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The blood—retina barrier (BRB) is the term used to define the properties of
the retinal capillaries and the retinal pigment epithelium (RPE), which sep-
arate the systemic circulation from the retina. More specifically, the inner
blood-retina barrier (iBRB) is used to describe the properties of the endo-
thelial cells that line the microvasculature of the inner retina, while the
outer blood-retina barrier (0BRB) refers to the properties of the RPE cells
that separate the fenestrated choriocapillaris from the retina. The BRB is
not a fixed structure; rather, it is dynamic, with its components making
unique contributions to its function and structural integrity, and therefore
the retina. For example, while tight junction (TJ) proteins between retinal
endothelial cells are the key molecular structures in the maintenance of the
iBRB, other cell types surrounding endothelial cells are also important. In
fact, this overall structure is termed the neurovascular unit (NVU). The
integrity of the BRB is crucial in the maintenance of a ‘dry’, tightly regu-
lated retinal microenvironment through the regulation of transcellular and
paracellular transport. Specifically, breakdown of TJs can result in oedema
formation, a hallmark feature of many retinal diseases. Here, we will
describe the oBRB briefly, with a more in-depth focus on the structure and
function of the iBRB in health and diseased states. Finally, the contribu-
tion of the BRB to the pathophysiology of age-related macular degenera-
tion (AMD), diabetic retinopathy (DR) and other rarer retinal diseases will
be discussed.

Introduction

The retina, a portion of the central nervous system
and in effect an extension of the brain, has the highest
oxygen consumption per unit weight of any tissue in
the body. This environment along with high metabolic
demand makes the retina, and particularly the macula
(the central area of the retina with a high density of
cone photoreceptors), susceptible to oxidative stress
causing damage to central vison [1]. Therefore, the
microenvironment of the retina must be tightly regu-
lated, and is separated from the systemic circulation
by the blood-retina barrier (BRB).

Abbreviations

The so-called outer blood-retina barrier (0BRB)
consists of the choroid, Bruch’s membrane (BM) and
retinal pigment epithelium (RPE). The choroid from
outer to inner portions consists of the suprachoroid,
large and medium blood vessel layer, and the chorio-
capillaris [2]. The choriocapillaris contains fenestra-
tions and is actively involved in the supply of nutrients
and removal of waste material from the outer retinal
layers, including the RPE and photoreceptors (PRs)
[3]. BM is located between the choriocapillaris base-
ment membrane and the RPE basement membrane

AMD, age-related macular degeneration; BRB, blood-retina barrier; DR, diabetic retinopathy; JAM, junctional adhesion molecule; NVU,
neurovascular unit; POS, photoreceptor outer segments; RP, retinitis pigmentosa; RPE, retinal pigment epithelium; TJ, tight junction; VEGF,

vascular endothelial growth factor; ZO-1, zonula occludens.
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and consists of outer and inner collagenous layers sep-
arated by a central elastic layer [4]. The BM allows for
the size selective passive diffusion of molecules through
it, blocking large molecule diffusion [5]. Other func-
tions include prevention of inflammatory cell migra-
tion, stabilisation of the RPE layer and absorption of
physical stress forces [6].

Specifically related to the oBRB, the RPE is a modi-
fied neuroepithelial cell. The RPE is a single layer of
hexagonal, polarised, pigment-containing cells which
directly underlie the neural retina. The TJs of the RPE
are located at the apical surface and are mainly
responsible for maintaining oBRB integrity [7].
Numerous microvilli extend from the apical surface of
the RPE and surround the photoreceptor outer seg-
ments (POS) increasing the surface area in contact
with POS approximately 30-fold, thereby promoting
increased cellular contact and regulation [§8]. Stimula-
tion of PRs by light results in the accumulation of
photo-damaged molecules and free radical production,
the majority of which occur in the POS. The POS is
shed daily and phagocytosed by RPE cells, with new
POS forming at the cilium at the base of outer seg-
ments [7,8]. Phagocytosis is controlled by the circadian
rhythm, mostly occurring in the early morning [8]. The
RPE also contributes to the recycling of essential
digested POS molecules, such as vitamin A, back to
PRs along with retinoid storage and conversion, cru-
cial to the visual cycle [7,8].
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The RPE secretes several molecules and growth fac-
tors, such as pigment epithelial cell derived factor and
vascular endothelial growth factor (VEGF), which help
maintain retinal and choriocapillaris structural integ-
rity [9]. VEGF secreted at the basolateral surface of
the RPE stabilises the choriocapillaris by preventing
apoptosis and maintains fenestrations of endothelial
cells [8,10]. Melanin granules are located mostly near
the apical surface and absorb scattered and out of
focus light, which helps maintain clear vision [8].

The second barrier system of the retina is the inner
blood-retina barrier (iBRB). This barrier is composed
of endothelial cells that line the retinal vasculature
which originates from the central retinal artery and
supplies the inner retinal layers. The vasculature pene-
trates the retina at three main plexuses: the superficial,
intermediate and deep layers which correspond to the
nerve fibre layer, inner plexiform layer and outer plexi-
form layer respectively [11]. The PR layer of the retina
is avascular [12]. Figure 1 for comparison of the
iBRB/oBRB.

While the iBRB refers to the unique properties of
the retinal endothelial cells, the general make-up of the
iBRB consists of the neurovascular unit (NVU), which
is similar in structure and function to the blood—brain
barrier (BBB) [13]. The retinal NVU comprises of reti-
nal vascular endothelial cells with their dual basement
membrane, surrounded by pericytes and glial cells
including astrocytes, muller cells and microglia [13,14].
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The NVU contributes to the overall integrity of the
iBRB. Retinal pericytes, which contribute heavily to
this integrity, are contractile, phagocytic cells embed-
ded in the capillary basement membrane with a higher
ratio in the retina compared to any other tissue in the
body [15]. They stabilise the microvasculature, regulate
blood flow and can control endothelial cell prolifera-
tion, and, thus, have a role in angiogenesis [14]. They
can further regulate the retinal microenvironment by
secretion of extracellular matrix components such as
fibronectin [14,16].

Astrocytes, which are predominately located in the
nerve fibre and inner nuclear layers, can modulate the
BRB by releasing trophic factors, antioxidants and
both pro- and anti-inflammatory cytokines to the
NVU microenvironment [17,18]. Their processes sur-
round retinal vascular endothelial cells which leads to
a more intact TJ barrier [17,19]. High glucose disrupts
astrocyte function, morphology and TJ integrity [19].

Muller cells located throughout all layers of the ret-
ina, interact via their foot processes at synapses with
other neuronal cells in the retina (including ganglion,
bipolar and amacrine cells) [17,20]. Their footplates
form the internal limiting membrane and surround
blood vessels providing a further support function
[17,20]. Through these interactions they have been
shown to release vasoactive substances, so called ‘glio-
transmitters’ and, thus, modulate neuron transmission
and endothelial cell permeability [17,20].

Microglia are resident glial macrophages which are
predominately located close to the retinal vasculature
where they can clear cellular and metabolic debris [13].
Despite the relative immune privilege of the eye,
microglia become activated in an inflammatory envi-
ronment, release proinflammatory molecules and
undertake phagocytosis [13]. In addition to their proin-
flammatory immune function, they also interact and
secret biochemical factors which influence neuronal
transmission, synaptic plasticity and other cells in the
NVU [17,20].

Molecular structure of tight junctions
at the BRB

Having discussed the important cellular structures and
their functions at both the inner and outer BRB, our
focus can now shift to the molecular organisation of
TJs, which serve as the key barrier components in
both the iBRB and oBRB. TJ proteins project inwards
and interact in the paracellular space creating a ‘bar-
rier’ effect. In the oBRB, they are concentrated at the
apical surface of RPE cells helping to separate the
choriocapillaris and sub-retinal space [21]. They consist
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predominantly of the claudin family proteins, MAR-
VEL family transmembrane proteins and junctional
adhesion molecules (JAMs).

In contrast to the epithelium of the RPE with TJs at
the apical surface, TJs of endothelial cells are more
structurally complex, dispersed between and frequently
interacting with gap and adherens junctions, as tight
regulation of vascular permeability is required [22].
Retinal endothelial cells have the smallest intercellular
space and the highest number of TJ strands in com-
parison to any other tissue containing endothelial cells
[23].

Claudins

The claudin family of proteins have at least 24 known
members [21]. In general, claudins are 18-27 kDa in
size [24]. They consist of four transmembrane regions
with two extracellular loops and two C terminal intra-
cellular domains containing the highly conserved PDZ-
binding motifs which interact directly with the linker
proteins zonula occludens (ZO), specifically ZO 1-3
[21,24]. The first extracellular loop domain is crucial in
maintaining paracellular ion permeability and, there-
fore, is the major contributor to transepithelial electri-
cal resistance (TEER) which measures the integrity of
TJs [25] (Fig. 2). Claudins are likely the most impor-
tant proteins in TJ formation, cell-cell adhesion and
regulation of TJ permeability as they facilitate passive
diffusion by forming pores in the paracellular space
[26,27]. In the RPE, claudin-19 is the most important
and predominant in maintaining TJ function [28].
Claudin-3 and —10 are also expressed to a detectable
level but studies involving knock down of claudin-3
had no material effect on TJ formation and function
in contrast to claudin-19 knockdown where TJ forma-
tion was impaired [28]. At the iBRB, claudin-5 is the
most highly expressed claudin protein and indeed the
highest expressed TJ component [29]. It is likely that it
is the dominating claudin at the iBRB and its levels
are critical in maintaining retinal homeostasis, as
blood vessels of claudin-5 deficient mice are more per-
meable to molecules less than 800 Da [29].

Associated TJ proteins

The MARVEL proteins include occludin, tricellulin
and marvelD3. Occludin has been shown to directly
bind ZO1-3, but their role in TJ barrier function has
yet to be fully characterised with contrasting in vitro
and in vivo findings [30,31]. For example, the discovery
that occludin deficient cells and knockout mice can
form tight barriers that are viable, indicates that other
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Fig. 2. Molecular architecture of the inner and outer blood-retina barrier tight junctions. The most enriched tight junction component of the
iBRB is claudin-5 (left panel) while the retail pigment epithelium and the oBRB is dominated by claudin-19 (right panel).

TJ proteins are more important for TJ formation and
function [30,31].

JAMs are members of the immunoglobulin super-
family and are transmembrane proteins located at TJs,
with one transmembrane domain, an extracellular
domain including two Ig-like motifs, and a C terminus
domain containing a PDZ-binding motif which can
bind TJ scaffolding proteins such as ZO-1, occludin
and cingulin [32,33]. Through this, they contribute to
TJ formation and function [32,33].

ZOs are cytoplasmic scaffolding proteins which
attach to transmembrane proteins and anchor them to
the cytoskeleton [32]. This interaction facilitates cor-
rect transmembrane protein organisation (with clau-
dins) in the cell membrane allowing multi protein cell
signalling cascades [32,34]. The core structure of ZO
consists of PDZ, Src homology 3 and guanylate kinase
domains [21,32]. Through its first PDZ domain, ZO
can bind the C terminal end of the actin cytoskeleton
facilitating B actin binding [32,34]. Its second PDZ
domain enables ZO-2 and 3 binding [21,32].

Intraocular forces at the BRB

Cellular structures and TJ proteins are not the only
factors influencing the BRB and control of the retinal
microenvironment. Forces involved in the transport of

fluid and ions across the retina can help explain the
events that occur in many retinal diseases during the
breakdown of the BRB and subsequent oedema [35].
In the normal eye, intraocular pressure causes water to
move into the extracellular space of the retinal layers,
which is then counteracted by the osmotic gradient of
the choroidal circulation pulling water into the vascu-
lature and, thus, the retina remains ‘dry’ and in place
[35,36]. Water and solute likely move freely across the
internal limiting membrane of the retina — which is
composed of collagen and matrix material — and inter-
cellularly until they reach the external limiting mem-
brane (ELM), sometimes referred to as the outer
limiting membrane [36,37]. The ELM contains a band
of adherens junctions which are less effective than TJs
of endothelial cells but do prevent the movement of
large proteins such as albumin across it [37,38]. Thus,
to counteract this osmotic pressure within the retina,
active transport of water across the RPE takes place
from the apical to basolateral direction [8,35].

Most evidence suggests that it is the breakdown of
the tight junctional complexes between endothelial cells
which contributes to iBRB breakdown and subsequent
retinal oedema that is observed as a co-morbidity in
numerous retinal conditions [14,22,26]. Increased iBRB
permeability results in increased capillary hydrostatic
pressure, as TJ protein regulation is lost, and the
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retina is exposed to systemic blood pressure [35,39]. As
more extracellular fluid accumulates and retinal thick-
ness increases, tissue compliance in the retina is
decreased resulting in lower resistance to fluid accumu-
lation [39].

Osmotic pressure in the retina is approximately
zero, but with increased iBRB permeability, proteins
can accumulate in the retina behind the ELM,
increasing osmotic pressure which contributes to
oedema formation [39]. Compensatory mechanisms
such as the reabsorption of fluid by Muller cells and
aquaporin-4 channels can resolve fluid accumulation,
however, when these are overwhelmed, it will ulti-
mately lead to RPE dysfunction and decreased RPE
active transport which will result in retinal oedema
[35,36,39].

Transport mechanisms at the BRB

Regulation of molecular transport into and out of the
retina is also a major element for retinal homeostasis.
Therefore, the structures of the BRB also have a cru-
cial role in this process. Most transport at the oBRB
occurs transcellularly, due to the increased resistance
encountered paracellularly [10]. Glucose and other
important nutrients and molecules are mainly trans-
ported to the retina transcellularly with water and elec-
trolytes transported from the subretinal space mainly
via aquaporin 1- and 4-mediated mechanisms with the
energy provided for this by the apical Na"/K™ -ATPase
[8,40]. This creates a force which aids anatomical
apposition between PRs and the RPE [8,26]. TJs are
not a complete barrier as evidenced by TEER mea-
surements which show that TJs selectively block and
allow the passage of different ions, thereby creating a
concentration gradient helping to facilitate the above
transcellular processes [8].

The iBRB on the other hand is a highly selective
barrier and is dynamic in nature. It controls the trans-
port of molecules, ions, water and cells to and from
the retina from the systemic circulation through trans-
cellular and paracellular routes [22]. Small lipophilic
molecules can freely diffuse through endothelial cells
but other larger lipophilic molecules, along with
hydrophilic molecules and ions cross the iBRB using
ATP-dependent transport including pinocytosis, ion/
receptor/carrier-mediated transport and efflux pumps
[41]. This process is highly dynamic and is tightly con-
trolled through the expression of these transcellular
structures [41,42]. There is a low expression of these
vesicle formations and transporters, with a high base-
line level of efflux pumps, which both contribute to
the maintenance of the iBRB [42].
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Transcellular transport and caveolae

One of the main mechanisms of molecular transcytosis
involves caveolae formation. Caveolae are microscopic
areas of invaginations in the plasma membrane which
consist of lipid rafts and the important proteins
caveolin-1 and cavin [43]. They can undergo endocyto-
sis within retinal endothelial cells where caveolae vesi-
cles within the cytoplasm can induce signal
transduction, be recycled to the plasma membrane or
deliver their contents to the opposite plasma mem-
brane [43].

A low rate of vesicle transport is present in retinal
endothelial cells, but several studies have shown that
the rate of caveolaec-mediated endocytosis increases
and thus the permeability of the iBRB) in an increased
VEGF environment [44,45]. In addition, inhibition of
PLVAP (a structural protein of caveolae that is
expressed in the presence of VEGF) in vivo and
in vitro resulted in inhibition of VEGF-induced caveo-
lae formation and decreased BRB permeability [46].
Animal studies which demonstrated decreased caveolae
and caveolin-1 expression showed decreased expression
of some TJ proteins leading to an increase in iBRB
and BBB permeability, suggesting caveolae may also
have a role in regulating TJs and, thus, paracellular
transport [47,48].

Caveolae also contribute to the establishment of the
oncotic pressure gradient across the endothelial barrier
through the transcytosis and delivery of albumin to
the abluminal side of the endothelium [49]. Albumin
binds glycoprotein 60 on the luminal side, forming
caveolin —1 clusters thereby promoting transcytosis
[22,49].

Mfsd2a

Major Facilitator Superfamily Domain Containing 2A
(mfsd2a) is a transmembrane protein which transports
lysophosphatidylcholine to the brain and retinal PRs
[50,51]. Tt is highly expressed in the BBB endothelium,
BRB endothelium and in the RPE [50,51]. Docosahex-
aenoic acid (DHA), an omega-3 fatty acid synthesised
from o-linolenic acid but transported in a lysopho-
sphatidylcholine form, is essential for cognitive func-
tion, brain development, BBB establishment and PR
OS formation [51,52]. Mfsd2a mutants develop BBB
breakdown and lethal microcephaly [50].

The BBB, BRB and RPE exhibit a low rate of trans-
cytosis compared to the periphery [51,53,54]. Mfsd2a
transports lipids which create a specific lipid cellular
microenvironment, with increased levels of phospho-
lipids containing DHA isolated from brain compared
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to peripheral endothelial cells [50,53]. These lipid spe-
cies are thought to disrupt caveolae-mediated vesicle
formation, as caveolin-1 is displaced from the plasma
membrane by DHA, thus, suppressing caveolae-
mediated transcytosis [53,55].

Contrasting results show mfsd2a mutant mice have
increased BBB permeability with increased levels of
transcytosis [52], while others demonstrated no loss of
BBB and BRB integrity [51,54]. All studies demon-
strated preservation of TJs and vascular structure sug-
gesting paracellular integrity remains [51,53,54].
Pericyte deficient mice and endothelial cell models
demonstrate decreased mfsd2a expression, further indi-
cating the role of NVU regulation of the BBB and
BRB [52].

Mfsd2a deficient mice demonstrate rods that are
DHA deficient, atrophied and with disorganised outer
segments with rhodopsin reduction [51,54]. The RPE
is thickened with loss of apical microvilli [51]. Inter-
estingly, these mice have no significant loss of PRs
and maintain phototransduction as measured through
electroretinography [51,54]. DHA is thought to be
transported to PRs by mfsd2a in the RPE and not
the retinal vasculature, as mfsd2a deletion from vas-
cular endothelium does not impact DHA accumula-
tion in PRs or their morphology [50,54]. Overall,
mfsd2a is a key transporter protein which influences

cellular lipid constituents, limiting transcytosis
and maintaining BRB integrity crucial to PR
development.

Paracellular transport and claudins

TJs are the main regulators of paracellular transport
at the BRB. By restricting the passage of molecules
paracellularly between apical and basolateral mem-
branes they maintain cell polarity [56]. While transcel-
lular transport mechanisms are fundamental to
maintain retinal homeostasis, it is the claudin proteins
that prevent the flow of molecules paracellularly, form-
ing ion selective pores [56]. Ton selectivity is deter-
mined by their first extracellular loop, whereas their
second extracellular loop is crucial during cis (same
cell) and trans (between cell) claudin—claudin interac-
tion in a homotypic or heterotypic fashion [57]. The
scaffolding protein ZO-1 links the transmembrane
claudin with the actin cytoskeleton allowing precise
membrane localisation and intracellular signalling,
both important in paracellular regulation [57]. After
birth, claudin-5 KO mice die within 10 h and display
profound BBB leakiness to molecules < 800 Da [29].
Other studies modelling ischaemia and diabetes dem-
onstrate that claudin-5 loss is the main driver of
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increased BBB and iBRB permeability, thus, further
indicating claudin-5’s importance in supporting the
BBB and iBRB [58,59]. Claudin-5 is not expressed in
RPE cells of the oBRB, with claudin-19 being the
dominant TJ component in RPE cells [28].

Retinal diseases

At this point, we have discussed the various elements
of the BRB including the cellular, molecular, intraocu-
lar forces and transport mechanisms involved in its
function. We have also touched on how their dysfunc-
tion can lead to the breakdown of the BRB, particu-
larly manifesting in protein and fluid accumulation
within the retina. In the following sections, we discuss
some of the more common retinal diseases where BRB
breakdown is the key element in disease origin and
progression, while also briefly discussing other rare ret-
inopathies and the role of the BRB in the disease
process.

Age-Related Macular Degeneration
(AMD)

AMD is the number one cause of retinal blindness
worldwide with the incidence expected to continue to
increase [60]. AMD results in irreversible loss of cen-
tral vision due to retinal degeneration in the macula,
the cone rich central portion of the retina [61]. Risk
factors include cigarette smoke, alcohol, Western style
diet, ageing and genetic polymorphisms (e.g. comple-
ment factor H and the ARMS2 variants) all of which
contribute to increased oxidative stress thought to be
the central mechanism leading to PR/RPE dysfunction
and BRB breakdown [62].

AMD can be classified into two types ‘dry’ and
‘wet’. AMD in its early stages is generally asymptom-
atic and can be identified during clinical examination
of the retina by yellowish deposits known as drusen in
the subretinal or sub-RPE regions [61]. RPE dysfunc-
tion, loss and PR death can progress at the macula
resulting in the end stage of ‘dry” AMD termed geo-
graphic atrophy (GA) [60,61]. “Wet” AMD has a faster
progression, occurs in approximately 10% of cases
and is characterised by choroidal neovascularisation
(CNYV), where the underlying choroid (underlying the
RPE) neovascularises and can lead to haemorrhage,
oedema and ultimately PR cell death [60,61]. Increased
levels of VEGF are the main driver of CNV forma-
tion, therefore, anti-VEGF intravitreal injections are
an effective treatment option for ‘wet” AMD [63].
There are no treatments currently available for GA
secondary to ‘dry” AMD.
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In early AMD, RPE function begins to decline due
to oxidative stress and the accumulation of undigested
material known as lipofuscin [64]. In later stages, RPE
cells lose their unique hexagonal morphology and
functions [65]. Recently, this loss of cell differentiation,
known as epithelial-mesenchymal transition, has been
shown to result in multinucleation, loss of TJs and loss
of RPE morphology, all contributing to oBRB loss,
dysregulated gas and molecule exchange and further
RPE/PR damage [65].

The build-up of waste material and thickening with
calcification of BM leads to impaired diffusion of
nutrients and oxygen along with impaired removal of
waste material between the RPE and choriocapillaris
[66]. This can further damage the retina and RPE cells,
leading to further oBRB integrity loss [66]. Decreased
choroidal thickness and reduced choriocapillaris vascu-
larity are also features of AMD. This likely leads to
decreased oxygen and nutrient supply to the RPE,
adding further metabolic stress to RPE cells and con-
tributing to oBRB breakdown [67,68].

Post-mortem analysis of human donor eyes with dry
AMD revealed increased levels of plasma proteins such
as fibrinogen, albumin, complement and immunoglob-
ulins indicating iBRB breakdown may also be a key
element of AMD progression [69]. This iBRB break-
down can result in loss of immune privilege and sub-
sequent inflammatory cascade with neural retina injury
[70]. Indeed, it has also been shown in mouse, non-
human primates, and human subjects, that the iBRB is
highly dynamic and appears to be regulated by the cir-
cadian clock. The key iBRB-associated TJ protein
claudin-5 cycles in a circadian manner, and it is
thought that its dysregulation may be a key driver of
the early stages of dry AMD [71].

Diabetic retinopathy

A recent global estimate of diabetes burden in 2019
was 463 million people with an expected rise to 745
million people in 2045 [72]. In 2020, global diabetic
retinopathy (DR) prevalence was estimated to be 103
million, 22.27% of the total diabetes burden, with this
projecting to increase to 160.5 million by 2045 [72].
The detection of DR clinically is on average 10 years
post diabetes diagnosis and is due to accumulation of
retinal microvasculature biochemical dysfunction and
subsequent damage [73]. Indeed, it is almost an inevi-
tability that every patient with diabetes will develop
some form of retinal disease if they live long enough.
DR can be characterised by non-proliferative
(NPDR) and proliferative (PDR) disease [73,74]. Clini-
cal features consistent with NPDR include
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microaneurysms and dot, blot, flame haemorrhages
due to retinal vasculature dysfunction. Cotton wool
spots are ischaemic retinal nerve fibre layers that occur
secondary to capillary dropout [73,74]. PDR is charac-
terised by the growth of new blood vessels at the optic
disc or elsewhere in the eye, secondary to the release
of growth factors from the ischaemic retina, most
notably VEGF [73,74]. Fragile new blood vessels of
the iBRB can leak fluid and protein resulting in macu-
lar oedema and haemorrhage. These dysregulated ves-
sels can also fibrose and pull on the retina leading to
tractional detachment [73,74].

The main treatment option for PDR is pan retinal
photocoagulation which destroys the peripheral RPE
cells and PRs, which receive most of their oxygen from
the choroidal circulation [75]. This reduces the oxygen
consumption of the outer retinal layers allowing more
oxygen to diffuse from the choriocapillaris towards the
inner retinal layers, thus, reducing the stimulus of
hypoxia-induced cytokine production (such as VEGF)
which helps prevent further angiogenesis and thus
maintains central vision [75].

For macular oedema (termed diabetic maculopathy)
intravitreal anti-VEGF agents are generally the first
line treatment as they decrease the stimulus which
leads to the growth of ‘leaky’ blood vessels as dis-
cussed above [76]. Focal or grid laser photocoagula-
tion, IVT steroids and slow-release steroid implants
such as dexamethasone or fluocinolone implants
(Ozurdex, Allergan) are also used to decrease exudate
and oedema at the macula [75]. Steroid preparations
are a good choice for chronic oedema, not responsive
to other treatments [75,76]. Vitreoretinal surgery is
generally reserved for uncontrolled disease [75,76].

Factors influencing iBRB breakdown in
DR

The plasma kallikrein-kinin system (KKS) is a proteo-
lytic pathway consisting of tissue kallikrein (TK) and
plasma kallikrein (PK) [77]. PK is produced in the
liver, complexes with other proteins and has a high
affinity for endothelial cells where it binds and
becomes activated [77]. PK participates in the break-
down of the iBRB in DR through inflammation and
angiogenesis [77]. Activation leads to production of
kinins, potent vasodilators, with bradykinin as the
main mediator [77,78]. Kinins exert their -effects
though the B1 and B2 G protein-coupled receptors on
cell surfaces, where retinal B2 is constitutively
expressed, but Bl is upregulated during ocular inflam-
mation, injury and DR [79]. Several studies have
shown the importance of the KKS in the promotion of
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iBRB permeability and oedema, through the direct
intravitreal administration of PK, Bl and B2 receptor
agonists in animal models [80,81]. In addition, admin-
istration of Bl receptor antagonists can reduce retinal
permeability and oedema [82].

TK has similar activity to PK but is virtually unde-
tectable in the vitreous of PDR patients in contrast to
PK which has high concentration levels, thereby indi-
cating PK as the likely active mediator in DR [83].
Increased carbonic anhydrase levels in the vitreous of
diabetic eyes was also postulated to increase the pH
and activate the KKS system resulting in BRB break-
down [84].

VEGF, a well-characterised pro-angiogenic factor
and a proven strong inducer of vascular permeability,
is increased in the hypoxic retina of DR [73]. In hyp-
oxia, the hypoxia-inducible factor complex forms,
translocates to the nucleus and induces VEGF expres-
sion [85]. Increased VEGF leads to the decreased
expression of ZO-1 and occludin resulting in increased
paracellular permeability at the iBRB [86]. VEGF
induces disruption of the iBRB through the phosphor-
ylation, ubiquitination and subsequent inactivation of
occludin in a PKCB dependent manner [87]. VE-
cadherin phosphorylation and inactivation also result
in TJ disorganisation and increased vascular perme-
ability [87,88].

The activity of proinflammatory cytokines and che-
mokines has also been shown to contribute to iBRB
breakdown in DR [14,73]. Advanced glycation end
products (AGEs), which are glycated lipids and pro-
teins, and reactive oxygen species (ROS) form in the
presence of hyperglycaemia leading to activation of NF-
kB which induces expression of these pro-inflammatory
molecules [89]. Specifically, TNFa expression leads to
PKCC activation which down-regulates claudin-5 and
Z0-1 levels at the iBRB [89]. Higher IL-1B levels are
found in the diabetic rat retina, where upregulated
expression of IL-1B and iBRB breakdown was mediated
by recruitment of leukocytes and histamine release [90].
Chemokines, and specifically, CCL2 contributes to
iBRB breakdown mostly indirectly through monocyte
recruitment, which secrete further growth factors and
pro-inflammatory mediators such as VEGF and TNF-a
[91]. CCL2 levels were found to be higher in the vitreous
of DR patients [92].

Cellular and structural dysfunction of
the iBRB during DR

Pericyte dropout is another characteristic feature of
retinal hyperglycaemia. These contractile cells sur-
round retinal capillary cells in a near 1 : 1 ratio where
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they share a basement membrane, influence blood flow
and contribute highly to the BRB [93,94]. They signal
to endothelial cells through molecules such as TGF-B
and PDGF-B [94]. Hyperglycaemia and AGEs cause
apoptosis of pericytes, one of the earliest changes in
DR [94,95]. Subsequent iBRB breakdown occurs in
addition to dysregulated angiogenesis secondary to loss
of control of endothelial cell proliferation [95].

The glycocalyx is a layer of soluble proteins, glyco-
proteins and proteoglycans such as heparan sulphate
which covers the luminal surface of the vascular endo-
thelium [96]. It functions as a barrier, prevents the
adhesion of leukocytes and platelets and acts as a
mechanotransducer (e.g. upon encountering a shear
stress it stimulates nitric oxide (NO) production)
[96,97]. Hyperglycaemia leads to endothelial dysfunc-
tion, leukocyte adhesion molecule upregulation (e.g.
ICAM-1) and activation of matrix metalloproteinases
(MMP-9 and —2) causing shedding and cleavage of
the glycocalyx [98].

Decreased glycocalyx density has been observed in
diabetic models in animals and in humans with ele-
vated levels of heparinase and subsequent increased
glycocalyx and TJ protein occludin shedding observed
[99]. In vitro, high glucose cell cultures showed an
inability of endothelial cells to position correctly when
exposed to shear stress [100]. Decreased NO produc-
tion secondary to decreased endothelial-derived nitric
oxide synthase phosphorylation was proposed as a
mechanism [100]. NO also contributes to MMP inhibi-
tion and decreased oxidative stress, therefore,
decreased NO results in increased MMP-2 and —9
activity and ROS production leading to further
decreased glycocalyx [100,101].

Finally, in a recent in vitro model of the human
iBRB, a high glucose environment led to increased
iBRB breakdown compared to a normal glucose envi-
ronment [19]. This was demonstrated via increased
paracellular permeability as measured by a reduced
TEER and increased Na-F movement, a fluorescent
inert tracer molecule [19]. Immunohistochemistry anal-
ysis revealed a discontinuous endothelial cell brush
border with decreased levels of ZO-1 and VE-cadherin
[19]. Astrocytes present in the high glucose environ-
ment demonstrated pro-inflammatory  behaviour
through increased IL-1B and IL-6 production [19].

Retinitis Pigmentosa (RP)

RP is a group of hereditary disorders resulting in first
rod and then cone degeneration in the retina, with the
usual onset in adolescence with characteristic symptoms
including night blindness, loss of peripheral vision and
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finally loss of central vision progressing to complete
blindness [102]. Characteristic fundal findings include
retinal vessel attenuation, optic disc pallor, RPE mot-
tling and bone spicule pigmentation in the periphery
[102]. Inheritance patterns vary and include autosomal
dominant, recessive and X linked, with over 50 genes
reported to be associated [102]. The exact molecular
pathogenesis is unclear but the presence of cystoid mac-
ular oedema (CMO) in many cases and evidence of
increased permeability in inner retinal layers, points to
iBRB breakdown [103]. Increased fluorescein leakage
was demonstrated on fundus fluorescein angiography
(FFA) in RP patients, with the most frequent site of
leakage at the macula [104]. Animal studies have
revealed more contrasting results regarding TJ integrity,
with increased and decreased levels of ZO-1 demon-
strated in different mouse models of RP [105,106].

Current treatment options are limited but include
gene therapy and retinal implant devices. Luxturna is
used in patients who have a genetic mutation in the
RPEG6S5 gene [107]. An adeno-associated viral vector
introduces a functional copy of the RPE65 gene to the
RPE thereby restoring the production of 11-cis-retinal,
a crucial step for rhodopsin and, thus, PR function
[107]. CMO can be treated using oral and topical car-
bonic anhydrase inhibitors such as acetazolamide and
dorzolamide respectively [108]. These agents decrease
leakage from the retinal vasculature as demonstrated
by FFA and may stimulate active transport across the
BRB [108]. However, rebound CMO has been noted in
up to 40% of cases [108]. Intravitreal anti-VEGF
agents and corticosteroids have also been trialled with
limited success [108].

Coats disease

Coats disease is a sporadic neovascular retinal disease
with a male predominance, diagnosed in the first two

GCL

INL

OPL

Fig. 3. Schematic representation of blood-
retina barrier breakdown. Ganglion cell layer
(GCL), inner nuclear layer (INL), outer
nuclear layer (ONL) and Outer plexiform
layer (OPL). The oBRB is formed by the
retinal pigment epithelial cells (RPE).

Photoreceptor cell layer
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decades of life, with most cases unilateral [109]. The
most common finding is decreased visual acuity, while
other findings include strabismus (eye squint), nystag-
mus (involuntary movement of the eye) and pain [110].
Retinal telangiectasia (broken, spider like vessels) is
the characteristic feature with capillary dropout, vessel
aneurysm, exudation and sub/intra-retinal fluid
[109,110]. Retinal detachment, haemorrhage, fibrosis
and macular oedema can also be present [109,110].
Treatment options include laser photocoagulation and
cryotherapy to telangiectatic vessels and vitreoretinal
surgery in cases of extensive retinal detachment [111].
Enucleation, while a last resort, is the best option for
a blind painful eye. Emerging adjuvant therapies
including intravitreal triamcinolone and anti-VEGF,
which reduce retinal oedema, lead to vessel regression,
and can improve visual acuity [111].

iBRB breakdown has long been implicated in the
pathogenesis of Coats disease. The characteristic wid-
ening of retinal vessels and retinal exudate is due to
plasma extravasation and accumulation in vessel
walls and retinal layers [112]. Abnormal and reduced
pericyte numbers have been observed leading to
decreased vascular endothelium support contributing
to abnormal ‘telangiectatic’ blood vessels and saccu-
lar/fusiform (spindle shaped) aneurysm formation
[113,114].

Capillary non-perfusion is present in areas of the
retina with telangiectasia, a further demonstration of
retinal capillary dysfunction [109]. Decreased numbers
of endothelial cells in vessel walls have been demon-
strated using immunostaining and electron microscopy,
with the underlying choroid normal and an intact BM
[113,114]. The presence of lipid laden macrophages in
retinal fluid and granulomatous immune reaction in
retinal layers indicates a catastrophic loss of iBRB
integrity to immune cell infiltration and ocular immune
privilege [113,114].

iBRB breakd!

Inner retinal vessel

Edema formation

Accumulation of sub-retinal deposits

OBRB breakdown
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Conclusion

While the oBRB consists of the choroid, BM and most
importantly the apical TJs of RPE cells, the iBRB con-
sists of the junctional components located between
endothelial cells of the retinal vasculature and the sur-
rounding supporting cells, known as the NVU. The ret-
ina is highly metabolically active and, therefore, a fine
balance of fluid, molecule and solute levels is critical to
preserve cellular health and clear vision. Osmotic, onco-
tic, capillary hydrostatic and active transport mecha-
nism are all centrally involved in maintaining this
balance. TJs are the most important functional compo-
nent of the iBRB. Transport of molecules to and from
the retina is tightly controlled. Claudin family proteins
are important both in maintaining the barrier function
of TJs and in the regulation of paracellular transport. It
is now clear that claudin-5 is the dominant member
expressed in the iBRB with claudin-19 the dominant
claudin in the oBRB. Transcellular transport in the ret-
ina is also tightly regulated, with caveolae centrally
involved. Dysfunction and loss of iBRB integrity result-
ing in retinal ischaemia, cellular stress and oedema for-
mation is central to the development of many retinal
diseases including AMD and DR. iBRB loss is also pre-
sent in rarer retinopathies including RP and Coats dis-
ease. A representation of various iBRB and oBRB
breakdown scenarios is outlined in Fig. 3. Identifying
the underlying causes of BRB dysfunction in retinal dis-
eases may allow us to better tailor drugs of the future to
restore BRB integrity and, therefore, treat disease.

Acknowledgements

The Campbell laboratory is funded by the Irish
Research Council (IRC) and by a research grant from
SFI under grant number 16/RC/3948 and co-funded
under the European Regional Development fund by
FutureNeuro industry partners. The laboratory is also
supported by a European Research Council (ERC)
grant, ‘Retina-Rhythm’ (864522).

Conflict of interest

The authors declare no conflict of interest.

Author contributions
FOL and MC: Wrote the review.

References

1 Country MW. Retinal metabolism: a comparative look
at energetics in the retina. Brain Res. 2017;1672:50-7.

10

F. O’Leary and M. Campbell

Guymer RH, Bird AC, Hageman GS. Cytoarchitecture
of choroidal capillary endothelial cells. Invest
Ophthalmol Vis Sci. 2004;45:1660—6.

Cunha-Vaz J, Bernardes R, Lobo C. Blood-retinal
barrier. Eur J Ophthalmol. 2011;21(Suppl 6):S3-9.
Booij JC, Baas DC, Beisekeeva J, Gorgels TG, Bergen
AA. The dynamic nature of Bruch’s membrane. Prog
Retin Eye Res. 2010;29:1-18.

Hussain AA, Starita C, Hodgetts A, Marshall J.
Macromolecular diffusion characteristics of ageing
human Bruch’s membrane: implications for age-related
macular degeneration (AMD). Exp Eye Res.
2010;90:703-10.

Tisi A, Feligioni M, Passacantando M, Ciancaglini M,
Maccarone R. The impact of oxidative stress on blood-
retinal barrier physiology in age-related macular
degeneration. Cells. 2021;10:64.

Strauss O. The retinal pigment epithelium in visual
function. Physiol Rev. 2005;85:845-81.

Sparrow JR, Hicks D, Hamel CP. The retinal pigment
epithelium in health and disease. Curr Mol Med.
2010;10:802-23.

Marneros AG, Fan J, Yokoyama Y, Gerber HP,
Ferrara N, Crouch RK, et al. Vascular endothelial
growth factor expression in the retinal

pigment epithelium is essential for choriocapillaris
development and visual function. Am J Pathol.
2005;167:1451-9.

Simo R, Villarroel M, Corraliza L, Hernandez C,
Garcia-Ramirez M. The retinal pigment epithelium:
something more than a constituent of the blood-retinal
barrier—implications for the pathogenesis of diabetic
retinopathy. J Biomed Biotechnol. 2010;2010:190724.
Hormel TT, Jia Y, Jian Y, Hwang TS, Bailey ST,
Pennesi ME, et al. Plexus-specific retinal vascular
anatomy and pathologies as seen by projection-
resolved optical coherence tomographic angiography.
Prog Retin Eye Res. 2021;80:100878.

Sun Y, Smith LEH. Retinal vasculature in
development and diseases. Annu Rev vis Sci.
2018;4:101-22.

Nian S, Lo ACY, Mi Y, Ren K, Yang D.
Neurovascular unit in diabetic retinopathy:
pathophysiological roles and potential therapeutical
targets. Eye vis. 2021;8:15.

Gardner TW, Davila JR. The neurovascular unit and
the pathophysiologic basis of diabetic retinopathy.
Graefes Arch Clin Exp Ophthalmol. 2017;255:1-6.
Frank RN, Turczyn TJ, Das A. Pericyte coverage of
retinal and cerebral capillaries. Invest Ophthalmol vis
Sci. 1990;31:999-1007.

Trost A, Lange S, Schroedl F, Bruckner D, Motloch
KA, Bogner B, et al. Brain and retinal pericytes:
origin, function and role. Front Cell Neurosci.
2016;10:20.

The FEBS Journal (2021) © 2021 Federation of European Biochemical Societies



F. O'Leary and M. Campbell

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

Newman EA. Glial cell regulation of neuronal activity
and blood flow in the retina by release of
gliotransmitters. Philos Trans R Soc Lond B Biol Sci.
2015;370:20140195.

Abbott NJ, Ronnback L, Hansson E. Astrocyte-
endothelial interactions at the blood-brain barrier. Nat
Rev Neurosci. 2006;7:41-53.

Fresta CG, Fidilio A, Caruso G, Caraci F, Giblin FJ,
Leggio GM, et al. A new human blood-retinal barrier
model based on endothelial cells, pericytes, and
astrocytes. Int J Mol Sci. 2020;21:1636.

Vecino E, Rodriguez FD, Ruzafa N, Pereiro X,
Sharma SC. Glia-neuron interactions in the
mammalian retina. Prog Retin Eye Res. 2016;51:1-40.
Shin K, Fogg VC, Margolis B. Tight junctions and cell
polarity. Annu Rev Cell Dev Biol. 2006;22:207-35.
Klaassen I, Van Noorden CJ, Schlingemann RO.
Molecular basis of the inner blood-retinal barrier and
its breakdown in diabetic macular edema and other
pathological conditions. Prog Retin Eye Res.
2013;34:19-48.

Dejana E. Endothelial cell-cell junctions: happy
together. Nat Rev Mol Cell Biol. 2004;5:261-70.
Lal-Nag M, Morin PJ. The claudins. Genome Biol.
2009;10:235.

Colegio OR, Van Itallie C, Rahner C, Anderson JM.
Claudin extracellular domains determine paracellular
charge selectivity and resistance but not tight junction
fibril architecture. Am J Physiol Cell Physiol. 2003;284:
C1346-54.

Rizzolo LJ, Peng S, Luo Y, Xiao W. Integration of
tight junctions and claudins with the barrier functions
of the retinal pigment epithelium. Prog Retin Eye Res.
2011;30:296-323.

Colegio OR, Van Itallie CM, McCrea HJ, Rahner C,
Anderson JM. Claudins create charge-selective
channels in the paracellular pathway between epithelial
cells. Am J Physiol Cell Physiol. 2002;283:C142-7.
Peng S, Rao VS, Adelman RA, Rizzolo LJ. Claudin-
19 and the barrier properties of the human retinal
pigment epithelium. Invest Ophthalmol vis Sci.
2011;52:1392-403.

Nitta T, Hata M, Gotoh S, Seo Y, Sasaki H,
Hashimoto N, et al. Size-selective loosening of the
blood-brain barrier in claudin-5-deficient mice. J Cell
Biol. 2003;161:653-60.

Raleigh DR, Marchiando AM, Zhang Y, Shen L,
Sasaki H, Wang Y, et al. Tight junction-associated
MARVEL proteins marveld3, tricellulin, and occludin
have distinct but overlapping functions. Mol Biol Cell.
2010;21:1200-13.

Saitou M, Fujimoto K, Doi Y, Itoh M, Fujimoto T,
Furuse M, et al. Occludin-deficient embryonic stem
cells can differentiate into polarized epithelial cells
bearing tight junctions. J Cell Biol. 1998;141:397-408.

The FEBS Journal (2021) © 2021 Federation of European Biochemical Societies

32

33

34

35

36

37

38

39

40

4

—

42

43

44

45

46

The blood-retina barrier biology and retinal diseases

Bazzoni G, Martinez-Estrada OM, Orsenigo F,
Cordenonsi M, Citi S, Dejana E. Interaction of
junctional adhesion molecule with the tight junction
components ZO-1, cingulin, and occludin. J Biol
Chem. 2000;275:20520-6.

Mandell KJ, Parkos CA. The JAM family of proteins.
Adv Drug Deliv Rev. 2005;57:857-67.

Bazzoni G, Dejana E. Endothelial cell-to-cell
junctions: molecular organization and role in vascular
homeostasis. Physiol Rev. 2004;84:869-901.

Spindler V, Schlegel N, Waschke J. Role of GTPases
in control of microvascular permeability. Cardiovasc
Res. 2010;87:243-53.

Matter K, Balda MS. Holey barrier: claudins and the
regulation of brain endothelial permeability. J Cell
Biol. 2003;161:459-60.

Marmor MF. Mechanisms of fluid accumulation in
retinal edema. Doc Ophthalmol. 1999;97:239-49.
Cunha-Vaz J. The blood-retinal barrier in the
management of retinal disease: EURETINA award
lecture. Ophthalmologica. 2017;237:1-10.

Daruich A, Matet A, Moulin A, Kowalczuk L,
Nicolas M, Sellam A, et al. Mechanisms of macular
edema: Beyond the surface. Prog Retin Eye Res.
2018;63:20-68.

Rizzolo LJ. Development and role of tight junctions in
the retinal pigment epithelium. Int Rev Cytol.
2007;258:195-234.

Toda R, Kawazu K, Oyabu M, Miyazaki T, Kiuchi Y.
Comparison of drug permeabilities across the blood-
retinal barrier, blood-aqueous humor barrier, and
blood-brain barrier. J Pharm Sci. 2011;100:3904—11.
Liu X. Overview: role of drug transporters in drug
disposition and its clinical significance. Adv Exp Med
Biol. 2019;1141:1-12.

Parton RG, del Pozo MA. Caveolae as plasma
membrane sensors, protectors and organizers. Nat Rev
Mol Cell Biol. 2013;14:98—-112.

Feng Y, Venema VJ, Venema RC, Tsai N, Caldwell
RB. VEGF induces nuclear translocation of Flk-1/
KDR, endothelial nitric oxide synthase, and caveolin-1
in vascular endothelial cells. Biochem Biophys Res
Commun. 1999;256:192-7.

Hofman P, Blaauwgeers HG, Tolentino MJ, Adamis
AP, Nunes Cardozo BJ, Vrensen GF, et al. VEGF-A
induced hyperpermeability of blood-retinal barrier
endothelium in vivo is predominantly associated with
pinocytotic vesicular transport and not with formation
of fenestrations. Vascular endothelial growth factor-A.
Curr Eye Res. 2000;21:637-45.

Wisniewska-Kruk J, van der Wijk AE, van Veen HA,
Gorgels TG, Vogels IM, Versteeg D, et al.
Plasmalemma vesicle-associated protein has a key role
in blood-retinal barrier loss. Am J Pathol.
2016;186:1044-54.

1



The blood-retina barrier biology and retinal diseases

47

48

49

50

51

52

53

54

55

56

57

58

59

12

Gu X, Fliesler SJ, Zhao YY, Stallcup WB, Cohen
AW, Elliott MH. Loss of caveolin-1 causes blood-
retinal barrier breakdown, venous enlargement, and
mural cell alteration. Am J Pathol. 2014;184:541-55.
Li Y, Liu LB, Ma T, Wang P, Xue YX. Effect of
caveolin-1 on the expression of tight junction-
associated proteins in rat glioma-derived microvascular
endothelial cells. Int J Clin Exp Pathol. 2015;8:13067—
74.

Minshall RD, Tiruppathi C, Vogel SM, Niles WD,
Gilchrist A, Hamm HE, et al. Endothelial cell-surface
gp60 activates vesicle formation and trafficking via G
(i)-coupled Src kinase signaling pathway. J Cell Biol.
2000;150:1057-70.

Guemez-Gamboa A, Nguyen LN, Yang H, Zaki MS,
Kara M, Ben-Omran T, et al. Inactivating mutations
in MFSD2A, required for omega-3 fatty acid transport
in brain, cause a lethal microcephaly syndrome. Nat
Genet. 2015:47:809-13.

Wong BH, Chan JP, Cazenave-Gassiot A, Poh RW,
Foo JC, Galam DL, et al. Mfsd2a Is a transporter for
the essential omega-3 fatty acid docosahexaenoic Acid
(DHA) in eye and is important for photoreceptor cell
development. J Biol Chem. 2016;291:10501-14.
Ben-Zvi A, Lacoste B, Kur E, Andreone BJ, Mayshar
Y, Yan H, et al. Mfsd2a is critical for the formation
and function of the blood-brain barrier. Nature.
2014;509:507-11.

Andreone BJ, Chow BW, Tata A, Lacoste B, Ben-Zvi
A, Bullock K, et al. Blood-brain barrier permeability is
regulated by lipid transport-dependent suppression of
caveolae-mediated transcytosis. Neuron. 2017;94(581—
594):e5.

Lobanova ES, Schuhmann K, Finkelstein S, Lewis
TR, Cady MA, Hao Y, et al. Disrupted blood-retina
lysophosphatidylcholine transport impairs
photoreceptor health but not visual signal
transduction. J Neurosci. 2019;39:9689-701.

Chen W, Jump DB, Esselman WJ, Busik JV.
Inhibition of cytokine signaling in human retinal
endothelial cells through modification of caveolae/lipid
rafts by docosahexaenoic acid. Invest Ophthalmol vis
Sci. 2007;48:18-26.

Tang VW, Goodenough DA. Paracellular ion channel
at the tight junction. Biophys J. 2003;84:1660-73.
Gunzel D, Yu AS. Claudins and the modulation of
tight junction permeability. Physiol Rev. 2013;93:525—
69.

Argaw AT, Gurfein BT, Zhang Y, Zameer A, John
GR. VEGF-mediated disruption of endothelial CLN-5
promotes blood-brain barrier breakdown. Proc Natl
Acad Sci USA. 2009;106:1977-82.

Muthusamy A, Lin CM, Shanmugam S, Lindner HM,
Abcouwer SF, Antonetti DA. Ischemia-reperfusion
injury induces occludin phosphorylation/ubiquitination

60

61

62

63

64

65

66

67

68

69

70

71

72

F. O’Leary and M. Campbell

and retinal vascular permeability in a VEGFR-2-
dependent manner. J Cereb Blood Flow Metab.
2014;34:522-31.

Wong WL, Su X, Li X, Cheung CM, Klein R, Cheng
CY, et al. Global prevalence of age-related macular
degeneration and disease burden projection for 2020
and 2040: a systematic review and meta-analysis.
Lancet Glob Health. 2014;2:¢106-16.

Mitchell P, Liew G, Gopinath B, Wong TY. Age-
related macular degeneration. Lancet. 2018;392:1147—
59.

Lambert NG, ElShelmani H, Singh MK, Mansergh
FC, Wride MA, Padilla M, et al. Risk factors and
biomarkers of age-related macular degeneration. Prog
Retin Eye Res. 2016;54:64—102.

Hernandez-Zimbron LF, Zamora-Alvarado R,
Ochoa-De la Paz L, Velez-Montoya R, Zenteno E,
Gulias-Canizo R, et al. Age-related macular
degeneration: new paradigms for treatment and
management of AMD. Oxid Med Cell Longev.
2018;2018:8374647.

Sparrow JR, Duncker T. Fundus Autofluorescence and
RPE lipofuscin in age-related macular degeneration.
J Clin Med. 2014;3:1302-21.

Shu DY, Butcher E, Saint-Geniez M. EMT and
EndMT: emerging roles in age-related macular
degeneration. Int J Mol Sci. 2020;21:4271.

Murali A, Krishnakumar S, Subramanian A,
Parameswaran S. Bruch’s membrane pathology: a
mechanistic perspective. Eur J Ophthalmol.
2020;30:1195-206.

Adhi M, Lau M, Liang MC, Waheed NK, Duker JS.
Analysis of the thickness and vascular layers of the
choroid in eyes with geographic atrophy using
spectral-domain optical coherence tomography. Retina.
2014;34:306-12.

Wakatsuki Y, Shinojima A, Kawamura A, Yuzawa M.
Correlation of aging and segmental choroidal thickness
measurement using swept source optical coherence
tomography in healthy eyes. PLoS One. 2015;10:
€0144156.

Schultz H, Song Y, Baumann BH, Kapphahn RJ,
Montezuma SR, Ferrington DA, et al. Increased
serum proteins in non-exudative AMD retinas. Exp
Eye Res. 2019;186:107686.

Buschini E, Piras A, Nuzzi R, Vercelli A. Age related
macular degeneration and drusen: neuroinflammation
in the retina. Prog Neurogibol. 2011;95:14-25.
Hudson N, Celkova L, Hopkins A, Greene C, Storti
F, Ozaki E, et al. Dysregulated claudin-5 cycling in the
inner retina causes retinal pigment epithelial cell
atrophy. JCI Insight. 2019;4:130273.

Teo ZL, Tham YC, Yu M, Chee ML, Rim TH,
Cheung N, et al. Global prevalence of diabetic
retinopathy and projection of burden through 2045:

The FEBS Journal (2021) © 2021 Federation of European Biochemical Societies



F. O'Leary and M. Campbell

73

74

75

76

77

78

79

80

81

82

83

84

85

86

systematic review and meta-analysis. Ophthalmology.
2021;128:1580-91.

Fong DS, Aiello L, Gardner TW, King GL,
Blankenship G, Cavallerano JD, et al. Retinopathy in
diabetes. Diabetes Care. 2004;27(Suppl 1):S84-7.
Opdenakker G, Abu El-Asrar A. Metalloproteinases
mediate diabetes-induced retinal neuropathy and
vasculopathy. Cell Mol Life Sci. 2019;76:3157-66.
Amoaku WM, Ghanchi F, Bailey C, Banerjee S,
Banerjee S, Downey L, et al. Diabetic retinopathy and
diabetic macular oedema pathways and management:
UK Consensus Working Group. Eye. 2020;34:1-51.
Ford JA, Lois N, Royle P, Clar C, Shyangdan D,
Waugh N. Current treatments in diabetic macular
oedema: systematic review and meta-analysis. BM.J
Open. 2013;3.

Liu J, Feener EP. Plasma kallikrein-kinin system and
diabetic retinopathy. Biol Chem. 2013;394:319-28.
Joseph K, Kaplan AP. Formation of bradykinin: a
major contributor to the innate inflammatory response.
Adv Immunol. 2005;86:159-208.

Abdouh M, Talbot S, Couture R, Hassessian HM.
Retinal plasma extravasation in streptozotocin-diabetic
rats mediated by kinin B(1) and B(2) receptors. Br J
Pharmacol. 2008;154:136-43.

Pruneau D, Belichard P, Sahel JA, Combal JP.
Targeting the kallikrein-kinin system as a new
therapeutic approach to diabetic retinopathy. Curr
Opin Investig Drugs. 2010;11:507-14.

Hookes L. Association for research in vision and
ophthalmology (ARVO)-2010 annual meeting. for
sight: the future of eye and vision research—part 1.
Idrugs. 2010;13:427-9.

Catanzaro O, Labal E, Andornino A, Capponi JA, Di
Martino I, Sirois P. Blockade of early and late retinal
biochemical alterations associated with diabetes
development by the selective bradykinin Bl receptor
antagonist R-954. Peptides. 2012;34:349-52.

Pinna A, Emanueli C, Dore S, Salvo M, Madeddu P,
Carta F. Levels of human tissue kallikrein in the
vitreous fluid of patients with severe proliferative
diabetic retinopathy. Ophthalmologica. 2004;218:260-3.
Gao BB, Clermont A, Rook S, Fonda SJ, Srinivasan
VJ, Wojtkowski M, et al. Extracellular carbonic
anhydrase mediates hemorrhagic retinal and cerebral
vascular permeability through prekallikrein activation.
Nat Med. 2007;13:181-8.

Rudnicki M, Faine LA, Dehne N, Namgaladze D,
Ferderbar S, Weinlich R, et al. Hypoxia inducible
factor-dependent regulation of angiogenesis by nitro-
fatty acids. Arterioscler Thromb Vasc Biol.
2011;31:1360-7.

Antonetti DA, Barber AJ, Hollinger LA, Wolpert EB,
Gardner TW. Vascular endothelial growth factor
induces rapid phosphorylation of tight junction

The FEBS Journal (2021) © 2021 Federation of European Biochemical Societies

87

88

89

90

9

—_

92

93

94

95

96

97

98

The blood-retina barrier biology and retinal diseases

proteins occludin and zonula occluden 1. A potential
mechanism for vascular permeability in diabetic
retinopathy and tumors. J Biol Chem. 1999;274:23463—
7.

Murakami T, Frey T, Lin C, Antonetti DA. Protein
kinase cbeta phosphorylates occludin regulating tight
junction trafficking in vascular endothelial growth
factor-induced permeability in vivo. Diabetes.
2012;61:1573-83.

Esser S, Lampugnani MG, Corada M, Dejana E,
Risau W. Vascular endothelial growth factor induces
VE-cadherin tyrosine phosphorylation in endothelial
cells. J Cell Sci. 1998;111(Pt 13):1853-65.

Aveleira CA, Lin CM, Abcouwer SF, Ambrosio AF,
Antonetti DA. TNF-alpha signals through PKCzeta/
NF-kappaB to alter the tight junction complex and
increase retinal endothelial cell permeability. Diabetes.
2010;59:2872-82.

Bamforth SD, Lightman SL, Greenwood J.
Interleukin-1 beta-induced disruption of the retinal
vascular barrier of the central nervous system is
mediated through leukocyte recruitment and histamine.
Am J Pathol. 1997;150:329-40.

Rangasamy S, McGuire PG, Franco Nitta C,
Monickaraj F, Oruganti SR, Das A. Chemokine
mediated monocyte trafficking into the retina: role of
inflammation in alteration of the blood-retinal barrier
in diabetic retinopathy. PLoS One. 2014;9:¢108508.
Banerjee S, Savant V, Scott RA, Curnow SJ, Wallace
GR, Murray PI. Multiplex bead analysis of vitreous
humor of patients with vitreoretinal disorders. Invest
Ophthalmol vis Sci. 2007;48:2203-7.

Hammes HP, Lin J, Wagner P, Feng Y, Vom Hagen
F, Krzizok T, et al. Angiopoietin-2 causes pericyte
dropout in the normal retina: evidence for involvement
in diabetic retinopathy. Diabetes. 2004;53:1104-10.
Hammes HP. Pericytes and the pathogenesis of
diabetic retinopathy. Horm Metab Res. 2005;37(Suppl
1):39-43.

Beltramo E, Porta M. Pericyte loss in diabetic
retinopathy: mechanisms and consequences. Curr Med
Chem. 2013;20:3218-25.

Nieuwdorp M, van Haeften TW, Gouverneur MC,
Mooij HL, van Lieshout MH, Levi M, et al. Loss of
endothelial glycocalyx during acute hyperglycemia
coincides with endothelial dysfunction and coagulation
activation in vivo. Diabetes. 2006;55:480-6.

Lipowsky HH, Gao L, Lescanic A. Shedding of the
endothelial glycocalyx in arterioles, capillaries, and
venules and its effect on capillary hemodynamics
during inflammation. Am J Physiol Heart Circ Physiol.
2011;301:H2235-45.

Wisniewska-Kruk J, Klaassen I, Vogels IM, Magno
AL, Lai CM, Van Noorden CJ, et al. Molecular
analysis of blood-retinal barrier loss in the Akimba

13



The blood-retina barrier biology and retinal diseases

99

100

101

102

103

104

105

106

14

mouse, a model of advanced diabetic retinopathy. Exp
Eye Res. 2014;122:123-31.

Bhattacharjee PS, Huq TS, Potter V, Young A,
Davenport IR, Graves R, et al. High-glucose-induced
endothelial cell injury is inhibited by a Peptide derived
from human apolipoprotein E. PLoS One. 2012;7:
e52152.

Lopez-Quintero SV, Cancel LM, Pierides A, Antonetti
D, Spray DC, Tarbell JM. High glucose attenuates
shear-induced changes in endothelial hydraulic
conductivity by degrading the glycocalyx. PLoS One.
2013;8:¢78954.

Liu CP, Yeh JL, Wu BN, Chai CY, Chen 1J, Lai WT.
KMUP-3 attenuates ventricular remodelling after
myocardial infarction through eNOS enhancement and
restoration of MMP-9/TIMP-1 balance. Br J
Pharmacol. 2011;162:126-35.

Hartong DT, Berson EL, Dryja TP. Retinitis
pigmentosa. Lancet. 2006;368:1795-809.

Vinores SA, Kuchle M, Derevjanik NL, Henderer JD,
Mahlow J, Green WR, et al. Blood-retinal barrier
breakdown in retinitis pigmentosa: light and electron
microscopic immunolocalization. Histol Histopathol.
1995;10:913-23.

Newsome DA. Retinal fluorescein leakage in retinitis
pigmentosa. Am J Ophthalmol. 1986;101:354-60.
Campbell M, Humphries M, Kennan A, Kenna P,
Humphries P, Brankin B. Aberrant retinal tight
junction and adherens junction protein expression in
an animal model of autosomal dominant Retinitis
pigmentosa: the Rho(-/-) mouse. Exp Eye Res.
2006;83:484-92.

Falasconi A, Biagioni M, Novelli E, Piano I, Gargini
C, Strettoi E. Retinal phenotype in the rd9 mutant

107

108

109

110

111

112

113

114

F. O’Leary and M. Campbell

mouse, a model of X-linked RP. Front Neurosci.
2019;13:991.

Farmer C, Bullement A, Packman D, Long L,
Robinson S, Nikram E, et al. Voretigene neparvovec
for treating inherited retinal dystrophies caused by
RPEG65 gene mutations: an evidence review group
perspective of a NICE highly specialised technology
appraisal. Pharmacoeconomics. 2020;38:1309-18.
Bakthavatchalam M, Lai FHP, Rong SS, Ng DS,
Brelen ME. Treatment of cystoid macular edema
secondary to retinitis pigmentosa: a systematic review.
Surv Ophthalmol. 2018;63:329-39.

Shields CL, Udyaver S, Dalvin LA, Lim LS, Atalay
HT, Mazloumi M, et al. Coats disease in 351 eyes:
Analysis of features and outcomes over 45 years (by
decade) at a single center. Indian J Ophthalmol.
2019;67:772-83.

Dalvin LA, Udyaver S, Lim LS, Mazloumi M, Atalay
HT, Khoo CTL, et al. Coats disease: clinical features
and outcomes by age category in 351 cases. J Pediatr
Ophthalmol Strabismus. 2019;56:288-96.

Sen M, Shields CL, Honavar SG, Shields JA.

Coats disease: An overview of classification,
management and outcomes. Indian J Ophthalmol.
2019;67:763-71.

Egbert PR, Chan CC, Winter FC. Flat preparations of
the retinal vessels in Coats’ disease. J Pediatr
Ophthalmol. 1976;13:336-9.

Fernandes BF, Odashiro AN, Maloney S,
Zajdenweber ME, Lopes AG, Burnier MN Jr.
Clinical-histopathological correlation in a case of
Coats’ disease. Diagn Pathol. 2006;1:24.

Tripathi R, Ashton N. Electron microscopical study of
Coat’s disease. Br J Ophthalmol. 1971;55:289-301.

The FEBS Journal (2021) © 2021 Federation of European Biochemical Societies



	Outline placeholder
	febs16330-aff-0001

	 Introduction
	febs16330-fig-0001

	 Molecular structure of tight junctions at the BRB
	 Claudins
	 Associated TJ proteins
	 Intraocular forces at the BRB
	febs16330-fig-0002

	 Transport mechanisms at the BRB
	 Transcellular transport and caveolae
	 Mfsd2a
	 Paracellular transport and claudins
	 Retinal diseases
	 Age-Related Macular Degeneration (AMD)
	 Diabetic retinopathy
	 Factors influencing iBRB breakdown in DR
	 Cellular and structural dysfunction of the iBRB during DR
	 Retinitis Pigmentosa (RP)
	 Coats disease
	febs16330-fig-0003

	 Conclusion
	 Acknowledgements
	 Conflict of interest
	 Author contributions
	febs16330-bib-0001
	febs16330-bib-0002
	febs16330-bib-0003
	febs16330-bib-0004
	febs16330-bib-0005
	febs16330-bib-0006
	febs16330-bib-0007
	febs16330-bib-0008
	febs16330-bib-0009
	febs16330-bib-0010
	febs16330-bib-0011
	febs16330-bib-0012
	febs16330-bib-0013
	febs16330-bib-0014
	febs16330-bib-0015
	febs16330-bib-0016
	febs16330-bib-0017
	febs16330-bib-0018
	febs16330-bib-0019
	febs16330-bib-0020
	febs16330-bib-0021
	febs16330-bib-0022
	febs16330-bib-0023
	febs16330-bib-0024
	febs16330-bib-0025
	febs16330-bib-0026
	febs16330-bib-0027
	febs16330-bib-0028
	febs16330-bib-0029
	febs16330-bib-0030
	febs16330-bib-0031
	febs16330-bib-0032
	febs16330-bib-0033
	febs16330-bib-0034
	febs16330-bib-0035
	febs16330-bib-0036
	febs16330-bib-0037
	febs16330-bib-0038
	febs16330-bib-0039
	febs16330-bib-0040
	febs16330-bib-0041
	febs16330-bib-0042
	febs16330-bib-0043
	febs16330-bib-0044
	febs16330-bib-0045
	febs16330-bib-0046
	febs16330-bib-0047
	febs16330-bib-0048
	febs16330-bib-0049
	febs16330-bib-0050
	febs16330-bib-0051
	febs16330-bib-0052
	febs16330-bib-0053
	febs16330-bib-0054
	febs16330-bib-0055
	febs16330-bib-0056
	febs16330-bib-0057
	febs16330-bib-0058
	febs16330-bib-0059
	febs16330-bib-0060
	febs16330-bib-0061
	febs16330-bib-0062
	febs16330-bib-0063
	febs16330-bib-0064
	febs16330-bib-0065
	febs16330-bib-0066
	febs16330-bib-0067
	febs16330-bib-0068
	febs16330-bib-0069
	febs16330-bib-0070
	febs16330-bib-0071
	febs16330-bib-0072
	febs16330-bib-0073
	febs16330-bib-0074
	febs16330-bib-0075
	febs16330-bib-0076
	febs16330-bib-0077
	febs16330-bib-0078
	febs16330-bib-0079
	febs16330-bib-0080
	febs16330-bib-0081
	febs16330-bib-0082
	febs16330-bib-0083
	febs16330-bib-0084
	febs16330-bib-0085
	febs16330-bib-0086
	febs16330-bib-0087
	febs16330-bib-0088
	febs16330-bib-0089
	febs16330-bib-0090
	febs16330-bib-0091
	febs16330-bib-0092
	febs16330-bib-0093
	febs16330-bib-0094
	febs16330-bib-0095
	febs16330-bib-0096
	febs16330-bib-0097
	febs16330-bib-0098
	febs16330-bib-0099
	febs16330-bib-0100
	febs16330-bib-0101
	febs16330-bib-0102
	febs16330-bib-0103
	febs16330-bib-0104
	febs16330-bib-0105
	febs16330-bib-0106
	febs16330-bib-0107
	febs16330-bib-0108
	febs16330-bib-0109
	febs16330-bib-0110
	febs16330-bib-0111
	febs16330-bib-0112
	febs16330-bib-0113
	febs16330-bib-0114


