animals (Fig. 3b). When we performed our imaging assay at
P17 using sagitally cut serial cryosections (60 pum apart), we
were able to demonstrate that the relative frequencies of
severe break points in the RPE barrier were inversely propor-
tional to the size of FITC—dextran (10, 20, 40, or 70 kDa) [32].
In both diabetic and ischemic mice, we were able to demon-
strate the breakdown of tight junctions clearly by immunohis-
tochemistry for occludin [32].

By using the fluorescent microscopic imaging assay, the
contribution of the RPE barrier breakdown to overall vascular
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leakage in diabetic and ischemic rodents can also be evaluated
[32]. As the FITC—dextran leaked through the RPE barrier
was distinguishable from that of the endothelial barrier shortly
after dissecting the eyeballs in the assay, the ratio of fluores-
cent intensity between the RPE barrier-specific leakage (area
between the bottom white line and the RPE in Fig. 3a) and the
endothelial barrier-specific leakage (area between the yellow
line and the blue line in Fig. 3a) represented the severity of the
RPE barrier-specific leakage. In our hands, the relative ratio of
10 kDa FITC—dextran leaked through the RPE barrier vs
endothelial barrier was approximately 1:2.5 in diabetic mice.
As the total fluorescence of the RPE barrier-specific leakage
was contributed by fluorescence of severe break points, as
well as by background fluorescence, sometimes a lower level
of the RPE barrier-specific leakage occurs evenly across the
whole retina (area between the pink line and the RPE in
Fig. 3d). We are actively investigating the size limitation and
cellular mechanisms of this background leakage. As our quan-
tification did not exclude the bright fluorescent spots that were
caused by intact vessels (Fig. 3a), the significance of endo-
thelial barrier-specific leakage was somewhat inflated. How-
ever, the fluorescence in the vitreous might be contributed by
the endothelial leakage, which could discount the extent of the
endothelial barrier leakage. More importantly, the fluores-
cence in retinal sections represents the leakage between the
time of injecting FITC—dextran and animal death. The actual
rate may depend on the flow/pressure of endothelial capillar-
ies and fenestrated choriocapillaris. Therefore, this quantifica-
tion can only be considered as semiquantitative. Nevertheless,
the ratio of the RPE leakage vs the endothelial leakage was
comparable to that demonstrated in diabetic rats with fluores-
cein in a confocal fluorescence microscopy [78].

As predicted, the leaked FITC—dextran diffused towards
vitreous if the retinal sections were obtained from the mice
kept alive for additional 20 min after the injection of FITC—
dextran (Fig. 3¢). This result supports the notion that the blood
content leaked through the RPE barrier is cleared through the
vitreous [41, 79-81]. As both the RPE and endothelial barriers
are interconnected [79-81] and the leakage from both barriers
are mixed together in the fluidal retina, current technology for
fluorescent fundus angiography may not be suitable for detect-
ing the RPE barrier-specific leakage. This is, in our view, a
major reason that the RPE barrier breakdown has been under-
appreciated, which results in a slow progress in the research in
the biology and diseases of the RPE barrier breakdown.

Technical highlights of fluorescent microscopy
for RPE barrier leakage
Our assay for the analysis of the RPE barrier-specific leakage

is based on the imaging of fluorescent signals in cryosections.
The detailed method is listed in our original publication [32].

@ Springer

While there are no major technical challenges in this assay,
two cautionary measures must be taken to make it successful.
First, the experimental eyes are not fixed and the eyeballs are
embedded directly to the cryostat chuck with optimal cutting
temperature media 10 min before sectioning. These proce-
dures significantly reduce the diffusion of fluorescent signals.
Second, maximal caution is needed to prevent the disturbance
of fluorescent signals, including avoiding the overlap of eye
slices during sectioning, keeping slide “dry” (no excessive
moisture), and imaging immediately after sectioning. In sum-
mary, any actions that disturb/contaminate the actual fluores-
cence in the slides should be prevented. In our assay with
10 kDa FITC—dextran, we occasionally detected background
fluorescence next to the RPE in the whole retina (fluorescence
between the pink line and the RPE in Fig. 3d), which was
likely resulted from many smaller break points. We are actively
investigating this possibility. The presence of this background
fluorescence (Fig. 3d) affects our ability to detect severe break
points. To circumvent this problem, it is more advantageous to
use 20 kDa FITC—dextran if the assay is intended for testing
the effect of a drug on the RPE barrier.

We intentionally used 1-year-old diabetic mice and 9-
month-old diabetic rats to establish our imaging assay
[32], as we did not know the earliest time that severe break
points of the RPE barrier can be observed in diabetic ani-
mals. We are currently optimizing our assay. The use of
diabetic rats may shorten the time required for an experi-
ment. However, the retina of late-stage DR is very similar to
that in ischemic mice generated with the OIR [31, 41]. The
use of OIR model is likely to reduce the time span for some
experiments. In addition, supplying drugs/agents to OIR
animals is considerably convenient, as it usually requires to
supply a drug once, either intravitreally or intraperitoneally,
whereas investigating drug effects in diabetes requires a much
longer time, which is particularly challenging if ocular admin-
istration is the route. Finally, the time span required for a study
with OIR model is shorter than that for most in vitro assays
with RPE cells, which takes weeks of preparation for setting
up the cultures.

Significance and potential applications of fluorescent
microscopy for RPE barrier leakage

Alterations of the RPE barrier in diabetes and ischemia are
not a new discovery [23, 24, 30, 33, 36-40, 82]. However,
the extent and significance of the diabetes-induced RPE
barrier breakdown have not been widely acknowledged.
This situation is largely attributed to a lack of proper meth-
odology for measuring the RPE barrier-specific leakage, due
to the interference of the endothelial barrier leakage, as
illustrated in our study ([32], also see Fig. 3¢). The indirect
measurement of albumin leakage and the direct assessment
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of leakage with low molecular weight compounds, such as
fluorescein, are not sufficient to convince the field that the
RPE barrier breakdown is a serious matter [23, 71]. As
seeing is believing, we developed a semiquantitative assay
based on fluorescent microscopic imaging of high molecular
weight FITC—dextran leaked through the RPE barrier de
novo, which is important to the understanding of the path-
ogenic mechanisms for DR. Our assay allows us to estimate
the degree of the RPE barrier leakage semiquantitatively
with the number of severely damaged break points in the
RPE barrier in diabetic and ischemic rodents. The measure-
ment of the relative ratio of RPE barrier-specific leakage in
the retina demonstrates the contribution of RPE barrier
leakage to the overall pathology in a particular disease
model. In addition, if an assay can be performed using the
ischemic model generated with OIR, one can address a
question related to the RPE barrier function within a few days,
which is faster than that from in vitro experiments. In short,
this assay will allow us to measure the effect of manipulating
the RPE barrier in preclinical investigations for mechanism,
diagnosis, and treatment of the diabetes- or ischemia-induced
RPE barrier breakdown. We are currently using this assay to
identify agents that can be used to increase the RPE barrier
permeability for mechanistic studies, as well as agents that can
be used to treat the RPE barrier-specific leakage. Finally, this
assay is a blueprint for investigating the RPE barrier-specific
leakage in other mammals that are more closely related to
humans.

The retina needs both the choroidal and endothelial circu-
lations to keep a homeostatic microenvironment. Under path-
ological conditions, such as that in diabetes and ischemia, the
balance is lost. The abnormalities in both endothelial and RPE
barriers under these pathological conditions are a reflection of
an internal regulatory mechanisms to maintain such a balance.
The RPE barrier breakdown results in the influx of blood
content, which is capable of causing the accumulation of fluid
in the subretinal space (edema) under some pathological con-
ditions. Eventually, it leads to exudative retinal detachment,
as demonstrated in a model of endotoxin-induced uveitis
(Fig. 3e). Our microscopic assay provides a method to esti-
mate the severities of RPE barrier breakdown and establishes
a cellular mechanism for some forms of DME, nonprolifer-
ative DR with RPE barrier leakage [24], uveitis, retinal de-
tachment in preeclampsia, and soft drusen that causes wet age-
related macular degeneration. Our method can be used for
preclinical research related to these diseases. Since the sub-
retinal fluids resulted from experimental retinal detachments
in rabbits were reabsorbed very quickly [83], it is our under-
standing that the loss of the RPE junction integrity is unlikely
the only reason that causes the pathological changes in these
diseases. A major focus of our laboratory is to investigate the
mechanisms of RPE barrier breakdown beyond the alterations
of the RPE barrier.

Concluding remarks

The major message conveyed in this article is that the RPE
barrier breakdown plays a causative role in DR, particularly
for some forms of DME. We recently showed that the RPE
barrier breakdown contributed to the overall vascular leak-
age substantially in diabetic rodents [32]. At this time, the
extent and significance of the diabetes-induced RPE barrier
breakdown in humans are not clear. However, treatment of
the RPE barrier breakdown should be considered as an
intervention in DR for the following reason. As the endo-
thelial and RPE barrier are interconnected to the fluidal
retina, the leakage through both barriers are additive to the
overall insults. In Miiller cell-specific VEGF knockout mice
that reduced the overall retinal VEGF to approximately 50%
of that in wild-type controls, the diabetes-induced endothe-
lial barrier breakdown was reduced dramatically [31]. It is
our view that reducing the overall insults under a “path-
ological threshold” is essential for keeping the disease
under the control. In a preliminary study, genetic dis-
ruption of VEGF signaling in the mouse RPE caused a
measurable reduction of overall diabetes-induced vascu-
lar leakage and inflammation (Le Y. Z. et al., unpub-
lished observations). The beneficial effect of anti-VEGF
therapies on the treatment of DME certainly supports our view
[84].

Although many achievements have been made in the
biology of the RPE barrier, a lack of progress in developing
the methodology for clinical diagnosis and for research in
the biology of the RPE barrier certainly makes it difficult to
advance the field in a more significant way. As a result, not
as many experiments related to the RPE barrier were carried
out in in vivo settings. While our newly developed method-
ology for detecting the RPE barrier leakage is not ideal [32],
it provides a way to assess in vivo function of the RPE
barrier in a semiquantitative fashion. We, and certainly
many other laboratories, should take advantage of the meth-
odology and address important questions related to the RPE
barrier function in vivo. As for the future of this fluorescent
microscopic assay, it is our view that new technology is
needed for imaging the RPE barrier-specific leakage in
experimental animals, and perhaps in humans. We are ac-
tively working with bioengineers to achieve this goal. Re-
cent development in tissue-specific gene expression tools
for the RPE and animal models of RPE-specific gene knock-
out could potentially be used to manipulate the RPE barrier
specifically [85-88], which is another avenue that greater
progress can be made for in vivo analysis of the RPE barrier
function. In conjunction with a combination of approaches
in vivo and in vitro, we are certain that the significance of
the RPE barrier breakdown in DR, as well as that in other
retinal diseases, will be recognized appropriately in the near
future.
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