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Abstract
This special issue encompasses articles dealing with a number of unique features of the vertebrate visual system. These
characteristics make it an established model to study the
molecular and genetic control of axonal growth, neurogenesis, gliogenesis and regeneration in the central nervous system. The clinical relevance of developmental malformations
and age-related diseases is briefly described. The possible
effects of visual inputs on melatonin secretion and changes
in this system during aging are summarized.
Copyright © 2007 S. Karger AG, Basel

Developmental malformations and age-related diseases of the visual system, including cataract, age-related
maculopathy, glaucoma and diabetic retinopathy, are
very common and potentially devastating sight-threatening conditions. This special issue of Neuroembryology
and Aging is devoted to several aspects of the development and aging of the vertebrate visual system.
The first two articles deal with the posterior and anterior chambers of the eye, which are, at least partly, mesenchymal derivatives of the neural crest. In their review
on the regulation of aqueous humor formation, Do et al.
[pp 8–12] focus on the mechanisms whereby nitric oxide
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modulates the production of aqueous humor. Chan et al.
[pp 13–18] describe changes in the collagen and elastic
fiber distribution in the trabecular meshwork during the
development of the human fetus. They show that collagen
fibers are relatively early present, whereas elastic fibers
appear much later in this part of the eye, which plays an
important role in the drainage of aqueous humor. The
clinical relevance of these two articles is obvious, because
imbalance between production and drainage of aqueous
humor may lead to elevated ocular pressure and glaucoma, which is a principal cause of blindness.
However, the visual system not only performs essential sensory functions and plays an important clinical
role, it also has several unique characteristics, which
make it an ideal model system for neurobiological and
neuroembryological studies [1–4]. The retina is composed of six distinct types of neurons and a unique type
of glial cell, which can be easily identified by their position in well-defined layers and by their characteristic
morphology. Light stimulates photoreceptors (rods and
cones) which transmit their signals via bipolar cells to
ganglion cells. Horizontal and amacrine cells modulate
this direct signaling pathway. Ganglion cell axons transmit the result of all information processing along the optic nerve to various target areas in the brain.
The retina and the optic nerve develop from the optic
cup, an evagination of the forebrain vesicle, and therefore
represent parts of the central nervous system (CNS). Simplicity and accessibility have made the retina a model for
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the study of the genesis of neuronal diversity [4]. In addition to molecular and genetic control of the highly coordinated and precisely regulated cell proliferation in the
germinative neuroepithelium, the mechanisms by which
multipotent progenitor cells give rise to different neuronal and glial cell types in a characteristic order of birth
have been analyzed in the retina as a model system [4–
10].
The development of the human retina is summarized
in the article by Nag and Wadhwa [pp 19–30]. Histogenesis of the human retina is a relatively complex process,
because, in addition to neurons and glia, it also contains
blood vessels whose formation is closely related to neuronal maturation. This article describes the temporospatial
sequence of neuronal differentiation, synaptogenesis and
vascular development. In addition, it discusses the appearance of numerous neurotransmitters and neuromodulators during specific developmental stages.
In contrast to the mammalian CNS, the retina and the
optic nerve of teleost fish grow throughout life and retain
the ability to regenerate. New ganglion cells, as well as all
other cell types, are continuously added to the existing
retina in a peripheral growth zone. Their axons grow towards the optic tectum along the already myelinated,
functional nerve fibers. The teleost visual system is therefore an excellent tool to study axonal growth and regeneration [11]. In recent years, the zebrafish visual system
has become the model system for the genetic analysis of
vertebrate CNS development and function. Zebrafish are
very fertile and develop rapidly; their embryos are transparent, and some of the genetic defects of the zebrafish
retina resemble human retinopathies [12, 13].
Kunz [pp 31–60] outlines the development and aging
of the eye of teleosts. She specifies developmental stages
of the eye in different teleost species, including zebrafish,
describes growth zones in the developing and fully differentiated teleostean retina and discusses the role of ultraviolet-sensitive cones for the protection of the retina
during early life.
Müller cells represent a unique type of glia present in
the retina. Their cell bodies lie in the middle of the inner
nuclear layer and their processes span its entire thickness,
reminiscent of radial glia, which in most other parts of
the CNS is only found during development. Müller cells
play an important role in neurotransmitter metabolism
due to their ability to take up and metabolize glutamate
and GABA. Nishikawa [pp 61–75] describes the development of this particular cell type and its involvement in
retinal degeneration and aging.
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The optic nerve as a derivative of the optic stalk is an
ideal system for studies of development and regeneration
of CNS white matter. Being only composed of axons
(from one specific source) and glia, it is devoid of neuronal cell bodies and therefore an invaluable model to study
axonal growth, glial cell lineage, gliogenesis, myelination
and regeneration in the CNS [14–21].
Using the optic nerve as a model of axonal path finding in the CNS, Hao et al. [pp 76–84] examine the importance of an axon guidance molecule, Sonic Hedgehog
(Shh), in determining the axon course in the mouse optic
chiasm. Shh, originally discovered as a protein whose
mutation created spiny backs in fruit flies, was named
after Sonic the Hedgehog, a very popular video game
hero in the 1990s. It is now known to determine neuronal
fate also during early mammalian CNS development and
to affect axon routing in the chick visual system [22]. Using the technique of embryonic brain slices, Hao et al.
demonstrated that blocking the signaling of this molecule leads to marked misrouting of axons, indicating that,
also in mammals, Shh significantly contributes to path
finding of axons crossing the midline.
The task of the vertebrate visual system is not confined
to the perception of a three-dimensional image of the surrounding environment, it also plays a central role in adjusting the internal circadian clock to the external lightdark cycle. Ocular light transmits time-of-day information to the hypothalamic suprachiasmatic nucleus, the
brain’s biological clock, which in turn suppresses melatonin production by the pineal gland. Thereby, secretion of
melatonin is adjusted to the external light-dark cycle.
Melatonin is well known as a hormone which influences
seasonal reproduction, induces sleep and potentially has
antioxidant effects [23–26].
Duncan [pp 85–101] reviews age-related changes in
the mammalian circadian timing system. Although there
is little evidence for neurodegeneration in the suprachiasmatic nucleus, the neurons of this circadian pacemaker
show numerous functional alterations with increasing
age. In addition, expression of genes relevant to the circadian clock is decreased.
The pineal gland is not the only source of melatonin.
Kvetnoy et al. [pp 102–111] review these extrapineal sites
of melatonin production and their physiological significance. Melatonin-producing cells are found in a central
and a peripheral compartment. The central compartment consists of cells associated with the visual system
and the pineal gland, whereas the peripheral compartment comprises almost all organ systems, including enterochromaffin cells of the gut. During aging, melatonin
Lorke

production decreases both in the pineal gland and in extrapineal melatonin-producing enterochromaffin cells of
the gut, and this may play a role in age-related circadian
rhythm disorders.
Melatonin biosynthesis must, at least in part, be controlled by photoreceptors other than the known rods and
cones, because light-induced melatonin suppression is
observed in humans and mice lacking these two receptors. A new photosensitive pigment chemically related to
opsin, called ‘melanopsin’, has been detected in certain
ganglion cells of the mammalian and avian retina, which
may constitute a non-image-forming photosensitive system in the mammalian eye regulating circadian timing.
In his commentary, Meyer-Rochow [pp 112–114] addresses the question of whether melanopsin also plays a
role in lower vertebrates. He has examined the eyes of an
Antarctic teleost fish, Trematomus bernacchii, by immunohistochemistry using an antibody directed against

rhodopsin and another one against a broad range of opsin
molecules, including visinin. Binding of the latter antibody is observed not only in the rhodopsin-containing
outer rods, but also in a few scattered cells in the ganglion
cell layer. Based on the presence of melanopsin in a similar location in the mammalian retina, he concludes that
melanopsin or another opsin-like photopigment may
also be involved in regulating biorhythms in these teleost
fish.
In summary, these articles give insight into the broad
range of studies dealing with the development and aging
of the vertebrate visual system, which have made it the
most thoroughly characterized part of the CNS [4]. This
research elucidates fundamental mechanisms governing
the complex cellular interactions during neurogenesis,
differentiation and regeneration of the entire vertebrate
CNS.
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Abstract
Glaucoma is a common and severe aging eye disease which
can cause permanent visual loss if untreated. One common
strategy of glaucoma treatment is to lower the intraocular
pressure (IOP) of the eye. So far, the pharmacologic reduction of IOP is the only proven intervention that can delay the
progression of glaucomatous damage. Lowering the IOP can
be achieved either by reducing the rate of aqueous humor
secretion or by facilitating the rate of aqueous drainage. The
formation of aqueous humor is driven primarily by vectorial
ion transport, mainly Cl–, across the ciliary epithelium from
ciliary stroma into the posterior chamber, resulting in the
generation of an osmotic gradient which drives water movement. Many ion transporters and channels have been shown
to participate in the process of aqueous secretion. Among
several other signaling mechanisms, the nitric oxide (NO)
signaling cascade is thought to regulate the ion transport
across the ciliary epithelium, thereby reducing the rate of
aqueous humor formation and IOP. Therefore, in this review,
the potential significance of NO in the regulation of aqueous
humor formation and IOP will be discussed.

Introduction

Vision is enormously important as it accounts for 38%
of the total sensory input to the brain [1]. Vision can be
impaired permanently by a number of conditions. Glaucoma is a severe, sight-threatening disease which is the
leading cause of irreversible blindness in the world [2].
Glaucoma is an age-related disease, being more common
in the elderly. The prevalence of glaucoma in people aged
40 and over is approximately 2% [2]. As the global population continues to age, it is estimated that the number of
glaucoma patients will be increased by 50% by year 2020
[3]. People with glaucoma often have elevated intraocular
pressure (IOP) of the eye and therefore the major current
therapy is to lower the IOP. This is usually achieved initially by drugs but if the hypotensive response is not satisfactory, surgery is then considered. This hypotensive
treatment is so far the only proven method to retard glaucomatous damage [4, 5]. However, due to the facts that
some patients may eventually develop resistance to these
drugs and these agents do have significant side effects,
more potent and selective pharmacologic agents are urgently needed.

Copyright © 2007 S. Karger AG, Basel
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Aqueous Humor Formation

The level of IOP is maintained by the dynamic balance
between the rate of secretion (inflow) and drainage (outflow) of aqueous humor. Aqueous humor is a transparent
fluid that is formed by the ciliary processes of the ciliary
body. After production, aqueous humor flows from the
posterior chamber to the anterior chamber of the eye via
the pupil. In the anterior chamber, the temperature difference between the warmer iris and the cooler cornea
results in a convectional circulation of the aqueous fluid.
Finally, aqueous humor exits the eye via one of the two
principal outflow pathways, the pressure-dependent trabecular pathway and the pressure-independent uveoscleral pathway [6, 7].
The flow of aqueous humor serves a number of important functions in the eye [6, 8]: (1) to maintain adequate
IOP for structural integrity and normal optical functioning of the eye; (2) to supply nutrients to as well as remove
metabolic wastes from the avascular structures of the anterior segment; (3) to maintain a high concentration of
ascorbate in most species, including humans (ascorbate
may have many functions including an antioxidative role
to combat oxidative challenges), and (4) to participate in
cellular and humoral immune responses under adverse
conditions, such as inflammation and infection. The secretion of aqueous humor demonstrates a circadian
rhythm with the highest production rate in the morning
right after awakening and lowest during sleeping [9]. On
average, the rate of aqueous humor secretion ranges from
2.5 to 3.0 l  min–1. Since the total volume of the aqueous
chamber is about 300 l, the entire volume of aqueous
humor is recycled in every 100 min [7].

Regulation of Aqueous Humor Formation

The driving force of aqueous humor secretion is primarily derived from the energy-dependent ion transport
(e.g. Cl– secretion) across the ciliary epithelium, thus creating an osmotic gradient to move water by osmosis. The
transepithelial ion secretion proceeds in at least three
major steps: ion uptake from the ciliary stroma into the
pigmented ciliary epithelium (PE); ion diffusion from PE
to non-pigmented ciliary epithelium (NPE), and finally
ion efflux from NPE into the posterior chamber [10–16].
The rate of aqueous humor formation has been shown to
be modulated by a number of well-known secondary
messenger systems including cAMP and cyclic guanosine 3,5-monophosphate (cGMP) pathways [17–22].
Regulation of Aqueous Humor
Formation by NO

Their effects are largely mediated by modulating the activities of ion transporters and channels in both PE and
NPE in order to control the rate of ion secretion into the
aqueous humor. Recently, attention has been given to the
nitric oxide (NO) pathway. NO is a signaling molecule
which has multiple physiological significances in relation
to its protective, regulatory and deleterious functions
[23]. In the biological system, NO is produced by the conversion of L-arginine into L-citrulline by NO synthase
(NOS) [24]. There are three NOS isoforms [25]:
1 NOS I, previously called neuronal NOS (nNOS) – a
low output NOS regulated by Ca2+ and calmodulin;
2 NOS II, previously called inducible NOS (iNOS) – a
high output NOS and is Ca2+/calmodulin independent, and
3 NOS III, previously called endothelial NOS (eNOS) –
also a low output NOS regulated by Ca2+ and calmodulin.
NO is known to regulate several physiological functions. It is found to be the most powerful vasodilator. In
addition, it is a free radical and capable of inflicting oxidative damage. NO plays important regulatory roles in
various physiological functions, ranging from altering
the cardiovascular system to modulating neuronal function [24, 26, 27]. The direct effect of NO is by binding to
the ‘heme complexes’ in molecules such as guanylate cyclase (GC), cytochrome P450, NOS, and hemoglobin [28].
The most notable heme protein that forms an iron-nitric
oxide adduct in vivo is the soluble GC (sGC) [29]. When
NO binds to sGC, it changes the protein configuration
and activates the sGC. The activated sGC can facilitate
the conversion of guanosine triphosphate to cGMP [28].
The NO-sGC-cGMP signal transduction pathway is a
major NO signaling pathway [30]. The cGMP produced
by the activation of sGC is an important second messenger that acts on three main classes of effector proteins
[31]: cGMP-dependent protein kinase, cGMP-gated ion
channels, and cGMP-regulated phosphodiesterase. The
biological effects of cGMP are terminated when it is broken down by the phosphodiesterase.
NO has been suggested to modulate several physiological functions in the eye including retinal phototransduction [32], ocular immune responses [33], vascular tone
[34] and aqueous humor dynamics [35]. Because of its
potential pharmacological significance in glaucoma therapy, the effect of NO on IOP has been extensively studied.
However, the result of these studies has not been conclusive because of the multiple actions of NO on both inflow
and outflow pathways [33]. NO donors have been demonstrated to reduce IOP in normal and glaucomatous aniNeuroembryol Aging 2006–07;4:8–12
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mals [36–38] and in humans [39], and the hypotensive
effect is largely explained by the effects on vasodilation
and/or relaxation of smooth muscle, such as the modulation of ocular blood flow [40], trabecular meshwork and
ciliary muscle relaxation [41], and aqueous humor outflow [37]. However, conflicting data have been reported
that NO may not contribute to ocular hypotension in humans [42].
Recent demonstration of NOS activities in pig [43] and
bovine [44] ciliary processes, and the localization of NOS
in pig ciliary epithelium [45] added support to the involvement of NO in regulating the aqueous humor formation. In an in vitro arterially perfused bovine eye
study, a nitrovasodilator, sodium azide, was shown to
lower IOP by acting on the ciliary epithelium directly but
not by relaxing the vascular smooth muscles [46]. Consistent with this finding, it has been shown that L-arginine, a precursor of NO, produces a parallel reduction in
aqueous humor formation and IOP in an arterially perfused porcine eye. The inhibition is blocked by NG-nitroL-arginine methyl ester (L-NAME), an NOS inhibitor
[20]. Similarly, 8-pCPT-cGMP as well as sodium azide
and sodium nitroprusside elicit a significant inhibition of
aqueous humor formation and IOP. The inhibitory effects elicited by sodium azide and sodium nitroprusside
can be blocked by 1H-[1,2,4]Oxadiazolo[4,3-alquinoxalin-1-one (ODQ), an sGC inhibitor [20]. These findings
strongly suggest the inhibitory action of NO on aqueous
humor formation and thereby IOP. In excised ciliary epithelium, NO donors such as sodium nitroprusside produce both the inhibition of short-circuit current (Isc) and
net transepithelial Cl– secretion across the native porcine
ciliary epithelium, supporting the functional significance of NO in mediating Cl– secretion into the posterior
chamber [47]. Unlike the results of whole eye studies [20],
8-pCPT-cGMP produces a paradoxical stimulation of
both Isc and net Cl– flux in porcine ciliary epithelium
[47]. This finding is consistent with another independent
study using the same tissue where the activation of the
NO-sGC-cGMP pathway stimulates a transmembrane
anionic current which is inhibited by Cl– channel blockers [48]. In parallel with this finding, activation of the
sGC-cGMP-PKG pathway causes a transient stimulation
of the Isc [49]. The exact reason for the discrepancy is not
apparent because of the complexity of the system. It might
suggest that NO has at least two opposing effects on Cl–
secretion. It possibly stimulates the Cl– transport through
cGMP-dependent pathways and inhibits Cl– secretion
through cGMP-independent pathways simultaneously.
Another possibility is that in the pig, aqueous humor for10
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mation is not only driven by Cl– secretion, but also by
other anionic players such as HCO3–. For example, depletion of HCO3– from the bathing solution abolished the Isc
in porcine ciliary epithelium [47]. In addition, recent
findings showed that the removal of HCO3– from the stromal bath significantly reduced the fluid transport into
the aqueous humor by half [50]. In that case, NO might
have exerted different effects on both electrogenic Cl–
and HCO3– transport. The effect of NO on HCO3– transport is yet to be determined and the exact mechanism by
which NO modulates the rate of aqueous humor formation and thereby IOP is unknown.
Given the fact that NO alters the rate of Cl–, and possibly HCO3– secretion into the posterior chamber, it is reasonable to speculate that the activities of certain ion
transporters and channels in both PE and NPE cells
might be modulated by NO, hence affecting the inflow
rate. As found in studies of bovine ciliary epithelium, the
quantities and distribution of the Na+-K+-2Cl–, a major
player responsible for secreting Cl– across the ciliary epithelium, might change with the age of the animal [10, 51],
suggesting that the potential importance of NO in the
regulation of aqueous humor formation might vary with
age as well. Further studies are required to investigate the
effect of NO on the activities of respective ion transporters and also the effect of aging on the distribution of ion
transporters.

Conclusion

Although pharmacological treatment of glaucoma has
been generally effective, the precise action of these agents
on the regulation of aqueous humor formation is still
largely unknown. It renders the modification of these
agents so as to achieve better efficacy very difficult. The
modulation of aqueous humor secretion by NO may represent a potential target for lowering IOP. Indeed, understanding of the pathophysiology of aqueous humor formation not only provides scientific information of how
aqueous humor is secreted and regulated but also helps
to devise a better treatment for glaucoma and save the vision of millions of people worldwide.
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Abstract
Background: The trabecular meshwork (TM) is a specialized
tissue which is crucial to maintain ocular health (e.g. intraocular pressure) and to sustain optical clarity. Since collagen
and elastic fibers are the primary structural components of
the tissue, the characterization of these fibers in the fetal eye
would advance our understanding of the basic morphology
and further congenital studies related to the TM. Aims: To
reveal the early development of the human fetal TM. Results: The results showed the presence of circular (radial)
and longitudinal collagen fibers as well as trabecular cells in
the TM by 12 weeks of gestation. By 26 weeks, the venous
system connected with Schlemm’s canal and thin elastic fibers began to form. At birth, longitudinal collagen fibers
linked with each other to form long strands. There was also
evidence of an increase in circular (or radial) collagen fibers
in the TM. Conclusion: The present study characterized the
developmental and morphological changes in the genesis
of the fetal TM in terms of growth in collagen and elastic fibers. The elastic fibers were found to exist in small quantity
at birth, and, thus, any increase in these fibers to maturity is
likely to occur after birth.
Copyright © 2007 S. Karger AG, Basel
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Introduction

The trabecular meshwork (TM) is a specialized tissue
located at the anterior angle of the eye. It is composed of
connective tissues (mainly collagen and elastic fibers)
covered with trabecular cells. Together with Schlemm’s
canal (SC) and aqueous veins, it forms the major outflow/
drainage pathway for aqueous humor [1]. Since a normal
intraocular pressure is crucial to maintain ocular health
and to sustain optical clarity, blockage of the TM may
cause severe pathological changes such as glaucoma.
Interest in the development of the TM has been immense since the study of Reme and d’Epinay [2] in 1981.
They documented the trabecular anlage formation already at 15 weeks of gestation (WG) [2]. By the 24th week,
differentiation of the definitive structure, e.g. trabecular
beams, was clearly observed and specialization was continued until 28 weeks [2]. At a similar gestational stage,
SC was found to have first delineation [3], and the maturing meshwork is lined by uveal trabecular endothelial
cells [4]. Such lining was perforated with discrete intercellular gaps. The gaps continue to increase in size and
density until 18–30 WG. They also provided a communication pathway between the fetal anterior chamber and
the widening intertrabecular TM space [5]. The outer
collectors that parallel the SC, however, were not evident
until 33 weeks [3]. On the other hand, interconnection
between SC and outer collectors was visible at 36 WG via
intercanal links, with evidence of the intrascleral plexus
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at the growing stage [3]. Further molding and maturation
of the anterior angle were attained at 1–8 years of age [2].
During the last trimester of gestation, a posterior migration of the ciliary body was seen. It was due to the differential growth of the corneoscleral layer, the ciliary ectoderm and the mesoderm in between [6]. Throughout the
fetal development, no remarkable cleavage, atrophy [2] or
cell death could be identified in the human TM [7].
In order to fulfill its physiological function, the TM
thickens by inscribing more intertrabecular space during
development. This space is part of the aqueous drainage
pathway which belongs to the uveal outflow system. The
progressive changes were observed and accompanied
with a decrease in cellularity with no changes in trabeculae (both in terms of thickness and number) until 20 fetal
weeks [8]. However, another study by McMenamin [7]
revealed a 2- to 3-fold increase in the absolute number of
cells per eye with the employment of stereological analysis. Considering the absolute volume, the extracellular
matrix increased most significantly from 12–22 WG,
while the increase in intertrabecular spaces was more
variable. Another study on cat eyes also showed a 150fold increase in the volume of TM from birth to adulthood [9]. Towards maturation, the intertrabecular spaces
also increased 24-fold, and there were 14-fold-elevated
trabecular cell numbers, too [9]. Besides, elastic fibers
also play an important role in the TM as it is the major
component of the trabecular beams, which were responsible for elastic properties of the tissue [10]. Elastin was
found to be present, which was thought to play a crucial
role in the resistance of aqueous humor outflow [11].
In congenital glaucoma, trabecular beams are thicker
than in normal subjects. Such a thickening is thought to
hinder the normal migration of ciliary body and iris root,
which results in the obstruction of aqueous humor drainage and leads to an increase in intraocular pressure [6].
Other researchers also found thickened subcanalicular
tissues (composed of elastin or fibronectin fibrils) beneath the inner wall of SC in glaucomatous patients [11,
12]. Such a thickened membrane was proposed to be an
immature stage of the TM, which was believed to lead to
glaucoma development [13]. Besides, patients with congenital glaucoma also demonstrate primary anomalies,
including a developmental defect in TM, persistent mesenchymal tissues in the anterior angle and excessive collagen fibrils in the trabecular matrix [14].
In this study, we evaluated and revisited the development of the TM in order to analyze (1) the incorporation
of elastic and collagen fibers; (2) the appearance of TM
cells, and (3) the perforation of endothelial cells together
14
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with SC formation. This information would increase our
understanding of the development of the human TM
during gestation.

Materials and Methods
Human fetuses were obtained after death with the consent of
both the parents and the Kunming Hospital, China. The gestational age and numbers (in parentheses) of enucleated eyes adopted for the experiment were as follows: 12 weeks (1), 15 weeks
(2), 20 weeks (1), 23 weeks (1), 26 weeks (1), 28 weeks (1), 30 weeks
(1), 34 weeks (1), and a stillborn at 40 weeks (1). All of the eyes
were fixed in 10% buffered formalin and dehydrated in graded
alcohol series. They were cleared by immersion in xylene and finally embedded in paraffin. Sections (6 m) were obtained and
stained with Weigert’s resorcin-fuchsin, a progressive staining
technique for various fibers [15]. The elastic fibers would appear
bluish-black, while the collagen fibers would be in pink after the
staining. Finally, samples were observed and documented with a
Nikon photomicroscope.

Results

As shown in figure 1, TM was already present at 12
WG, mainly at the region where the ciliary muscle and
the scleral spur met (fig. 1). At the anterior pole, where
one marked the corneal endothelium, a small condensation of collagen fibers was noted, which would likely become Schwalbe’s line at a later stage (fig. 2). On the other
hand, the peripheral corneal endothelium appeared to
detach from each other with gaps present intercellularly.
At this stage, the major components of TM were collagen
fibers, which existed mainly in two forms. The lightly
stained collagen fibers were radial or circular, whilst the
large fibers were short and longitudinally arranged
(fig. 3). Gaps were found between the collagen fibers in
the angular region as well as between the base of ciliary
processes and the corneoscleral junction (fig. 3). As seen
in figure 4, the whole TM was generally compact with
little space. A flattened SC lined by endothelium could be
marked, along with sclerotic vessels externally (fig. 4).
Elongated and spindle-like trabecular cells, being similar
to fibrocytes morphologically, were seen in the early gestational period (fig. 4).
By 26 WG, the collagen fibers increased in Schwalbe’s
lines (fig. 5). Both types of collagen fibers became prominent and formed stacks at the anterior and posterior TM
with blood cells scattered in between (fig. 5, 6). These fibers originated mainly from the scleral spur region. Besides, thin elastic fibers penetrated the posterior region of
Chan /Li /Pang /Lam /Yew

Fig. 1. TM at 12 WG (arrow) near to scleral spur (S) and ciliary
muscles (M). !200.

Fig. 2. Condensation of collagen fibers (arrow) adjacent to the
posterior epithelium of cornea forming Schwalbe’s region at 12
WG. !400.

Fig. 3. In the TM, deposits of longitudinal collagen fibers (solid

Fig. 4. Presence of SC (solid arrow) and trabecular cells (dotted

arrows) and radial collagen fibers (dotted arrows) began to appear
at 12 WG. !400.

arrow) and scleral vein (S) at 12 WG. !200.

Trabecular Meshwork in the Human
Fetal Eye
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Fig. 5. Thickening of collagen fibers (arrow) at Schwalbe’s region

Fig. 6. Presence of short longitudinal collagen fibers (solid arrow)

at 26 WG. !400.

and radial collagen fibers (dotted arrows) at 26 WG. !400.

Fig. 7. Penetration of elastic fibers (arrows) in the posterior part
of the TM by 26 WG. !400.

Fig. 8. Longitudinal short elastic fibers (arrows) now appear in
the anterior areas of the meshwork at 26 WG. !400.

the TM (fig. 7) and thin longitudinal elastic fibers began
to appear randomly towards the anterior TM region
(fig. 8). They were mostly short elastic fibers which followed the beams of the collagen fibers. Moreover, a mem-

branous layer was found to cover the anterior angle, and
gaps were present intercellularly (fig. 9). A definitive
channel was formed and connected to both the aqueous
veins and the SC (fig. 10).
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Fig. 9. Gaps (arrow) were evident in the surface of the TM guard-

Fig. 10. At 26 WG, the SC can be seen linking with the scleral vein

ing the angle at 26 WG. !200.

(arrow). !200.

Fig. 11. At 34 WG, some longitudinal collagen fibers were still

Fig. 12. At birth, the longitudinal collagen fibers linked together

short and not continuous (arrow). !400.

to form strands (solid arrow) where one could also see an increase
in radial (circular) collagen fibers (dotted arrow). !400.

Trabecular Meshwork in the Human
Fetal Eye
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By the 34th week, short longitudinal collagen fibers
were still active in forming layers (fig. 11). At 40 WG, long
strands of collagen fibers were formed by stacking their
short, longitudinal members together. Such a modification began at the region adjacent to the anterior angle
(fig. 12) and the quantity of circular collagen fibers also
increased (fig. 12). At this stage, the whole TM expanded
further with more spacious pores inside the tissue layer.

Discussion

The present study agreed with the findings of Reme
and d’Epinay [2] that the initial development of the TM
is at 12–15 WG. Intercellular gaps were present in the posterior corneal endothelium at 12 WG, similar to a report
by McMenamin [4]. The repositioning of the ciliary processes due to differential growth of the neuroepithelium
and the corneoscleral mesoderm is noteworthy in all vertebrates including humans, calves and chicks [16]. The
present study further showed that SC and the nearby sclerotic vessels were present at an earlier period (i.e. 12 WG)
compared to that reported (i.e. 24 WG) by Ramirez et al.
[3]. At a later period of gestation, SC even connected with
the aqueous vein, which clearly revealed the initial basic
framework as an aqueous outflow system.
Collagen fibers play a very crucial role in the development of TM. It is the most dominant type of connective
tissue in the TM during gestation, forming actively since
12 WG. These connective tissues formed the basic frame-

work and anchoring system of the TM [17, 18]. Elastic
fibers, however, were less prominent during this period.
They present as a thin connective structure until birth.
Nevertheless, they are the prime connective components
which offer resistance to aqueous flow and give the TM
its elasticity at a later stage [10]. Since 26 weeks of the developmental stage, increase in cellular components
(mainly collagen fibers) became very obvious. The increase in both the cellular content and intertrabecular
space resulted in TM thickening, in agreement with McMenamin’s [7] study, but in contrast to another study,
which suggested the thickening of TM was purely due to
widening of the intertrabecular space [8].
In conclusion, the development of the human TM can
be summarized in different stages: (1) the early presence
of trabecular cells and collagen components; (2) the presence of SC along with sclerotic vessels; (3) an increase in
collagen fibers and initial formation of radial or circular
elastic fibers; (4) SC connected to the aqueous vein;
(5) long strands of collagen fibers formed by stacking
short fibers, and finally (6) the invasion of circular collagen fibers into the external layer and expansion of the
intertrabecular space, resulting in increased TM thickness.
In the present study, we presented a detailed description of the development of the human TM, emphasizing
the changes in collagen and elastic fibers. This information advances our understanding of the basic morphology of the human TM and will benefit future pathological
and congenital studies related to TM.
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Abstract
The human retina, a derivative of the diencephalon, differentiates into its components in sequential patterns following a spatiotemporal order. The neuronal differentiation in
the fovea and central retina begins earlier than that occurring elsewhere, completes by midgestation (19–21 weeks)
and continues in the periphery until 30 weeks of gestation.
By birth, all retinal layers and neurons are mature over its entire extent, except at the fovea, where photoreceptor differentiation (outer segments) continues up to 5 months postnatally. During differentiation, the neurons express an array
of marker molecules, such as amino acid neurotransmitters,
neuropeptides, calcium-binding proteins, nitric oxide and
proteins of phototransduction pathways. Although their
precise involvement in retinal development is unclear, their
patterns of expression indicate that many of them may be
necessary for neuronal differentiation. In order to gain
knowledge on this issue, future studies utilizing embryonic
human retinal culture and transplantation of the tissue into
suitable hosts and characterization of the role of neurochemicals involved in retinal development appears to be
worthwhile. This approach may highlight novel information
about the specific neurochemical requirements for the adult
retina in normal and pathological states.
Copyright © 2007 S. Karger AG, Basel
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Introduction

The retina develops as an outgrowth of the diencephalon during early embryonic life. Its neurons originate
from two progenitor cell layers, the outer and inner neuroblastic zones, of the embryonic neural retina from 6
weeks of gestation (WG). Cell proliferation is initially
rapid in the inner neuroblastic zone, and then the waves
spread to the outer neuroblastic zone. The human retina
is characterized by the possession of a specialized anatomical region (about 500 m in diameter), called the
fovea, where the density of the cones and neurons of the
inner retinal layers is exceedingly higher than elsewhere
in the retina. Studies have indicated that the onset of differentiation of most neurons starts in the incipient fovea
and than progresses outside the fovea. In vitro studies
with embryonic animal retinas indicate that the generation of various retinal neurons is under the control of
various neuroactive substances. Subsequently, there have
been initiatives to study the development of various
markers of neurons and their maturation. Characterization of properties of the markers reveals that many of
them are apparently involved in cellular proliferation and
differentiation at various stages of development to shape
the future retina. Therefore, knowledge of the role of various molecules in retinal neurogenesis would be of help
to understand the mechanism of normal retinal development. The present review aims to collate the current state
of knowledge of the various molecular markers and their
spatiotemporal expressions during development and differentiation of the human neural retina.
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Components of the Adult Human Retina

The adult human neural retina consists of three main
types of cells, viz photoreceptors, interneurons and ganglion cells (GCs), arranged in three major layers, outer
nuclear layer (ONL), inner nuclear layer (INL) and ganglion cell layer (GCL), respectively (fig. 1). Photoreceptors synapse in the outer plexiform layer (OPL), while the
interneurons synapse in OPL and inner plexiform layer
(IPL). The principal outflow GC axons form the nerve
fiber layer to exit the optic nerve at the optic papilla. In
addition to these cell types, specialized radial glia, known
as Müller cells, are interspersed amongst the cells, spanning the entire depth of the retina from the inner to the
outer limiting membrane. These limiting membranes
provide structural support to the retina.

Formation of Retinal Layers and Neurons

O’Rahilly [1] reviewed the early development of the
human eye during the embryonic period and showed the
appearance of the retinal disk at 28 days of gestation. At
6 WG, the retina begins to differentiate through the formation of its inner neuroblastic zone and GCs. Also, at
this period, the axons of GCs enter the optic nerve [2].
Müller cells appear at 7–8 WG and with GCs they coexist
in the inner neuroblastic zone [1–3]. Rhodes [3] described
the formation of the layer of Chievitz at 8 WG due to inward migration of GCs and Müller cells. At 9 WG, the
outer neuroblastic zone appears and is separated from the
inner neuroblastic zone by the layer of Chievitz. The latter becomes the definitive IPL, as seen in the retina at 11
WG (fig. 2a). Meanwhile, the GCL has been formed from
the inner neuroblastic zone, while cell proliferation continues in the outer neuroblastic zone. Firm data on the
generation of the various neurons in the human retina are
not yet available. Tritiated thymidine labeling in monkeys shows that horizontal cells are generated after GCs
and just before cones, and that bipolar cells are born late
with rods and Müller cells [4]. In the human retina, probably the horizontal cells are born in the incipient fovea at
7–8 WG. Before 10 WG, the outer neuroblastic zone consists of a homogeneous population of undifferentiated
neuroblasts. Ki-67 immunolabeling indicates that the
central retina appears more mature than the peripheral
retina before 9 WG [5]. At around 11 WG, the INL begins
to differentiate by the formation of amacrine cells from
the innermost row of the outer neuroblastic zone [3]. Bipolar cells arise from this layer at a late gestational period
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Fig. 1. Photomicrograph of the adult human retina at the macula.
The different retinal layers are indicated. PL = Photoreceptor layer; RPE = retinal pigment epithelium. Scale bar: 50 m.

(15–16 weeks). The photoreceptors differentiate from the
outer rows of this zone, cones appear first at 10 WG and
rods appear by 12 WG [3, 6, 7]. The OPL begins to differentiate in the central retina by 11–12 WG. By 16 WG, this
layer becomes prominent in the central (fig. 2b) to midperipheral part of fetal retina. Except for the narrow peripheral zone, the differentiation of most retinal neurons
is attained by midgestation (20–21 WG; fig. 2c), which
proceeds in a central to peripheral direction. Also, connections to visual centers via retinal GC axons are partially formed at this time point [8, 9].
Using antigenic markers, immunohistochemical studies addressed the issue of specific cell types present in
early neuroblastic layers. Walcott and Provis [10] used
markers to identify progenitor cells and Müller cells in
the human fetal retina. They found nestin (an intermediate filament protein expressed in neural progenitor cells)
expression to colocalize with vimentin (a marker of Müller cells) in cells over extensive regions of human fetal
retina. Nestin and vimentin each colocalized with Ki-67positive proliferating cells. These interesting findings led
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