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INTRODUCTION

The entire eye must function as the organ for vision and is or-
ganized with 2 major goals: normal function of the visual cell 
and the need to maintain ideal optical conditions for the light 
to access the visual cells, located in the back of the eye. 
The blood-ocular barriers play a fundamental role in the 
preservation and maintenance of the appropriate environ-
ment for optimal visual cell function (Fig. 1).
The blood-ocular barriers include 2 main barrier systems: 
the blood-aqueous barrier and the blood-retinal barrier 
(BRB) (Fig. 2), which are fundamental to keep the eye as 
a privileged site in the body by regulating the contents of 
its inner fluids and preserving the internal ocular tissues 
from variations which occur constantly in the whole circu-
lation (1). The blood-ocular barriers must not only provide 
a suitable, highly regulated, chemical environment for the 
avascular transparent tissues of the eye, but also serve as 
a drainage route for the waste products of the metabolic 
activity of the ocular tissues.
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One of these barriers, the BRB, similar to the blood-brain 
barrier, is particularly tight and restrictive and is a physi-
ologic barrier that regulates ion, protein, and water flux into 
and out of the retina (2, 3).
It is also important to realize that once inside these barriers 
there are no major diffusional barriers between the extra-
cellular fluid of the retina and adjacent vitreous, nor does 
the vitreous body itself significantly hinder the diffusional 
exchanges between the posterior chamber and the retinal 
extracellular fluid. This means that the functions of both 
barriers, blood-aqueous barrier and BRB, influence each 
other and must work in equilibrium.

Blood-retinal barrier

The BRB consists of inner and outer components (inner 
BRB [iBRB] and outer BRB [oBRB]) and plays by itself a 
fundamental role in the microenvironment of the retina and 
retinal neurons.
The BRB regulates fluids and molecular movement be-
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that are joined laterally toward their apices by TJs between 
adjacent lateral cell walls. The RPE resting upon the un-
derlying Bruch membrane separates the neural retina from 
the fenestrated choriocapillaries and plays a fundamental 
role in regulating access of nutrients from the blood to the 
photoreceptors as well as eliminating waste products and 
maintaining retinal adhesion. The metabolic relationship of 

tween the ocular vascular beds and retinal tissues and pre-
vents leakage into the retina of macromolecules and other 
potentially harmful agents (Fig. 3).
The iBRB is established by the tight junctions (TJs) (zonu-
lae occludentes) between neighboring retinal endothe-
lial cells (4). These specialized TJs restrict the diffusional 
permeability of the retinal endothelial layer to values in the 
order of 0.14 × 10–5 cm s–1 for sodium fluorescein (5). The 
retinal endothelial layer functions as an epithelium and in 
this way is directly associated with its differentiation and 
with the polarization of the BRB function. This continuous 
endothelial cell layer, which forms the main structure of the 
iBRB, rests on a basal lamina that is covered by the pro-
cesses of astrocytes and Muller cells. Pericytes are also 
present, encased in the basal lamina, in close contact with 
the endothelial cells, but do not form a continuous layer 
and, therefore, do not contribute to the diffusional barrier 
(2). Astrocytes, Muller cells, and pericytes are considered 
to influence the activity of the retinal endothelial cells and 
of the iBRB by transmitting to endothelial cells regulatory 
signals indicating the changes in the microenvironment of 
the retinal neuronal circuitry.
The oBRB is established by the TJs (zonulae occludentes) 
between neighboring retinal pigment epithelial (RPE) cells 
(6). The RPE is composed of a single layer of RPE cells 

Fig. 1 - Schematic drawing of the blood-ocular barriers and main 
fluid movements. AC = anterior chamber; PC = posterior chamber; 
RET = retina.

Fig. 2 - Schematic presentation of the inner and outer blood-retinal 
barriers (BRB) and their relative location. ECF = extracellular fluid.

Fig. 3 - Pathways for solute movements across the inner blood-ret-
inal barrier (retinal endothelial cells). (A) Normal. (B) Mechanisms of 
breakdown of inner blood-retinal barrier.
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It is these TJ protein complexes that allow the establish-
ment of the polarities of the BRB, restricting paracellular 
diffusion of blood-barrier compounds into the neuronal tis-
sues (4, 8).
Understanding the normal function of these TJs and the 
pathologic changes that are induced by their alteration 
resulting in increased permeability is necessary to un-
derstand disease progression in retinal diseases such as 
diabetic retinopathy (iBRB primarily affected) and wet age-
related macular degeneration (oBRB primarily affected).
Understanding the role of relevant proteins such as occlu-
dins, claudins, and junctional adhesion molecules in BRB 
physiology and in retinal pathology will contribute to im-
proved management of retinal disease.

Other factors regulating the molecular  
movement in the eye

Molecular movement from the retinal and choroidal vas-
cular systems into, out, and across them is complex and 
limited by a variety of other ocular structures. There is a 
continuous molecular movement of small molecules (main-
ly water) from the vitreous cavity into the inner retina and 
through RPE to the choroid.
The major proportion of aqueous humor secreted by the 
ciliary body from its rich vascular supply provides a bulk 
flow of fluid through the anterior chamber of the eye but 
a smaller proportion enters the vitreous cavity where it is 
largely cleared across the retina and RPE to the choroidal 
circulation.
Molecular movement from vitreous to choroid is slowed 
by the cortical vitreous with its high concentration of hy-
aluronic acid stabilized in a relatively dense type II colla-
gen matrix and the internal limiting membrane (ILM) of the 
retina. The ILM offers resistance to the diffusion of macro-
molecules of 148 kDa but allows the passage of smaller 
molecules. Movement through the retina of molecules that 
have crossed the iBRB into the retina is through the extra-
cellular tissue spaces. 
The presence of fenestrations in the choriocapillaries al-
lows the passage of even large molecules such as albumin 
into the extravascular spaces of the choroid. The chorio-
capillaries, therefore, contribute little to the oBRB.
Finally, the ciliary body may have a relevant regulatory role 
in the overall maintenance of the retinal microenvironment 
(9). The large surface covered by the ciliary processes, 
their location where the aqueous and vitreous meet, and 

the RPE apical villi and the photoreceptors is considered to 
be critical for the maintenance of visual function.
In both iBRB and oBRB, the cell TJs restrict paracellular 
movement of fluids and molecules between blood and ret-
ina, and the endothelial cells and RPE cells actively regu-
late inward and outward movements. As a result, the levels 
in the blood plasma of aminoacids or fatty acids fluctuate 
over a wide range while their concentrations in the retina 
remain relatively stable.

Muller cells, astrocytes, and pericytes

A close spatial relationship exists between Muller cells and 
blood vessels in the retina, suggesting a critical role for 
these cells in the formation and maintenance of the BRB, 
regulating the barrier cells functions in the uptake of nutri-
ents and in the disposal of metabolites under normal con-
ditions (7). Barrier function is also impaired by matrix met-
alloproteinases (MMPs) from Muller cells as these MMPs 
lead to proteolytic degradation of the TJ protein occludin.
Astrocytes originate from the optic nerve and migrate to 
the retinal nerve fiber layer during retinal vascular develop-
ment. They are associated closely with the retinal vessels 
and help to maintain their integrity. Astrocytes are known 
to increase the barrier properties of the retinal endothelium 
by enhancing the expression of TJ protein Z0.1 and may 
moderate TJ integrity. Astrocytes are considered to play an 
important regulatory role in the function of the BRB.
Finally, the pericytes have been shown to play a role in 
regulating vascular tone, secreting extracellular mate-
rial, and being phagocytic. Pericytes are considered to 
play an accessory role in maintaining the integrity of the 
iBRB by inducing mRNA and protein expression of oc-
cludin and other protein junctions. There is evidence that 
pericytes interact with the endothelial cells contributing to 
their modulation.

Polarity of the outer and inner barriers:  
TJ modulation

Establishment of cell polarity is a characteristic of a tis-
sue barrier. The endothelial cells of the retinal vessels and 
RPE develop distinct apical versus basal membrane sur-
faces. This cell polarity is associated with organization of 
the cytoskeleton, apical/basal cell membrane proteins, 
and organization of the junctional complexes between 
neighboring cells.
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With the development of vitreous fluorometry methodolo-
gies, a large number of clinical and experimental studies 
demonstrated convincingly the major role played by altera-
tions of BRB in posterior segment disease.
In clinical situations, alterations of the BRB have been 
measured in pathologies of the RPE, age-related macular 
degeneration, and macular edema, as well as in hyperten-
sion and diabetes. The clinical use of vitreous fluorometry, 
however, has declined because it offers only an overall 
measurement of the alteration of the BRB over the poste-
rior pole and because at the time of its development there 
were no drugs available for stabilizing the BRB. Nowa-
days, vitreous fluorometry is mostly used in experimental 
research and in drug development.

Evaluation of the blood-retinal barrier by retinal 
leakage analyzer

More recently, retinal leakage mapping has been intro-
duced to identify the sites of BRB breakdown and perform 
a localized and objective measurement of this alteration.
In the initial work, Lobo et al (11) introduced modification 
on a prototype confocal scanning laser ophthalmoscope, 

the multiple transport functions of the ciliary epithelium are 
all converging factors suggesting an important role for the 
ciliary body in the regulation of eye inner ocular fluids.
The microenvironment of the retina, which closely resem-
bles brain extracellular fluid and is in equilibrium with the 
vitreous, is, therefore, maintained by a variety of facilitated 
and active transport processes which are located mainly in 
the iBRB and oBRB, with the retinal endothelial cells and 
RPE playing fundamental roles (10).

Clinical evaluation of the blood-retinal barrier

Fluorescein angiography, an examination procedure per-
formed routinely in the ophthalmologist’s office, permits a 
dynamic evaluation of local circulatory disturbances and 
identifies the sites of BRB breakdown. It is, however, only 
semiquantitative and its reproducibility depends on the 
variable quality of the angiograms.
Vitreous fluorometry was developed as a method capable 
of quantification of both inward and outward movements 
of fluorescein across the BRB system in the clinical setting. 
Protocols were devised and tested and dedicated instru-
mentation developed (Fig. 4).

Fig. 4 - Sites of fluorescein 
leakage into the vitreous iden-
tified by the retinal leakage 
analyzer in an eye with non-
proliferative retinopathy of a 
patient with type 2 diabetes.
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data (Fig. 5), it was found that OCT data from areas of dis-
rupted BRB differ significantly from OCT data from areas 
of intact BRB (Fig. 6). Histograms of OCT data between the 
ILM and the RPE showed a consistent difference in their 
distributions when comparing one area of OCT from the 
intact BRB region to one area of disrupted BRB region.
On the other hand, when comparing different areas from 
the intact BRB region or different areas from the disrupted 
BRB region, the differences found decrease significantly, 
demonstrating the specificity of the technique in detecting 
these differences in relation to the BRB function status.
In addition, the retina may be divided into 7 equally spaced 
layers, from the ILM to the RPE, and the same comparison 
as above was made to find that not all retinal layers show 
the same differences in relation to the BRB function status. 
Interestingly, it was generically found that the superficial 
layers (layers 1 to 3) show the same differences as found 
when analyzing the entire retina (from the ILM to the RPE), 
as opposed to the deeper layers (layers 4 to 7).

Blood-retinal barrier and macular edema

Macular edema is the result of an accumulation of fluid in 
the retinal layers around the fovea, contributing to vision 
loss by altering the functional cell relationship in the retina 

from Carl Zeiss (Carl Zeiss, Oberkochen, Germany), in or-
der to be able to quantitatively measure fluorescence from 
the human retina and vitreous following the intravenous 
administration of sodium fluorescein (NaFl).
This system—the retinal leakage analyzer (RLA)—allowed 
the user to obtain maps of fluorescein leakage from the 
bloodstream into the human vitreous in vivo, and to cor-
relate these leakage maps with fundus image references 
obtained simultaneously.
The coregistration of the information obtained with the 
RLA—fundus image reference and map of fluorescein leak-
age—with information obtained by retinal thickness ana-
lyzer (Talia Technology, Mevaseret Ziom, Israel) or optical 
coherence tomography (OCT, Carl Zeiss Meditec, Dublin, 
CA, USA) at the exact same location allows the correlation 
between BRB function and retinal thickness.
Using this approach, it was possible to establish (12) the cor-
relation between alterations of the BRB and alterations in reti-
nal thickness, in subjects with type 2 diabetes with preclinical 
retinopathy, to find that localized sites of increased fluorescein 
leakage and zones of increased thickness were a frequent 
finding, although sites of increased thickness could be found 
without being associated with sites of increased leakage.
Bernardes et al (13) developed an increased resolution RLA 
using a new system with less modifications introduced in 
the original instrumentation (HRA, Heidelberg Retina An-
giograph, Heidelberg, Germany), being able to gather add-
ed information from the vitreous and retina, in a total of 
32 confocal planes, as opposed to the 18 confocal planes 
of the previous instrumentation, and detailed information 
from the ocular fundus.

Evaluation of the blood-retinal barrier by optical 
coherence tomography

Major drawbacks of the above systems are invasiveness, 
through the intravenous administration of sodium fluores-
cein as a tracer, and the requirement of dedicated instru-
mentation.
Ongoing research by our group proposes a new approach 
to overcome these difficulties by eliminating the need for 
a tracer and eliminating the requirement of dedicated in-
strumentation by using an unmodified noninvasive imaging 
system, the high-resolution Fourier domain OCT (OCT, Carl 
Zeiss Meditec, Dublin, CA, USA) (14).
By mapping fluorescein leakage using the RLA, i.e., BRB 
function, and correlating intact or disrupted areas with OCT 

Fig. 5 - Map of blood-retinal barrier status projected over the optical 
coherence tomography fundus reference.
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In the second case, more frequent and clinically more rel-
evant, the extracellular accumulation of fluid is directly as-
sociated with an alteration of the BRB. In this situation, the 
protective effect of the BRB is lost and Starling Law applies 
(15). When there is breakdown of the BRB, any changes 
in the equilibrium between hydrostatic and oncotic pres-
sure gradients across the BRB contribute to further water 
movements and progression of the macular edema.
It is also relevant that BRB cells, retinal endothelial cells, 
and RPE cells are both the target and producer of eco-
sanoids, growth factors, and cytokines. Breakdown of the 
BRB leading to situations of macular edema may be me-
diated by locally released cytokines and induction of an 
inflammatory reparative response creating the conditions 
for further release of cytokines and growth factors.
Macular edema is also one of the most serious conse-
quences of inflammation in the retinal tissue. Inflammatory 
cells can alter the permeability of the TJs that maintain the 
iBRB and oBRB. Cell migration may occur primarily through 
splitting the junctional complex or through the formation of 
channels or pores across the junctional complex.
Macular edema has particular relevance for its frequency 
in diabetic retinopathy. Leukocyte adhesion to retinal ves-
sels and breakdown of the BRB appear to be mediated 
by nitric oxide. Nitric oxide upregulates intercellular adhe-
sion molecule–1 and promotes the downregulation of TJ 
protein expression.

The authors report no proprietary interest or financial support.

Address for correspondence:
José Cunha-Vaz, MD
AIBILI
Azinhaga Santa Comba
Celas
3000-548 Coimbra
Portugal
cunhavaz@aibili.pt

and promoting an inflammatory reparative response.
Macular edema is only a nonspecific sign of ocular disease 
and not a specific entity. It should be viewed as a special 
and clinically relevant type of macular response to an al-
tered retinal environment, in most cases associated with 
an alteration of the BRB. It occurs in a wide variety of ocu-
lar situations such as uveitis, trauma, intraocular surgery, 
vascular retinopathies, hereditary dystrophies, diabetes, 
and age-related macular degeneration. 
The increase in water content of the retinal tissue that char-
acterizes macular edema may be initially intracellular or ex-
tracellular. In the first case, also called cytotoxic edema, 
there is an alteration of the cellular ionic distribution. 

Fig. 6 - Probability density functions (pdf) plot (normalized histo-
grams) from 2 intact and 2 disrupted areas (top). Higher differences 
found between intact-disrupted areas in comparison to intact-intact 
or disrupted-disrupted areas (bottom).

S3-S9_EJO-D-10-00552_CUNA-VAZ.indd   8 18-11-2010   17:48:42



© 2010 Wichtig Editore - ISSN 1120-6721 S9

Cunha-Vaz et al

9.  Coca-Prados M, Escribano J. New perspectives in aque-
ous humor and secretion and in glaucoma: the ciliary body 
as multifunctional neuroendocrine gland. Prog Retin Eye 
Res 2007; 26: 239-62.

10.  Cunha-Vaz J, Faria de Abreu JR, Campos AJ, Figo G. Ear-
ly breakdown of the blood-retinal barrier in diabetes. Br J 
Ophthalmol 1975; 59: 649-56. 

11.  Lobo CL, Bernardes R, Cunha-Vaz JG. Mapping retinal 
fluorescein leakage with confocal scanning laser fluorom-
etry of the human vitreous. Arch Ophthalmol 1999; 117: 
631-7.

12.  Lobo CL, Bernardes R, Cunha-Vaz JG. Alterations of the 
blood-retinal barrier and retinal thickness in preclinical 
retinopathy in subjects with type 2 diabetes. Arch Oph-
thalmol 2000; 118: 1364-9.

13.  Bernardes R, Dias J, Cunha-Vaz JG. Mapping the human 
blood-retinal barrier function. IEEE Trans Biomed Eng 
2005; 52: 106-16.

14.  Bernardes R, Santos T, Cunha-Vaz JG. Evaluation of 
blood-retinal barrier function from Fourier domain high-
definition optical coherence tomography. IFMBE Proceed-
ings; World Congress on Medical Physics and Biomedical 
Engineering 25/XI; 2009; 316-9.

15.  Cunha-Vaz JG, Travassos A. Breakdown of the blood-reti-
nal barriers and cystoid macular edema. Surv Ophthalmol 
1984; 28: 485-92.

REFERENCES

1.  Cunha-Vaz J. The blood-ocular barriers. Surv Ophthalmol 
1979; 23: 279-96.

2.  Cunha-Vaz JG, Shakib M, Ashton N. Studies on the perme-
ability of the blood-ocular barrier: I: on the existence, devel-
opment and site of a blood-retinal barrier. Br J Ophthalmol 
1966; 50: 441-53.

3.  Cunha-Vaz JG, Maurice DM. The active transport of fluores-
cein by retinal vessels and the retina. J Physiol 1967; 191: 
467-86.

4.  Shakib M, Cunha-Vaz JG. Studies on the permeability of the 
blood-retinal barrier: IV: junctional complexes of the retinal 
vessels and their role on their permeability. Exp Eye Res 
1966; 5: 229-34.

5.  Cunha-Vaz J, Maurice DM. Fluorescein dynamics in the eye. 
Doc Ophthalmol 1969; 26: 61-72.

6.  Peyman GA, Bok D. Peroxidase diffusion in the normal and 
laser-coagulated primate retina. Invest Ophthalmol 1972; 11: 
35-45.

7.  Philips BE, Antonetti DA. Blood-retinal barrier. In: Joussen 
AM, Gardner TW, Kirchhof B, Ryan SJ, eds. Retinal Vascular 
Disease. Berlin: Springer-Verlag; 2007: 139-53. 

8.  Pardridge WM. Blood-brain barrier methodology and biol-
ogy. In: Introduction to the Blood-Brain Barrier - Methodol-
ogy, Biology and Pathology. WM Pardridge Ed. New York: 
Cambridge University Press, 1998; 1-11. 

S3-S9_EJO-D-10-00552_CUNA-VAZ.indd   9 18-11-2010   17:48:42


