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Abstract

The blood ocular barriers serve critical functions in maintaining
physiological conditions in the human eye. The blood ocular
barrier is primarily divided into two components, the blood
aqueous barrier and the blood retinal barrier, itself divisible into
the inner and outer blood retinal barrier. The existences of such
barriers were postulated following the discovery of the blood
brain barrier in the late 19t century. Understanding of the blood
barrier was in part due to experiments in which trypan blue was
injected intravenously into the circulation of animals resulting in
bright blue staining of the tissues of the animal’s body globally
with the exception of the brain and spinal cord, which was
described as snow white. Further derivatives of these
experiments lead to the discovery of the blood aqueous barrier.
The blood retinal barrier was subsequently discovered by
studying the effect of histamine on blood vessels around the
body. Peripherally histamine increases permeability of blood
vessels however cerebral and retinal vessels are unique in this
way, as histamine has no effect on their permeability.

Keywords: Blood ocular barriers; Blood brain barrier; Human
eye; Histamine

Introduction

The blood ocular barriers of the body can be damaged due to a
variety of insults including trauma, local or systemic disease. This
damage can be sight limiting and remains a challenge in management
of patients with these conditions today. This review will discuss the
microanatomy involved in these barriers in depth with a broader
discussion of the sequalae of damage to these barriers thereafter [1,2].

Literature Review

Blood aqueous barrier

The blood Aqueous Barrier (BAB) was the first of the two known
blood ocular barriers discovered. The BAB may be better described as
a series of barriers which together regulate substances entering the
aqueous humor from the plasma [3-5]. Individual structures which
together form the blood aqueous barrier include the non-pigmented

ciliary epithelium of the ciliary body, the posterior iris epithelium, the
endothelium of the iris vasculature and the inner wall endothelium of
Schlemm’s canal. These structures are represented graphically in
Figure 1.
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Figure 1: Anatomical structures involved in the BAB adapted from
ocular circulation [3].

Discussion

The ciliary body forms part of the uveal tract and divides the
anterior and posterior segments of the eye. The ciliary body is
triangular in cross section with apex pointing posteriorly toward the
ora serrata and base attaching to the sclera. The most anterior
attachments are at the scleral spur, the anterior side of the triangle
joins the iris. This structure has small projections called ciliary
processes. The ciliary processes, 60-80 in number are the site of
aqueous production [6,7]. The ciliary processes are covered in a
double layer of epithelium. This epithelium is continuous with the
posterior iris and hence forms a continuous barrier. The two epithelial
layers are the pigmented epithelium followed by the non pigmented
epithelium. The epithelial cells comprising these layers are packed
tightly together, with their apical surfaces abutting. The abutting
surfaces between these cells are joined by tight junctions, or zonulae
occludentes. This epithelium is impermeable to larger molecules,
particularly proteins [8-11].

The ciliary body and it’s uveal neighbour the iris, form from the
optic cup in utero. The inner and outer layer of the optic cup which
will in turn become the non-pigmented epithelium and the pigmented
epithelium respectively begin to form ridges towards the end of the
third month of gestation. These ridges will in turn become the ciliary
processes. Around this time the neuroectoderm, which is continuous
with this area and toward the terminal tips of the optic cup begins to
stretch and grow between the lens and developing cornea forming the
iris. Similarly, to the ciliary processes the inner and outer layer of the
optic cup becomes the posterior and anterior iris epithelium
respectively. It is also during the third month that zonulae occludentes
are first seen [12]. Literature suggests these zonulae occludentes which
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consist of branching networks of sealing strands have relatively fewer
sealing strands than those involved in the blood retinal barrier and
therefore create a slightly more permeable barrier in comparison. They
are therefore labelled zonulae occludentes of the ‘leaky’ type. These
junctions are more permeable to molecules with greater lipid solubility
[12].

Iris blood vessels also have zonulae occludentes and lack
fenestrations which similarly makes them largely impermeable to
larger molecules. These capillaries are arranged in coils within the iris
stromal tissues which allows for dilation of the iris whilst keeping the
zonulae occludentes patent. The final structure known to be involved
in the blood aqueous barrier is the endothelium lining Schlemm’s
canal. This critical final interface between aqueous and blood-in this
instance from the episcleral veins, must allow outflow of aqueous
whilst maintaining the BAB. There is not yet a clear consensus on
how Schlemm’s canal can act as an outflow tract whilst maintaining
the BAB. However some models suggest micro pores combined with
an oncotic pressure gradient enable this largely one way flow (Figure
2) [13-16].
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Figure 2: The pigmented and non-pigmented ciliary epithelium.
Note: Basement Membrane (BM) lines the double layer and
comprises the Internal Limiting Membrane (ILM) on the inner surface.
The abutting edges of the nonpigmented epithelium is sealed by
Zonula Occludentes (ZO) [11].

These barriers rely on ocular pressure to remain patent. Ocular
hypotony (or ocular injury/disease) can cause the opening of the non-
fenestrated endothelial layer of the iris capillaries and the opening of
the zonulae occludentes of the ciliary body. Creating an influx of
molecules into the aqueous that are not present in a physiological state
[17].

These barriers when operating physiologically blocks proteins from
entering the aqueous which allows for a near protein free environment
(approximately 0.5% of plasma protein concentration) in the anterior

and posterior chamber. In combination with active transport systems
the blood aqueous barrier is also able to maintain proportionally
higher ascorbate acid levels, slightly higher electrolyte levels, higher
concentrations of certain amino acids and far lower levels of immune
globulins than plasma, the latter of which markedly increases in
conditions such as intraocular infection or uveitis. Glucose is also
present in the aqueous, approximately half the concentration of serum,
however this can increase in diabetes. This tightly controlled aqueous
composition is required to nourish, maintain intraocular pressure,
maintain immune privilege as well as maintain visual acuity. Aqueous
has a refractive index of 1.336, even lower than the cornea allowing
transmission of light with minimal chromatic aberration [18,19].

Blood Retinal Barrier (BRB)

The blood retinal barrier is located in the posterior segment of the
eye and is comprised of two parts, the inner Blood Retinal Barrier
(iBRB) and the outer Blood Retinal Barrier (0BRB). The iBRB
consists of the inner retinal microvascular endothelium and specialised
pericytes and muller cells whereas the 0BRB consists of the retinal
pigment epithelial cell layer creating a barrier between the choroid and
the sub-retinal space. The schematic in Figure 3 shows the locations of
the iBRB and 0BRB in relation to the cross sectional wall of the retina
and the choroid [20].

As in the BAB, both the iBRB and oBRB limit paracellular
transport of molecules by zonulae occludentes however they are of the
nonleaky type. Embryological formation of the iBRB and oBRB is
discussed below separately but develops in the context of retinal
development. The neuro retina is formed when the inner layer of the
optic cup is signalled by overlying ectoderm to differentiate into the
neural retina [21]. The retinal vasculature develops from the optic disc
and radiates circumferentially to cover the retina. This vasculature
grows and continues to branch, eventually forming vascular buds at
the tips of the vessels. These vessels radiate and differentiate into
arteries and veins (Figure 3).
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Figure 3: Inner and outer blood retinal barriers [13].

Inner blood retinal barrier

The endothelium lining the retinal capillaries are not fenestrated
like peripheral capillaries and have few vesicles. This endothelium
forms the central part of the iBRB and the junctions of the individual
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endothelial cells have zonulae occludentes or tight junctions. The
endothelium is then encircled by pericytes which themselves are lined
exteriorly by foot processes of astrocytes and muller cells. This
schematic also demonstrates the two layers the superficial and deep
capillary plexuses are located within. The superficial within the inner
plexiform or ganglion cell later and the deep within the junction
between the inner nuclear layer and the outer plexiform layer [22].

The pericytes in the retina are more densely packed than in any
other capillary bed; they serve many important purposes including
regulating vascular tone by contracting and releasing contractile
proteins, providing structural support to the vascular wall, inhibiting
endothelial cell proliferation and are phagocytotic. Muller cells are the
primary glial of the retina and play a key role in modulating the
neuronal activity of the retina by regulating nutrient uptake,
neurotransmission, electrolyte homeostasis and regulating the
secretion of Vascular Endothelial Growth Factor (VEGF) [23].
Astrocytes which are the final key cell in the iBRB play an important
role. They upregulate the secretion of several specialised proteins such
as occludin, claudin-5 and ZO-1. These proteins are all building
blocks of the zonulae occludentes and are represented
diagrammatically in Figure 4.
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Figure 4: Intercellular junctions [13].

Mice models have been used to study the embryological formation
of the iBRB, collagen IV which is present in the retinal vascular basal
lamina can be stained using anti-collagen antibodies and retinal
astrocytes can be stained using anti-glial antibodies. In mouse models,
on the day of birth no capillary retinal vessels were observed on
electron microscopy however at postnatal day 3, preliminary
capillaries were observed in the ganglion layer, the endothelium and
astrocytes appeared to form simultaneously, suggesting a shared role
in development and the first formation of an immature iBRB at this
time. By day 5 of life zonulae occludentes can be seen [24].

Outer blood retinal barrier

In utero after the neural retina is formed, the outer layer with
interaction from the surrounding extra ocular mesenchyme
differentiates into the Retinal Pigmented Epithelium (RPE). This is the
first retinal layer to differentiate. It is pigmented at approximately
week 3 or 4 of gestation and is the first pigmentation that occurs in the
human embryo. After week 6 the RPE is one cell thick. This
monolayer of cells performs many functions, not the least of which is
the oBRB.

The o0BRB comprises the RPE and the zonulae occludentes that seal
the interface of the cells. This layer sits between the photoreceptor
cells and the choroidal vasculature. The oBRB also serves as a
boundary between the fenestrated capillaries of the choroid and the
non-fenestrated capillaries of the inner retina. Transcellular and
paracellular transport of the blood components to the retina does occur
at the oBRB but it is tightly regulated. Electrolytes and water also
permeate in strictly controlled conditions. Outward transport of waste
products from the retina also occurs here and is removed from the area
by the chorio capillaris [25].

Supplementary barrier mechanisms

The internal limiting membrane of both the anterior and posterior
segments appears to offer some resistance to the passage of molecules
from the blood into the respective ocular segments. In the anterior
chamber the uveoscleral or unconventional pathway of aqueous
drainage provides another potential interface between blood and
aqueous, the inflows from this tract are however not well understood.
Posteriorly the relatively dense, type 11 collagen matrix present in the
cortical vitreous also provides some resistance to the diffusion of
molecules. Uniquely Bruch’s membrane has been shown to have
decreasing permeability as age increases. Therefore at an advanced
age it can be considered a supplementary barrier to the o0BRB [26].

Breakdown of the blood ocular barriers

Permeability of the blood ocular barriers can increase under certain
conditions, some mechanisms are common to the BAB, iBRB and
oBRB and some are distinct. Any breakdown may lead to loss or
degradation of vision. The BAB can have increased permeability due
to biochemical mediators, such as when exposed to prostaglandins and
neural peptides, such as substance P. As well as when exposed to
certain mechanical/structural conditions such as hypotony, intraocular
infections, topically applied drugs, inflammatory conditions
particularly uveitis or trauma from corneal abrasions or surgery [27].
When the BAB is dysfunctional protein can flood into the aqueous
having disastrous effects on visual acuity and depending on the cause,
redness and pain. Long term sequalae of cataracts, glaucoma, and
posterior segment complications can occur depending on the cause.

Damage to the iBRB most commonly occurs secondary to retinal
hypoxia. The mechanism by which this occurs is complex however
under hypoxic conditions VEGF secretion is increased. This has been
shown to be potentiated by both the muller cells and the astrocytes in
both hypoxic and inflammatory conditions. VEGF increases vascular
permeability and is also pro inflammatory increasing leukocyte
adhesion to vascular endothelium. In addition to VEGF, Nitric Oxide
(NO) has been shown to be increased in hypoxic conditions, having
vasodilatory effects and increasing blood flow which further breaks
down the iBRB. The sequalae of this vasodilation is vasogenic
oedema, tissue damage and results in visual loss [28].

The most common cause of iBRB breakdown is diabetes, this
appears to be due to a range of factors early in the disease course
capillary basement membrane thickens, vasodilation occurs and
pericyte density is reduced. Occludin, required for the construction of
zonulae occludentes is reduced, which causes increased vascular
permeability. These factors combine to cause an increase in
extracellular fluid in the retina, particularly the macula which may
manifest in cystoid macular oedema. Naturally, direct ischaemic insult
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to the retina from ischaemic central retinal vein occlusion, will also
cause iBRB breakdown [29,30].

Damage to the oBRB is less well understood than the iBRB.
However evidence of oBRB damage in both ischaemic conditions and
in diabetes is increasing in the literature. In addition to these
conditions, chronic oxidative stress is reported to be a major factor in
oBRB is certain conditions, such as in Age Related Macular
Degeneration (ARMD). The oBRB also has increased permeability in
chronic retinal detachment likely due to decreased metabolism
secondary to retinal neuronal death. The oBRB is also vulnerable to
severe insults to the choroidal circulation, this can occur in end stage
accelerated hypertension, toxaemia of pregnancy, or choroidal
malignancy. The sequalae of the breakdown of the oBRB (the RPE) is
serous retinal detachment [31].

Conclusion

The blood ocular barrier can be divided into the blood aqueous
barrier in the anterior segment and the blood retinal barrier in the
posterior segment, the latter is further divisible into the inner and outer
blood retinal barrier. These barriers ensure the anterior and posterior
segments of the eye are kept in a physiological state, immune
privileged, with correct pressures and distribution of fluid to maintain
visual acuity and ocular health. The aetiology of blood ocular barrier
breakdown is numerous however inflammation, infection or trauma
are most commonly implicated in breakdown of the blood aqueous
barrier and diabetic retinopathy and ischaemia are the most common
causes for breakdown of the blood retinal barrier. All of which are
sight threatening.
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