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Abstract

The aqueous humor (AH) is the fluid that fills the anterior and posterior chambers of the eye. Its 

main roles are to provide nourishment and metabolic waste removal to active metabolic ocular 

structures that are avascular and to contribute maintaining a normal intraocular pressure (IOP) 

without altering the refractive status of the eye. Its composition and the fluid dynamics associated 

with its flow are voluble and undergo changes associated with age and disease. Of particular 

importance is that the resistance to the outflow of AH from the anterior chamber is influenced by 

morphologic, physiologic, and biochemical dynamic factors.1 Beside aqueous nutritional 

importance, its solutes also participate in establishing the anterior chamber associate immune 

deviation, and carry and distribute the different proteins and molecules that promote and direct 

tissue remodeling and changes in the anterior segment that are associated with both age and 

disease.

Keywords

Aqueous; Formation; Outflow; Trabecular meshwork; Anatomy; Canine

Three major distinct aspects of the aqueous need to be considered:

1. Aqueous production

2. Aqueous composition

3. Aqueous outflow

In this review, the authors focus on aqueous outflow and introduce concepts of aqueous 

production, mentioning some of the dynamic variations in aqueous composition that may 

influence the physiologic and pathologic changes seen with aging and glaucoma.

The physiologic range of IOP is maintained through the constant balance between aqueous 

production and aqueous outflow. The pressure gradient within the eye is comprised within 

specific values that may vary individually in different daily patterns and with aging. A rule 

*Corresponding author. Department of Clinical Science, Cummings School of Veterinary Medicine, Tufts University, 200 Westboro 
Road, North Grafton, MA 01536, stefano.pizzirani@tufts.edu. 

The authors have nothing to disclose.

HHS Public Access
Author manuscript
Vet Clin North Am Small Anim Pract. Author manuscript; available in PMC 2016 May 01.

Published in final edited form as:
Vet Clin North Am Small Anim Pract. 2015 November ; 45(6): 1101–v. doi:10.1016/j.cvsm.2015.06.005.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of the thumb indicates normal IOP in dogs to be between 12 and 25 mm Hg; however, most 

dogs tend to have a normal pressure below the 20s.2–6 IOP values may also vary depending 

on the time and technique of measurement. The IOP fluctuates during the day with circadian 

phases that peak and drop at different times of the day, depending on the species. In dogs, 

like in humans, the highest normal IOP values are measured in the morning, and IOPs are 

lower in the evening.3,5 In dogs, a decrease in baseline IOP is associated with increased 

age2; a range of diverse findings has been reported in different human studies.7 There are 

differences in ethnic groups, and both positive and negative relationships between increased 

age and IOP have been described.8,9 Although the outflow seems to decrease with age, the 

production of AH may also decrease.10

Aqueous Production

Two mechanisms—passive and active—are responsible for aqueous production and 

contribute to its composition.11 Passive diffusion and ultrafiltration of plasma occur in the 

vascularized ciliary body stroma. The passive mechanisms do not contribute significantly to 

the formation of AH. Because the ciliary blood vessel endothelia are fenestrated, diffusion 

of solutes travels according to a concentration gradient, trying to maintain a balance between 

different tissues/compartments. Substances with high lipid solubility coefficients can easily 

move across cellular membranes.

Ultrafiltration allows molecules to cross a cell membrane following a hydrostatic force or an 

osmotic gradient, and it results from differences between the pressure of the ciliary body 

capillaries and the IOP and solute differences. The hydrostatic pressure of ciliary body 

capillaries has been estimated to be between 25 and 33 mm Hg,12,13 whereas the oncotic 

pressure of vascular proteins is about 14 mm Hg.14 Hydrostatic and oncotic forces would 

both actually favor resorption of AH.15 If we consider the IOP around the value of 15 mm 

Hg, we can understand how a much higher hydrostatic pressure would be needed to achieve 

relevant amount of aqueous formation through this passive mechanism.

Passive mechanisms are, however, able to generate a reservoir fluid within the ciliary 

body.16 Furthermore, because of the lack of a true epithelium on the anterior surface of the 

iris, leakage and diffusion of diluted plasma occurs from the ciliary vessels into the anterior 

chamber.17

Basically, AH is secreted across the ciliary epithelium by transferring solutes, mainly NaCl, 

from the stroma to the posterior chamber of the eye, with a subsequent passive movement of 

water in the same direction.18 At least 80% to 90% of AH formation occurs with active 

mechanisms.19 Active secretion requires energy that is provided by the hydrolysis of 

adenine triphosphate and relies mainly on 2 enzymes: an adenosine triphosphatase Na/K 

pump and carbonic anhydrase. The structural site for active secretion resides in the inner 

(facing the posterior chamber), nonpigmented ciliary epithelium of the ciliary processes 

where these 2 enzymes are highly concentrated. Active formation through an adenosine 

triphosphatase Na/K pump is responsible for more than 70% of the aqueous production.13,20 

Besides the increased concentration of NA+ ions in the posterior chamber, secondary active 

transport mechanisms increase the concentration of other solutes, including Cl−. Active 
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formation is also catalyzed by the enzyme carbonic anhydrase that is particularly present in 

the nonpigmented epithelium of the ciliary body.21 The latter accounts for about 40% to 

50% of the aqueous production.22 Carbonic anhydrase catalyzes the reaction H2O + CO2 ↔ 

HCO3
− + H+. Bicarbonate moves then in the posterior chamber influencing fluid transport 

by also affecting Na+, possibly by regulating the pH for optimal active ion transport.15 The 2 

active mechanisms share some of the pathways, explaining the mathematics of the rate of 

production. When active release of sodium (Na+) or bicarbonate (HCO3−) ions into the 

posterior chamber is mediated by these enzymes, an osmotic gradient is created and the 

plasma ultrafiltrate can move from the stroma of the ciliary body into the posterior chamber 

(Fig. 1). This mechanism is sensitive to the level of IOP and decreases with increased IOP. 

However, this effect is insufficient to serve as a protective mechanism against the 

development of glaucoma.

The amount of AH production is indirectly calculated by measuring the amount of 

outflow.23 Outflow facility (c) indirectly indicates the amount of aqueous production and it 

can be expressed as μL/min or μL/min/mm Hg. In normal humans, c is about 2.75 ± 0.63 

μL/min (range, 1.8–4.3) or about 0.3 μL/min/mm Hg.24 In dogs, the total value has been 

manually calculated with a mean ± SD equal to 5.22 ± 1.87 μL/min, whereas when 

calculated by an automatic software the flow rate was 4.54 ± 2.57 μL/min.25 These values 

grossly mirror the values of 0.24 to 0.30 μL/m/mm Hg reported by Gum and colleagues.26

Individual variations are following circadian rhythms and are also influenced by age.24,27 In 

humans, AH formation and outflow both decrease with aging.10,28

Although the site and the mechanisms of aqueous formation seem to be well-established and 

described, the mechanisms for outflow are still a large field for research, especially when 

related to the pathophysiology of the different phenotypes of glaucoma.

Pathways of Aqueous Outflow

The outflow facilities are a complex hydraulic system that allows the AH to exit the eye 

consistently, yet maintaining a physiologic IOP balanced with aqueous secretion. When the 

regulation of the outflow is impaired, an increase in IOP occurs. No active transport 

mechanisms is involved in the outflow. AH passes through the trabecular meshwork (TM) 

as bulk flow driven by the pressure gradient, which is higher in the eye when compared with 

the distal outflow vessels.29,30 The posterior, uveoscleral outflow (USO) is passive and 

largely independent from the IOP; it is mostly regulated by osmotic gradients.31

The pathways of canine aqueous outflow include several different anatomic structures 

whose nomenclature has been variously and differently described, used, and classified.32–38 

The understanding of the normal morphology and composition of these structures, and the 

array of dynamic physiologic changes that occur in different breeds and aging are important 

considerations when pathologic changes are then analyzed and therapeutic agents selected.

Besides an irrelevant corneal and uveal permeability, 2 main, different outflow pathways are 

usually considered the most essential to IOP balance:
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• The anterior/trabecular or conventional outflow

• The posterior or unconventional, or the USO

Trabecular Outflow

The anatomic terminology related to the trabecular outflow system (Figs. 2–4) includes the 

following:

• Iridocorneal angle (ICA)

• Ciliary cleft (CC)

• Pectinate ligament (PL)

• The TM system, which includes

– Uveal TM (UTM)

– Corneoscleral TM (CSTM) and uveoscleral TM (USTM)

– Juxtacanalicular tissue (JCT)

• Angular aqueous plexus (AAP)

– Inner wall (IW)

– Inner collector channels

• Radial collector channels

• Episcleral veins and intrascleral venous plexus (ISVP) or circle of Hovius

Iridocorneal Angle

The ICA represents the peripheral, circumferential portion of the anterior chamber, where 

the cornea, sclera, and base of the iris converge. It can be examined clinically with a 

gonioscopic lens and the gross appearance of the ICA is characterized by the presence of 

slender strands of uveal tissue, PLs that connect the peripheral base of the iris to the 

peripheral cornea, just posterior to the deep scleral pigmented line, which approximately 

corresponds with where the Descemet membrane ends. The junction between the cornea and 

PL is labeled Schwalbe's line (see Fig. 3).

Pectinate Ligaments

The iconic PL is formed by a slender, branching palisade of discrete beams of iris tissue that 

span the ICA. The number, pattern, length, and thickness of the PLs vary among breeds and 

individuals.33,36,39,40 The width of the ICA can also vary depending on breed and age.41–44 

The PLs are composed of a core of collagen and lined by iridal melanocytes and 

fibroblasts.33,36 They are usually pigmented unless the dog is subalbinotic. However, with 

aging, dispersed pigment from microdamage to the posterior epithelium of the iris may 

accumulate in the ICA even in dogs with a blue iris. The most anterior ligaments are thicker 

than the beams that form the UTM more posteriorly. PLs branch and anastomose between 

themselves and with the beams of the UTM. The morphologic transition between the 

tougher PLs and the thinner trabecular beams can be gradual or abrupt.
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Ciliary Cleft

The CC names the peripheral circumferential space posterior to the ICA. This almost virtual 

space extends posteriorly to the PLs into the posterior ciliary body with a triangular shape 

with anterior base. Its anatomic boundaries are represented by the PLs anteriorly, the iris 

root and the anterior pars plicata of the ciliary body internally, the ciliary body matrix and 

muscle posteriorly, and the sclera externally. Although it is a separate entity with its own 

boundaries, some authors include the CC in the posterior part of the ICA. The width and 

depth of the CC varies in different individuals, breeds and with aging.33 The CC is the 

container for the UTM.

The Trabecular Meshwork

The TM system is a useful nomenclature to group the whole proximal (converging) 

trabecular outflow system. The TM in dogs consists of 3 main different sections listed from 

internal to external: (1) The cobweblike UTM, (2) the lamellated CSTM and USTM, and (3) 

the nonlamellated cribriform region or JCT. The latter is intimately connected to the IW of 

channels that form the AAP (see Fig. 4).

The Uveal Trabecular Meshwork

The CC contains the UTM, which is a spongiform, cobweblike tissue defined by irregularly 

anastomosing trabecular beams. The empty spaces between the beams are named Fontana's 

spaces. Outwards and posteriorly, these spaces reduce progressively because of the 

increasing interlacing between the beams. The core of the beams are made by connective 

tissue with collagen and elastin fibers and other extracellular matrix (ECM) proteins.33 The 

beams are lined by endothelial cells and their basal membrane; these cells are considered to 

be an extension of the corneal endothelium and play a substantial role in regulating outflow 

and IOP.35 TM cells respond to mechanical strain increasing ECM turnover, altered gene 

expression, and release of several cytokines.45 TM cells have phagocytic properties,46,47 and 

with age they tend to engulf melanin granules released by the posterior surface of the iris 

(Fig. 5).48,49 If the TM cells become extremely engulfed, they may slough off from the 

beam, exposing the underlying ECM. Marked trabecular cell loss has been associated to 

collapse and fusion of the lamellae and loss of intertrabecular spaces.50,51 In primates with 

primary open-angle glaucoma, there is a marked loss of TM cells when compared with 

normal age-matched eyes.52,53

Anterior tendons of the ciliary muscle insert on the elastic fibers of the UTM and JCT,54 and 

seemingly the inner scleral tissue, mostly at the outer portion in the posterior half of the CC. 

The effect of these tendons and their relative muscle on the outflow in dogs has not been 

well-determined yet, but, considering their anatomic distribution, are likely to help in 

opening the spaces of the AAP (Fig. 6). Myofibroblast-like cells have been reported in 

different species to be present in the TM, including the outermost region transitioning into 

the collector channels/Schlemm's canal.33,54 All this region has high content of the elastic 

fiber system, which is composed of a core of elastin and surrounding microfibrils (fibrillin-1 

and microfibrillar-associated protein-1 and -2). The system provides support, resilience, and 

allows recoiling to regions under biomechanical stress.55 Elastin deposition and its 

microfibrillar envelopment, because the thickness of the basal membrane of the endothelial 
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monolayer of the CC increase with age.35 The thickening of the elastin system with aging is 

in part owing an increased fibers cross-linking.56 These changes are associated with an 

increased stiffness of the tissues of the TM.

The capability of this region to undergo constant modifications associated with muscular 

activity matches with the diffuse presence of nerve endings (see Fig. 4). Both 

parasympathetic (from the ciliary ganglion) and sympathetic (from the cranial cervical 

ganglion) systems innervate the ciliary body.26 Sensorial nerves are also provided by 

branches of the V cranial nerve.

Parasympathetic fibers can be assumed to be the most influential on the longitudinal ciliary 

muscle in dogs. Other neurotransmitters may play a role in the outflow. Nitrovasodilators in 

bovine induce relaxation of the myofibroblast-like cells in the TM, increasing the 

outflow.57,58 Nitrous oxide has also shown interesting effects in reducing the IOP in 

normotensive and dogs with primary open-angle glaucoma.59

Collagen V and VI are also present. The nonfibrillar collagen type IV is associated with the 

endothelial basal membranes, together with laminin, fibronectin and perlecan.54,60 

Fibronectin and laminin are also found interspersed within the ECM in the beams of TM and 

in the JCT.61 The beams of the UTM thicken with age and glaucoma in dogs.1,35 

Fibronectin is among the major protein components of the ECM of the TM and, although 

few controversial opinions, increased deposit of fibronectin in trabecular tissues with aging 

and glaucoma is consistently reported.56,61–63

UTM cells also undergo modulating production of several non-structural proteins that 

regulate ECM turnover and remodeling, including, but not limited to, transforming growth 

factor beta-2 (TGFβ2), stromelysin, secreted protein acidic and rich in cysteine (SPARC), 

trombospondin-1 and -2, bone morphogenic protein-7, tenascin-C, matrix metalloproteinases 

and their inhibitors.64–68 In addition, TM cells can express several receptors that can be 

activated by cytokines present in the aqueous (aquecrine/paracrine response) or by growth 

factors produced by the TM cells themselves (autocrine response).69 These highly 

convoluted and variably dynamic mechanisms of cellular and matrix communication, which 

only represent a partial portion, constitute part of the complex mechanisms that regulate 

tissue homeostasis, remodeling, and changes that occur physiologically and pathologically 

in the outflow pathways. The boundaries between homeostasis and disease, innate or/and 

adaptive immune reactions, parainflammation and inflammation are not sharp and often 

overlapping.70,71 These interactions are not well defined or at least not well understood as a 

whole yet. In adjunct, polymorphic alleles in coding genes or/and promoters and enhancers 

and linkage disequilibrium with major histocompatibility complex haplotypes can have an 

influence on individual diversity in the dynamic cascades involving these factors or can 

explain breed predisposition to specific multifactorial diseases.

Corneoscleral and Uveoscleral Trabecular Meshwork

The CSTM and the USTM are essentially the same tissue that assumes different names 

depending on its location and the relationship with surrounding tissues (Fig. 7). The CSTM 

and the UTMS place in the inner most part of the sclera, occupying the scleral sulcus, a 
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circular, shallow, and wide triangular groove with its outer apex approximately 

corresponding with the base of the iris (see Fig. 4). Their inclusion within the CC is 

questionable. In primates, the scleral sulcus is the site that harbors the TM and an equivalent 

scleral modification can be observed in canine eyes that have been sectioned after fixation 

with agents that tend to better preserve the ocular anatomy (see Fig.4). The scleral sulcus 

extends from the peripheral edge of Descemet's membrane to the posterior boundaries of the 

CC. The morphologic cobweblike network pattern of the UTM differs from the more 

organized and compact arrangement of the connective lamellae in the CSTM and USTM. 

The lamellae are disposed in tangentially oriented parallel layers band with evidently and 

progressively reduced intertrabecular spaces while approaching the AAP. These spaces are 

still lined by endothelial cells. As mentioned, the CSTM and the USTM share similar 

anatomy and organization and their division is purely made for anatomic nomenclature 

dictated by their location.

The CSTM is cranial and fades into the cornea approximately around the inner limbal area. 

The USTM is more posterior and represents the outer boundary of the posterior CC. The 

CSTM and the USTM represent the transition tissue between the UTM and the JCT (Fig. 8).

The Cribriform Region or Juxtacanalicular Tissue and the Inner Wall of Inner Collector 
Channels

The whole anterior outflow system can be imagined as an hourglass with sand replaced by 

the aqueous. The proximal, converging spaces are inner to the eye and can be identified with 

the anterior chamber, the cleft with the UTM, the CSTM and the USTM, whereas the distal, 

progressively diverging spaces are represented by the lumen of the AAP, radial collector 

channels, the larger outer collector channels, the episcleral veins, and the ISVP. The 

scientific consensus is that the site of higher resistance is represented by both the thin layer 

of JCT around the AAP and their endothelium that represents the IW.54,72–75 This critical 

area, its structural and functional characteristics, and the changes that occur with aging and 

disease are the primary region of interest in the normal regulation and dysregulation of IOP. 

In dogs, in which closed angle glaucoma is the most common phenotype of the disease, 

other anatomic regions may be of interest as well.

The JCT (also called the endothelial meshwork or the cribriform region) is the outermost 

region of the TM and lies underneath the IW of the AAP. Despite some morphologic 

differences between primate and non primate mammals, the JCT has been identified in dogs 

and bovines.35,36,76,77 The tissue is extremely thin and likely variable in thickness and 

composition at different sites.78 Its thickness is reported to vary between 5 to 10, 7 to 14, 

and 2 to 20 μ.74,78–80 The JCT represents a nonlamellar, loose, and not well organized 

tissue. Fibroblastlike cells are embedded into an almost fluid fibrillary ECM abundant in 

proteoglycans and glycosaminoglycans (GAGs), and rich in unarranged elastin and collagen 

fibers.74,75 The cells are kept in mutual contact with each other as well as the IW endothelial 

cells by extensions of their cytoplasmic membranes.

In dogs, the JCT is not as compact as in humans (Fig. 9).33 Electron-lucent or “empty” 

spaces have been described in the JCT. These spaces may actually be filled with GAGs35 

and seem to be empty owing to sample processing (see Fig. 9). On histologic and 
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transmission electron microscopy sections, the JCT is dogs is more discernible in proximity 

of the IW of the AAP (see Figs. 8 and 9).

The spaces of Fontana and the intertrabecular spaces of the CSTM and USTM are large 

enough not to offer resistance to the aqueous flow. The ECM of the JCT is then considered 

to assume a pivotal role in the regulation of IOP in both normal and open angle 

glaucomatous eyes.81 The elastic fibers allow plasticity of the tissue in response to 

fluctuations in IOP.79 However, collagen cross-linking occurs with age and it is increased in 

glaucoma, making the ECM stiffer.82,83 GAGs and their associated proteoglycans, 

particularly dermatan sulfate, chondroitin sulfate, hyaluronic acid84 and versican79 separate 

the cells from the fibrillar collagen and have a primary role in modulating resistance.79 

Numerous other structural and functional proteins are present, like fibronectin, laminin, 

collagen types I, III, IV, V, and VI (but not type II), and some of them actively participate in 

ECM remodeling like myocilin, trombospondin-1, and SPARC.74,79,85,86 Trombospondin-1 

is one of the activators of latent transforming growth factor beta-2 abundantly present within 

the anterior segment,87,88 whereas SPARC is a matricellular protein known to regulate ECM 

in many tissues and is highly expressed in the TM. SPARC-null mice demonstrated a lower 

IOP, which is associated with a more uniform outflow pattern and decreased collagen fibril 

diameter.85

With age, the components of the ECM of this region tend to accumulate plaques of 

amorphous material supposedly derived from the sheaths of the elastic fibers and collagen 

VI,72,89 and the outflow resistance increases proportionally.74

The JCT is separated from the lumen of the AAP by a monolayer of endothelial cells. The 

endothelium of the IW has 2 opposite functions. Although it allows aqueous percolation 

from the underlying JCT through the formation of giant vacuoles and pores, at the same time 

it prevents blood products from entering the eye if elevated episcleral venous pressure 

exceeds IOP because of the presence of tight junctions. For the latter reason, the 

endothelium should be considered part of the blood–aqueous barrier along with the ciliary 

epithelium, the iris vascular endothelium, and the posterior iris epithelium.90 The basement 

membrane of endothelial cells of Schlemm canal in humans and the basement membrane of 

the AAP in dogs are not continuous.36,80 This feature, associated with the presence of 

intercellular continuous tight junctions, categorizes the AAP in between lymphatic channels 

and venules.91 The discontinuity of the basal lamina creates a direct connection between the 

ECM of the JCT and the IW. The transit of the aqueous from the JCT to the AAP lumen 

occurs through the formation of endothelial giant vacuoles and intracellular pores or directly 

through the intercellular pores formed between 2 neighbor cells.80,92

AH filters through the TM as bulk flow that is influenced by, and positively correlates with 

the pressure gradient; no active transport is involved.74 Several studies have demonstrated a 

pivotal role of GAGs and their protein complexes, proteoglycans, in regulating the flow 

through the TM, in particular in the JCT and IW.93–96 All of the normal GAGs have been 

identified, with hyaluronic acid or hyaluronan and chondroitin sulfate being the most 

preponderant.81 The hydrophilic properties of their moieties are able to absorb fluids easily. 

Although initial publications assigned to GAGs a contributing role in flow resistance,1,96–98 
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more recent works have shown that primary open-angle glaucoma is actually associated with 

a loss of hyaluronic acid from the TM and that treatment with chondroitinases and 

hyaluronidase intracamerally in monkey eyes does not change the outflow facility or 

IOP.99,100

The composition of the JCT and the IW of the Schlemm's canal in primates and of the AAP 

in dogs has been thoroughly described both ultrastructurally and functionally.33,35,36,54,79 It 

would be a mistake though to think about this area as a stable, uniform tissue. The JCT must 

be considered a dynamic tissue undergoing continuous remodeling.79,101 Dynamic changes 

both structurally and in the ECM occur with age and different conditions.35,74 Nonstructural 

proteins and molecules are produced and released during tissue remodeling and under the 

influence of cytokines and growth factors present in the aqueous at different times.70,79 The 

influence of different cytokines and growth factors (ie, tumor necrosis factor-α, 

transforming growth factor beta-2) and matricellular proteins on ECM permeability have 

been extensively studied to understand and differentiate dynamic changes seen in aging and 

glaucoma.89,101

The most common phenotypes of glaucoma in dogs are those classified as angle closure 

glaucoma. In these cases, the consistent pathologic finding is the collapse/closure of the CC. 

Whether these changes are the consequence of a primary obstruction starting in the 

JCT/AAP or a primary event into the CC itself or if both sites can simultaneously be 

affected is unknown. Glaucoma is an age-related disease in most of the instances and the 

histologic changes that occur with aging in normal canine eyes are described mostly with 

pigment dispersion, increased number of melanin-laden macrophages within the CB, CC, 

and AAP, and visible collagen deposition in the CB.102 In humans and dogs, an increased 

permeability of the blood–aqueous barrier with aging has been described,103–106 supporting 

the idea that its protein content and quality vary and may influence and explain the dynamic 

remodeling of the outflow tissues.

The intertrabecular spaces, the loose matrix of JCT and the giant vacuoles in the IW 

endothelium are the expression of how the aqueous permeates through the outer CSTM/

USTM and JCT into the AAP. The fine mechanisms by which the fluid passes through the 

tissue into the lumen are still, however, under investigation. The bulk flow of the aqueous is 

a passive mechanism that follows pressure gradients. IOP is higher than pressure within the 

outer draining venous system. Episcleral pressure both in humans and dogs has been 

measured between 8 and 12 mm Hg.107,108 However, in dogs, an unknown role is also 

played by the ISVP and vortex veins,36,97 whereas in primates the distal outflow is regulated 

only through the episcleral and anterior ciliary veins.109 The morphologic presence of giant 

vacuoles within the endothelial cells of Schlemm's canal (better seen under flow condition 

or perfusion-fixed eyes) with or without basal opening and micron-sized (0.5–1.5 m) pores 

on the luminal surface of the endothelial cells have been documented in primates, dogs, 

rabbits, and bovine.35,36,92,110 Pores of the IW cells can be observed with both transmission 

electron microscopy and scanning electron microscopy.35,92 The endothelial surface of the 

AAP is also covered by a thin layer of glycocalix that may play a role in regulating aqueous 

outflow resistance.111
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Endothelial pores are nonuniformly distributed112 and their density proportionally reflects 

the segmental pattern of higher AH outflow through the TM/JCT.113 IW pore density 

proportionally increases with increased perfusion in normal eyes.114 However, the density of 

the pores decreases on the endothelial surface of Schlemm's canal in human glaucomatous 

eyes.114

Besides the formation of giant vacuoles, pynocytic, intracytoplasmic microvesicles have 

been observed; however, their role and relevance in aqueous outflow is unknown.35 The 

giant vacuoles are seen most commonly within the endothelial cells that line the inner side 

of the AAP, facing the JCT.92 Studies using eyes perfused with a tracer have shown that 

tracer accumulation corresponds to the location of collector channel ostia109 and with 

regions of JCT containing less versican.115

The anterior outflow is not uniformly distributed over the circumference of the meshwork, 

but has a segmental pattern in adult humans,116 bovine,117,118 porcine,115 nonhuman 

primates, and mice.85 The areas of preferential flow correspond to areas of lower resistance 

and are located in the proximity of the radial collector channels and vary with their 

distribution.119 Sectorial flow may occur because some collector channels reside near larger 

episcleral venules, the final destination of aqueous.109 Although the nasal116 and inferior120 

quadrants have been suggested to be more active,109 no consistency in the pattern of 

segmental outflow is yet accepted.116 The segmental portions of active outflow decrease in 

glaucomatous patients or with increasing IOP.117,121

Angular Aqueous Plexus

Tripathi37 was the first to use the nomenclature of “angular aqueous plexus (AAP)” to name 

the complex pattern of the inner-scleral venous aqueous outflow in nonprimate mammals 

and to recognize, despite morphologic differences, the anatomic and functional similarity of 

these canalicular structures with Schlemm's canal in primates.36,37

The AAP in dogs is a complex, tangled vascular network that expands from the Schwalbe's 

line anteriorly to the end of the CC posteriorly, spanning for hundreds of microns. The 

plexus occupies the inner sclera at the transition zone between the cornea and the outer uvea. 

The area seems to be similar to a triangular scleral sulcus, with the outer vertex 

corresponding more or less with the transition area between the ICA and the CC (see Fig. 4; 

Fig. 10B).

The plexus is made by several channels that have different diameters and directions and lie 

in different layers at different depths in the inner sclera(see Fig. 10).They represent the first, 

distal dilation after the JCT and IW. Thin, inner channels are close to the CSTM and USTM 

and form an intricate network with incomplete circumferential, oblique and meridional 

tangential directions. These channels are lined by endothelial cells that are the true 

functional equivalent of the IW of Schlemm's canal in primates and represent the AAP in 

dogs.36,37 The plasma membranes of the endothelial cells adhere with tight junctions and for 

this reason are considered part of the blood–aqueous barrier.75
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The multiple tangential channels forming the AAP merge then into perpendicular, radial 

collector channels through openings called “ostia.” Because the tangential channels may be 

displaced in different planes, short radial collector channels may be present together with 

longer and larger outer radial channels. As many as 30 to 35 external collector channels 

have been reported in the human eye.84 Radial channels have different, anterior 

(corneoscleral) and posterior (uveoscleral) distributions (see Fig. 10). High variability, 

however, exists and complex patterns of anastomoses can be seen at light microscopy 

depending not only on the species of animal, but also on the different sections of an 

individual eye.36,37 The complex patterns of anastomoses can also be clearly observed in 

luminal casts.38 The histologic sectorial changes in radial channels may reflect the sectorial 

distribution of the collector channels described in primates, mice and bovines. Preferential 

outflows may occur in different sectors, which is confirmed by pigment deposition in the 

near JCT, as described for other species.74,109 Unevenly distributed radial collector channels 

are present in primates, more being on the nasal than on the temporal side of the eye.84

Larger radial collector channels direct to the outer sclera and anastomose with the anterior 

ciliary veins or the ISVP (or the venous circle of Hovius); both drain into the orbit via the 

ophthalmic vein (the former) and via the vortex veins (the latter).38 There are 2 to 4 large 

venous vessels that compose the ISVP, which is located in the outer third of the sclera. The 

anterior venules are usually smaller and the caliber of the vessels increases posteriorly (Fig. 

11).

Posterior, Uveoscleral, or Unconventional Outflow

The uveoscleral or unconventional outflow represents the amount of aqueous that once has 

entered the TM escapes the trabecular outflow and directs posteriorly where it can filter 

through the porosity of the loose connective tissue and its ECM in the ciliary body. The 

connective tissue between the longitudinal bundles of the ciliary muscle is loose and 

permeable. After percolating through the ECM of the ciliary body, the aqueous collects into 

the uveoscleral space, a virtual space between the posterior ciliary body/anterior choroid and 

the sclera; from here, the AH can reach the posterior suprachoroidal space. This flow is 

passive and mostly independent from IOP. It is driven by a positive osmotic gradient 

between the colloids in the choroidal and scleral blood vessels and the uveal tissue of the 

posterior ciliary body. Furthermore, the hydraulic conductivity of the scleral tissue is able to 

absorb and remove 4.3 μL/min in humans.122

In normal dogs, the USO allows full permeability to 1 μ spheres that can easily reach the 

suprachoroidal space and the connected vascular outflow. In glaucomatous dogs, this ability 

is reduced significantly.123 The unconventional outflow represents 15% of the total outflow 

in normal Beagles, whereas it is reduced to 3% in glaucomatous Beagles.124 It is only 3% in 

normal cats.125 The normal rate of outflow through the unconventional pathway varies in 

different species and decreases with age.31,56 In nonhuman primates, 40% to 60% of the 

aqueous leaves the globe through this pathway, whereas in people several rates have been 

reported, ranging between 12% and 54%.31 The lower values are associated with advanced 

age.31 In particular the reduction in outflow in normal people has been quantified in about 

7% to 10% per decade.31
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In younger primates, the connective tissue between the muscular bundles in the ciliary body 

is sparse. In aging dogs, the loose connective tissue between the muscular bundles of the 

longitudinal ciliary muscle accumulates large melanin-laden macrophages that progressively 

obstruct and likely activate or contribute to remodeling the region (see Fig. 12).102

The most recent calculations of the amount of flow through the USO in humans have 

provided higher values than early studies, increasing the actual relevance of the 

unconventional outflow. High variability is determined by age. Healthy humans between 20 

and 30 years of age showed rates of USO between 36% and 54%, whereas people of 60 

years or older had rates between 12% and 42%.10 This is likely to happen in dogs as well. 

Unfortunately, the USO has been limitedly investigated only Beagles in the 1980s.123

Along with the decreased outflow that occurs with age, there is also a decrease in aqueous 

production and the clinical influence of the decreased facility in normal patients is limited 

by this factor.10

The point of greatest resistance is considered the ECM of the posterior ciliary body. The 

connective spaces between the longitudinal muscular bundles decrease with age and become 

less permeable.10 The composition, tightness, and permeability of the ECM of the ciliary 

body can also differ and change depending on several physiologic, pharmacologic, and 

inflammatory factors. The contraction or relaxation of the longitudinal ciliary muscle has 

some influence on the rate of the outflow. Atropine increases the permeability of the ciliary 

muscle in nonhuman primates, whereas pilocarpine decreases it.126 However, the overall 

clinical effect of pilocarpine on IOP may be different because of the contraction of the 

tendons of the ciliary muscles also opens the Fontana spaces, hypothetically shifting the 

outflow to the anterior pathways. Tendons of the longitudinal ciliary muscle, the only ciliary 

muscle present in dogs, are directed to the posterior half of the scleral sulcus. According to 

this morphologic interpretation, ciliary muscle contraction might open the radial collector 

channels (see Fig. 6).

The USO is the target for powerful medications used to treat glaucomas in dogs. Because 

the anterior outflow is usually collapsed in advanced glaucoma, decreasing AH production 

and increasing the posterior outflow are the most rationale pharmacologic goals. Synthetic 

prostaglandins increase the USO by increasing the permeability of the ECM in the ciliary 

body. The effect is mediated by the increased expression of matrix metalloproteinases that 

remodel the ECM of the ciliary body.127

Summary

Knowledge of the anatomic and physiologic background of aqueous dynamics is important 

for the clinician. Glaucoma is a heterogeneous group of diseases with multiple phenotypes. 

Accurate evaluation of the clinical conditions is pivotal to understanding the possible 

therapeutic options and prognosis for an affected patient. It is also important to shift the 

consideration of anatomy from a steady perspective to a dynamic process in which age is a 

clear influencing factor and is affecting the structure and the function of ocular outflow.
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Moreover, a remarkable benefit of knowing the pathophysiology and relative functional 

anatomy of the region resides in the possible establishment of predictive models in cases of 

early disease. The attention to details at the beginning of the disease may allow the clinician 

to reach the longest control over a pathologic condition that unfortunately is associated with 

a high occurrence of blindness and patient discomfort.
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Key Points

• Understanding the composition and function of the outflow system helps to 

interpret clinical signs, choose therapies, and formulate the prognosis for 

patients affected with glaucoma.

• Normal intraocular pressure is maintained because there is a balance between 

aqueous formation and outflow.

• The outflow pathways in dogs have clear morphologic and topographic 

differences from the corresponding structures in primates.

• The functional anatomy is a dynamic concept and there are physiologic changes 

that occur with age and tissue remodeling.

• More advanced and extensive changes that are similar to those occurring with 

aging may occur in glaucoma.
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Fig. 1. 
Mechanism for aqueous secretion. An active movement of Na+ and HCO3

− increases the 

solute concentrations in the posterior chamber in proximity of the ciliary processes and 

creates a positive osmotic gradient that recalls fluids collected in the ciliary tissues because 

of diffusion and ultrafiltration. ATPase, adenosine triphosphatase; NPE, nonpigmented 

epithelium; PE, pigmented epithelium.
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Fig. 2. 
Aqueous (red dotted line) trabecular meshwork (TM) outflow pathway from the ciliary cleft 

through the trabecular beams of the uveal TM (UTM), the lamellar corneoscleral or 

uveoscleral trabecula meshwork (CSTM/USTM) and the extracellular matrix of the 

juxtacanalicular connective tissue (JCT). The fluid moves through the inner wall (IW) 

endothelial cells by formation of intracellular giant vacuoles that open into the lumen of 

angular aqueous plexus (AAP). The AAP is connected to larger radial collector channels 

(RCC) leading to the intrascleral venous plexus (ISVP). (Adapted from Swaminathan SS, Oh 

DJ, Kang MH, et al. Aqueous outflow: segmental and distal flow. J Cataract Refract Surg 

2014;40(8):1264; with permission.)
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Fig. 3. 
Normal iridocorneal angle in a dog at gonioscopy. Lightly pigmented iris tissue strands can 

be observed spanning the peripheral angular space and introducing to the posterior space of 

the ciliary cleft. The corneoscleral pigmented line (Schwalbe's line) is indicated by the 

arrowheads. I, anterior surface of the iris; P, pupil.
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Fig. 4. 
Microphotographs of sagittal sections of canine trabecular outflow tissues. (A) Hematoxylin 

and eosin staining. A partial section of a pectinate ligament (PL) can be recognized 

anteriorly and separates the iridocorneal angle (ICA) from the ciliary cleft that is filled with 

irregularly distributed beams of the uveal trabecular meshwork (UTM). It contains the 

Fontana spaces. The corneoscleral trabecular meshwork (CSTM) and the uveoscleral TM 

(USTM) are a transition zone between the sclera and the UTM and lie in the scleral sulcus 

(SS and continuous line). Note the wide spreading of the angular aqueous plexus (AAP) in 

the inner sclera. Three large venous vessels can be seen in the midsclera. They constitute the 

intrascleral venous plexus (ISVP; arrows). (B) Toluidine blue staining at higher 

magnification. The progressive reduction of the Fontana spaces (FS) can be appreciated. 

Large spaces converge into smaller intertrabecular spaces in the USTM. With this 
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coloration, the translucency of the juxtacanalicular connective tissue (JCT) are appreciated 

around the angular aqueous plexus. Several nerve bundles (N) are noted within the UTM.
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Fig. 5. 
Transmission electron microscopy. Microphotograph of the beams of the canine uveoscleral 

trabecular meshwork. The beams are interposed to the intertrabecular spaces (IS). The 

beams are showing collagen (asterisks) and elastin (arrowheads) fibers in their core. Black 

arrows point to trabecular meshwork endothelial cells that line the outside of the beams and 

have phagocyted melanin granules.
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Fig. 6. 
Semithin section of the posterior trabecular meshwork of a canine eye. Toluidine blue 

staining. Longitudinal ciliary body muscle fibers are indicated by the arrowheads. They 

direct to the inner sclera, in an area that reminds scleral spur in primates and that is just 

posterior to a large radial collector channel (RCC).
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Fig. 7. 
Semithin section and toluidine blue stain of the iridocorneal angle (ICA) and anterior ciliary 

cleft (CC). The corneoscleral and uveoscleral trabecula meshwork (CSTM and USTM) are 

the same, lamellar, more compact tissue than the uveal trabecular meshwork (UTM). The 

name changes depending on anterior (more corneal) or posterior (uveal) position. An ostium 

between inner collector channels (ICC) and a radial collector channel (RCC) is indicated 

with the arrow. FS, Fontana spaces; PL, pectinate ligament.
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Fig. 8. 
Semithin section with toluidine blue staining shows the transition between the uveal 

trabecular meshwork (UTM) represented by irregularly distributed beams of connective 

tissue lined by endothelial cells into a more lamellar and organized tissue represented by the 

corneoscleral trabecular meshwork (CSTM). Small, interlamellar spaces can be seen. The 

justacanalicular connective tissue (JCT) is a thin layer rich in extracellular matrix that 

surround the inner wall of the endothelial cells of angular aqueous plexus (AAP). Bar 5 10 

μ.
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Fig. 9. 
(A) Semithin section with toluidine blue staining of the angular aqueous plexus (AAP) 

region in a canine eye. The lamellar organization of the uveoscleral trabecular meshwork 

(USTM) can be recognized at the bottom. Some interlamellar spaces can be seen. The 

transition region between the USTM and the AAP is represented by a loose translucent 

tissue, the juxtacanalicular connective tissue (JCT). Bar 5 5 μ. (B) Transmission electron 

microscopy. A microphotograph of a same corresponding area shows the trabecular beams 

(TB) of the USTM. The beams are constituted by collagen fibers and larger elastin fibers 

(arrowheads). Endothelial trabecular meshwork cells line the beams and engulf melanin 

granules (EC). Intertrabecular spaces (IS) are reducing toward the JCT. A giant vacuole 

(GV) can be seen within the cytoplasm of an endothelial cell of the inner wall of the angular 

aqueous plexus (AAP).
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Fig. 10. 
(A) Luminal cast of the canine trabecular outflow pathway. The vessels of the outflow at the 

level of the angular aqueous plexus (AAP) display a complex and tangled network made by 

smaller channels oriented tangentially in different planes and directions. Larger radial 

collector channels (asterisks) connect the network to larger venous vessels in the outer 

sclera, the intrascleral venous plexus (ISVP). Radial channels are displaced at different 

anterior and posterior sites. Irregular patterns of anastomoses are present among all the 

channels and shorter radial channels are seen (arrow). The connections between almost 

perpendicular inner and radial channels are called ostia (arrowheads and Fig. 7). (B) 

Microphotograph of a histologic sagittal section of the inner scleral region at the level of the 

scleral sulcus in a normal canine eye showing the complex anastomotic pattern of the 

drainage system in dogs. Hematoxylin and eosin staining. Two large, radial collector 

channels (CC) are visible anteriorly and posteriorly. These collector channels convey the 
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aqueous filtered through the complex system represented by trabecular meshwork (TM), 

CSTM, uveoscleral TM (USTM), and angular aqueous plexus (AAP). Fontana spaces (FS) 

are present between the beams of the TM. (Adapted from Van Buskirk EM. The canine eye: 

the vessels of aqueous drainage. Invest Ophthalmol Vis Sci 1979;18:226; with permission.)
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Fig. 11. 
The scleral outflow systems. (A) The complex angular aqueous plexus (AAP) and collector 

channels are displaced in different layers with different directions and different sizes in the 

inner sclera. The arrowheads indicate collector channels. The white arrow points to an 

ostium between AAP and a short radial collector channel. In the outer sclera an aqueous 

vein can be seen directed to the limbus and to the anterior ciliary veins (black arrow) 

(toluidine blue). (B) Longitudinal section of the sclera corresponding to the ciliary body 

area. Four large scleral veins representing the intrascleral venous plexus (ISVP) are 

indicated with asterisks. The arrowhead points to a large, radial collector channel directing 

to the ISVP area (Hematoxylin and eosin).
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Fig. 12. 
Photomicrographs of ciliary body sections posterior to the trabecular meshwork in 2 normal 

eyes from different dogs. (A) Ten month old male Labrador. The longitudinal bundles of the 

ciliary muscle alternate with connective tissue mostly filled with fusiform dendritic 

melanocytes representing the normal pigmented component of uveal ocular tissue. (B) 

Fifteen year old spayed female Labrador. The intermuscular spaces present a large number 

of plump large pigmented cells representing infiltrating macrophages melanin-laden 

(melanophages).
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