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Retinal ganglion cells: dying to survive
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Introduction

Developmental tissue homeostasis relies on the exquisite
balance between cell death and proliferation. Central to such
maturation in the central nervous systems is apoptosis. This
unique form of programmed cell death (PCD) is implicated not
only in several pathologies of the mature retina, butalso maintains
a fundamental role in the sculpture of this organ at both the
embryonic and post-natal stages. The vertebrate retina develops
from a single layer of undifferentiated neuroepithelial cells into a
multilayered structure of terminally differentiated neurons. These
retinal neurons, including the retinal ganglion cell (RGC) popula-
tion, produced in excess during neurogenesis, are then partially
eliminated by a series of apoptotic waves, before finally achieving
a mature, post developmental state.

Thedevelopmentoftheretinal ganglion cell population

Mature retinal ganglion cells

Adult RGCs are a heterogeneous, finite population of post
mitotic neurons in the retina of the vertebrate eye (Fig. 1). Though
mainly located within the innermost nucleated layer of the mature
retina, the somata of some RGCs are displaced from this ganglion

celllayer (GCL) to the inner plexiform layer (Buhl and Dann, 1988)
(Fig. 2). Conversely, up to 50% of the cells within the GCL of the
rat may be amacrine cells (Bunt and Lund, 1974, Perry, 1981).
As the only output neurons of the retina, RGCs possess the
unique ability to process and projectinformation from the retina to
visual centres such as the superior collicullis (SC), pretectal
nuclei and the lateral geniculate nucleus (Fig. 3). These retinal
projections manage to precisely map the distinct topography of
the retina to the visual centres. Over 90% of rat RGCs project to
the contralateral SC, with 30% sending collaterals to the lateral
geniculate nucleus in the thalamus (Dreher et al., 1985). Sensory
information is conveyed along the unmyelinated RGC axons to
the optic nerve head, whereupon the converging axons become
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encased in oligodendrocyte derived myelin sheaths to form the
optic nerve (ON). Counting ON axons in a transverse section has
provided accurate estimates of retinal ganglion cell numbers in
various species. Approximating only 1 % of total cells within the
mouse retina, RGC totals have varied from 32,000 to 87,000
among diverse strains of this species (Williams et al., 1996).
RGCs in the adult rat have been estimated to total approximately
96,200-118,300 (Forrester and Peters, 1967, Danias etal., 2002).

Neurogenesis

RGC development may be divided into overlapping stages of
specification, migration and differentiation. Originating from
multipotent heterogeneous progenitor cells, RGCs are the first
retinal neurons to be produced during vertebral retinogenesis
(Young et al., 1985a). These neurons originate between embry-
onic day 13 (E13) and E19 in the rat, E11 to postnatal day 0 (PO)
in the mouse and between E2 and E6 in the chick (Dallimore et al.,
2002, Isenmann et al., 2003, Prada et al., 1991). Itis believed that
the decision of a pluripotent progenitor retinal cell to specifically
become an RGC is taken postmitotically (Mu and Klein, 2004).
The intrinsic gene expression within such a progenitor cell is
suggested to be central to this crucial decision to evolve into a
particular cell type (Cepko et al., 1996). Genes such as pax 6,
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Fig. 1. Anatomy of the vertebrate eye. The retina, lining the inner
aspect of the eye, extends posteriorly to the optic nerve. Axons from the
retinal ganglion cells converge at the optic disc, where they fuse to
become the optic nerve. This nerve emerges from the posterior ocular
surface and exits the orbit through the optic foramen.

math 5, sonic hedgehog (shh) and notch play a regulatory role in
RGC specification. In particular, math 5 plays a significant posi-
tive role in mouse RGC development and activity of this gene in
retinal precursor cells appears to promote RGC specification
(Brown et al., 2001, Wang et al., 2001). Shh is one of the earliest
factors promoting a RGC phenotype and also appears to regulate
expression of pax 6. This latter gene plays a central role in eye
development, as illustrated by a mouse conditional knockout of
pax 6 which results in inhibition of RGC specification during
development, allowing only amacrine cells to specify in the retina
(Marquardt et al., 2001). In contrast, notch maintains a negative
influence on RGC production (Austin et al., 1995).

Once specified, newly postmitotic RGCs migrate to the mar-
ginal zone of the primitive retina to form the inner neuroblastic
layer (NBL). While in the process of migration, RGCs may

commence terminal differentiation under the influence of genes
suchas brn3b(Gan etal., 1999). RGCs extend their axons into the
ON before commencement of dendritic formation (Maslim et al.,
1986). Amacrine cells are then the first neighbouring cells to
which RGCs seek to extend dendritic arbors, closely followed by
connections to bipolar and horizontal neurons (Sernagor et al.,
2001). Dendritic arbors then complete their development in a
centroperipheral direction (Sernagor et al., 2001). The retinal
axons of the first born RGCs initially innervate the superior
colliculusintheratat E16/16.5, whilst the connection of later born
cells can occur up to P4 or P5 (Lund and Bunt 1976, Dallimore et
al., 2002). Dallimore et al. also report that axons from the earliest
born RGCs reach the fetal superior colliculus within 3 days of their
birth, whereas axons born from E19 RGCs cantake up to 8-9 days
to reach their central targets (Dallimore et al.,, 2002). Another
study reports that RGCs generated by E16 have connected to the
superior colliculus by birth, whilst RGCs emerging around birth
take until P5 (Isenmann et al., 2003).

Developmental death

First to be born in species such as the rat, RGCs are also the
first neurons within the retina to die. There exists two distinct
periods of developmental cell death, comprising an early phase
coinciding with the onset of neuronal birth, differentiation and
migration (E5to E7 in chickand E15-E17 in the mouse) and a later
phase involving physiological cell death which coincides with
target innervation (Frade et al., 1997, Perry and Cowey, 1982,
Perry et al., 1983). This second phase of death may simply be a
“fine tuning” of cell death, ensuring that only target innervated
cells survive (Galli-Resta and Ensini, 1996).

RGC degeneration in the mouse is evident up to P11, but
peaks between P2-P5 (Young et al., 1984). Counts of ON axons
have estimated that 50% of newly generated rats RGCs die within
the first week, soon after reaching their target superior colliculus
and lateral geniculate nucleus (Perry et al., 1993). This, however,
may be a significant underestimation of the total number of RGCs
eliminated, as migration of newly generated RGCs to their layer
takes place over several days and many undergo apoptosis prior
to complete migration of the entire population. By analysing the
elimination of RGCs with distinct embryonic birth dates, it has
been approximated that up to one million RGCs undergo develop-
mental cell death, thus up to 90% of RGCs have undergone PCD
during RGC development (Galli-Resta and Ensini 1996). This
report also noted the existence of a temporal relationship be-
tween neurogenesis and death of individual neurons. This “cell
death clock” indicates that developmental death of rat RGCs
occurs within 5 days of their genesis, independent of their time of
birth. It also contends that newly generated cells take at least
three days to migrate to the GCL and remain there no longer than
2 days before they die. However these findings have been
contradicted in the mouse retina, where it was noted that cells in
the GCL were actually spared in the immediate aftermath of their
birth (Farah and Easter, 2005).

Neurotrophic factors
Expressed both in the retina and the primary visual centres,

neurotrophic factors can regulate survival, differentiation and
regeneration of neurons through their autocrine, endocrine and



paracrine properties (Herzog and von Bartheld, 1998). 0
In an effort to survive during development, RGCs
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(if)

actually compete for these polypeptide factors sup-
plied by target structures such as the superior colliculus.
If an RGC axonal projection fails to accurately inner-
vate its intended target, it is eliminated due to depriva-
tion of trophic factors necessary for survival. However,
it also appears that neurotrophic factors may be de-
rived locally from surrounding cells (Herzog and von
Barthold 1998). Indeed, RGCs themselves may
synthesise neurotrophic factors and it has been dem-
onstrated that rat RGCs may be influenced by local
intraretinal neurotrophic release (von Bartheld et al.,
1996, Spalding et al., 2005, Wang et al., 2002). Neu-
rotrophic factors implicated in developmental apopto-
sisinclude the neurotrophin family comprising 6 related
factors; Brain Derived Neurotrophic Factors (BDNF),
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Nerve Growth Factor (NGF), Neurotrophin-3,
Neurotrophin—4/5, NeuroTrophin-6 and NeuroTrophin-
7. These trophins may bind to two families of trans-
membrane receptors, including the TRK receptors within
the tyrosine kinase family for which they have a strong
affinity and the extracellular domain of the p75
neurotrophin receptor (Kaplan and Miller, 2000). These
families of receptors may then directly interact with
each other, allowing for further crosstalk between these
pathways (Bibel and Barde, 2000).

Fig. 2. (i) Schematic of the adult rat retina at P60, with (ii) corresponding
Hoechst stained nuclei of the adult rat retina at P60. Three of the layers within the
rat adult rat retina contain cell bodies, including the ganglion cell layer (GCL), which
is the innermost nucleated layer of the retina. Though mostly containing retinal
ganglion cells (RGCs), up to 50 % of the cells within the rat GCL may be amacrine cells.
Conversely, the somata of some RGCs are displaced from the GCL to the inner

plexiform layer. RGCs form synaptic connections with neighbouring bipolar and

Role in early programmed cell death

Early PCD appears to be strongly influenced by
neurotrophins such as NGF and BDNF, amongst oth-
ers. RGCs not only exhibit BDNF receptors (Garner et al., 1996)
but also possess BDNF protein and RNA at E4 (Frade and Barde,
1999). It has been further documented that the exogenous appli-
cation of BDNF to chick embryos in ovo reduces early PCD of
RGCs at E6 and increases the axonal population at E9 (Frade et
al., 1997, Frade et al., 1996). It was noted that BDNF did not
actually increase RGC production at E6 per se, but did increase
the number of cells arriving at the vitreal surface, thus appearing
to rescue migrating RGCs from death. Furthermore, they ob-
served that the GCL cell population was increased by 90% at E9,
with a 60% increase in optic nerve axon number. However, this
reduction in RGC death subsequent to BDNF application may
simply be a temporary stay on execution, as it has shown that
BDNF null mice have normal numbers of RGCs at birth (Cellerino
and Kohler, 1997).

Contrary to the documented pro survival effects of NGF in other
neuronal developmental paradigms, accurate axonal innervation
may trigger NGF to stimulate early RGC death. Citing the oppos-
ing capabilities of this neurotrophin within differing systems, it has
been suggested that neurotrophins might perhaps be more ap-
propriately termed “neuromodulators” (Yuan and Yanker, 2000).
NGF can directly activate RGC death by binding to p75 and
activating a complex intracellular pathway involving ceramide
production (Frade and Barde, 1997, Carter and Lewin, 1997).
Further evidence indicating NGF involvement includes the use of
anti NGF and anti-p75NTR antibodies to inhibit RGC death at E6
in the chick retina (Frade and Barde, 1999, Frade ef al., 1996).
Furthermore, early PCD is inhibited in NGF”-mice and in p75NTR"

amacrine cells. Axonal projections from RGCs, constituting the Nerve Fibre Layer
(NFL), travel to the optic disc where they converge to form the optic nerve.

- mouse embryos (Frade et al., 1996, Frade and Barde, 1999).
NT3 may also have arole in RCG protection during development.
Anti-NT3 antibodies have been shown to reduce RGC population
significantly by E6 in the chick retina and only 35% are present at
E16 (Bovolenta et al., 1996).

Role in late programmed cell death

The role of BDNF at the latter stage of PCD remains conten-
tious. Early embroyonic RGCs can survive without BDNF but they
become dependent on BDNF in vitro at E11, the same time they
would become dependent on target derived trophic support in vivo
(Rodriguez-Tebar et al., 1989). Studies have revealed that BDNF
supports the survival of developing E17 rat RGCs in vitro for at
least 4 days, thus showing that RGCs isolated during the period
of target innervation are responsive to BDNF (Johnson et al.,
1986). Exogenous administration of BDNF into the superior
colliculus of newborn hamsters at P3 does reduce the number of
apoptotic RGCs by 13-15 fold after 20 hours (Ma et al., 1998).
Furthermore, BDNF increased the survival of P2 RGCs over a 48
hour period (Kashiwagi et al., 2000). It has been suggested that
the survival requirements of developing RGCs alter at the time of
innervation (Ma et al., 1998). In this study, the short term in vitro
survival of E18 rat RGCs treated with BDNF alone totalled only
about 20%, whereas almost 80% of these RGCs survived when
tectal conditioned medium was added. This would indicate the
importance of other tectal factors in RGC survival in addition to
neurotrophin support. Interestingly however, no responsiveness
to trophic factors was witnessed unless intracellular cAMP was
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Fig. 3. Retinotectal projections of retinal ganglion cells (RGCs) in the
vertebrate. RGCs process and project information from the retina along
the optic nerve and optic tract to visual centres such as the superior
collicullis, with 30% of RGCs in the rat sending collaterals to the lateral
geniculate nucleus. These retinal projections map the distinct topogra-
phy of the retina to the visual centres.

elevated.

To complicate matters further, BDNF”- mice have normal
numbers of RGCs at birth (Cellerino and Kohler, 1997). One
possible explanation for this phenomenon is that the protective
effect of BDNF is merely transient. The fact that exogenous
administration of BDNF to chick embroyos during the period of
developmental RGC death did not reduce PCD further supports
this theory (Drum et al., 1996). Thus the role of neurotrophic
factors at the later stage of PCD is far from transparent and it is
unclear whether neurotrophic factors are crucial to RGC survival
at all during this latter period of RGC death (Bahr, 2000). Findings
indicating the positive survival effects of multiple factors on RGCs
indicate a highly complex relationship between neurotrophic
factors governing such development. It appears that the effects of
single neurotrophins on RGC survival cannot be amply judged
simply by analysing knockout models or applying relevant anti-
bodies, as merely negating one mechanism may simply upregulate
another pathway.

Developmental apoptosis of retinal ganglion cells

Apoptosis may be defined as an energy dependent form of
autonomous cell death, in which the cell presides over its own
fate. Indeed, it is now evident that living cells contain an inherent
genomic ability to self-destruct at the behest of various stimuli
(Bowen, 1993). With a propensity to occur in single cells, often
amidst healthy neighbouring cells, apoptosis is marked by distinc-
tive biochemical and morphological characteristics such as chro-
matin condensation, cell shrinkage, blebbing of the plasma mem-
brane, DNA fragmentation and finally, fragmentation of the cell
into membrane bound vesicles termed apoptotic bodies (Kerr et
al., 1972) (Fig. 4). Ultimately these cells are phagocytosed by
macrophages or neighbouring cells. Such sequelae are in con-
trast to those evident in necrotic cell death, which occur in the
aftermath of a pathological insult. Necrotic cells swell, with rupture
of intracellular organelles, disruption of the lysosomal and plasma
membranes and result in generalised tissue inflammation. How-

ever, these two forms of cell death are not necessarily mutually
exclusive and may be viewed as occupying opposite ends of the
same spectrum (Vecino etal., 2004, Spalding et al., 2005). Indeed
there is growing evidence, as reported in this laboratory amongst
others, of varying levels of cross talk between different death
mediators, implying an ability to switch from one death mode to
another. (Sanvicens et al.,, 2004, Gomez-Vicente et al., 2005,
Bahr, 2000).

As far back as 1984, morphological changes indicative of
apoptotic death were noticed in the nucleated layers of the
developing retina (Young et al., 1984). Such observations in-
cluded nuclear condensation, pyknosis and phagocytosis within
the GCL during the first week of life. Biochemical techniques for
measuring DNA fragmentation and plasma membrane alterations
associated with apoptosis have confirmed that the mechanism of
developmental RGC death is predominantly apoptotic. The pur-
pose of such cell death in retinal ganglion cell development is akin
toits purpose in general mammalian maturation: Itaims to remove
unnecessary structures (phylogenetic apoptosis), it seeks to
control cell numbers (histogenetic apoptosis) and, as previously
mentioned, plays a role in retinal sculpture (morphogenetic
apoptosis) (Cecconi et al., 1998).

Bcl-2 family and the mitochondrion

The mitochondrion plays a significantrole in apoptosis (Fig. 5).
In addition to its everyday role as powerhouse of the cell, this
double membraned organelle also harbours many proteins which
have caspase dependent and independent roles, including cyto-
chrome c, apoptosis inducing factor (AlF), Smac/Diablo, endonu-
clease G and Omi/HtrA2.

Within the CNS and the retina, the bcl-2 gene family of proteins
tightly controls mitochondrial membrane permeabilization (MMP)
and the release of apoptogenic proteins. This family can be
classified into three main subgroups on the basis of function and
structure. In the first group, Bcl-2, Bcl-X, Mcl-1, Al and Bcl-w
exhibit anti-apoptotic activity and commonly possess four con-
served motifs, known as Bcl-2 homology (BH) domains. Bcl-2 and
Bcl-X| have been shown to be involved in controlling the release
of cytochrome c from the mitochondrion (Kluck et al., 1997, Yang
etal., 1997, Vander Heiden et al., 1997). These two proteins may
form heterodimers with Bax and Bak via the BH domains to
neutralise their proapoptotic function.

The second group consists of the multi-domain pro-apoptotic
proteins Bax, Bak and Bcl-Xg, which possess BH1, 2 and 3
domains. The importance of Bax and Bak proteins has been
demonstrated by Bax/Bak double knockouts. The majority of Bax/
Bak deficient animals do not undergo sufficient developmental
apoptosis and thus die perinatally (Lindsten et al., 2000). Mouse
embryonic fibroblasts (MEFs) isolated from embryos of these
animals fail to undergo MMP and subsequent apoptosis (Wei et
al., 2001). After oligomerization, these BCL-2 proteins subse-
qguently insert into the outer mitochondrial membrane, forming
pores to allow the passage of proteins to the cytosol.

The third group, the BH3 domain-only group, includes Bim,
Bid, Bik, Bad, DP5/Hrk, Spike, Puma and Noxa (Danial and
Korsmeyer, 2004). These proteins act upstream of MMP as
sentinels of specific apoptotic stimuli. BH3-only proteins can be
regulated at both the transcriptional and post-translational level in
neurons to induce apoptosis (Ham et al., 2005, Ley et al., 2005,



Willis and Adams 2005). By displacing distinct members of the
anti-apoptotic Bcl-2 family which bind Bax/Bak, BH3 proteins
promote the release of Bax, enabling it to induce mitochondrial
permeabilization (Chen et al.,, 2005, Letai et al., 2002). This
enables Bax/Bak to oligomerize and induce mitochondrial
permeabilisation. It has also been demonstrated that the inhibi-
tion of anti-apoptotic proteins is insufficient to induce apoptosis
unless a direct activator of Bax or Bak such as Bid or Bim is
present (Kuwana et al., 2005). To date, animal knockout studies
have shown that none of the BH3-only proteins is essential for
developmental cell death in the nervous system, indicating there
may be a level of redundancy among these proteins during this
period (Akhtar et al., 2004).

Pro and anti-apoptotic Bcl-2 proteins are differentially ex-
pressed in the developing and mature CNS. Bax is highly ex-
pressed at the inception of developmental cell death, with subse-
quent down regulation in mature neuronal tissue (Vekrellis et al.,
1997). Studies on bax knockout mice have demonstrated that the
absence of this death-promoting gene during development has a
mild but discernible effect on the adult retina, resulting in a
thickened inner neuroblastic layer and increasing the cell number
in the GCL (Pequignot et al., 2003). It has been reported that
abundant cell death is evident as early as E11.5 in the developing
layers of both wild-type and Bax’ mice and continues to be
observed until P1 (White et al., 1998). However this study further
revealed that TUNEL positive cells were noticeably absent in the
RGC layer in Bax null mice between P1 and P4, resulting in more
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Fig. 4. Cell undergoing apoptosis. Apoptosis is marked by distinctive biochemical and
morphological characteristics. These include chromatin condensation, cell shrinkage, blebbing
of the plasma membrane, DNA and nuclear fragmentation and finally, cell fragmentation into
membrane bound vesicles termed “apoptotic bodies”, which are then phagocytosed by
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than double the usual numbers of RGCs in the post mitotic retina.
Thus it would seem that while embryonic developmental cell
death from E11.5 is Bax-independent, Bax appears to be neces-
sary for developmental RGC death in the post-natal retina. These
findings highlight not only the fundamental importance of PCD for
the construction of a normal, functional retina, but also the
reliance on Bax involvement in the process of developmental
RGC death (Mosinger Ogilvie et al., 1998, Pequignot et al. 2003,
White etal., 1998). In Bax’-Bak’ double knockout mice, histology
has revealed increased numbers of neurons within the GCL of the
mature retina compared to the wildtype (Hahn et al., 2003).
Indeed, at P7, a peak period of developmental apoptosis, this
study revealed that there is almost a complete absence of TUNEL
positive apoptotic cells in the retina of this knockout model.
Bcl-2 is also highly expressed during embryonic and post-
natal development of the CNS, including in the GCL, but de-
creased expression coincides with maturity (Chen et al., 2004,
Isenmann et al., 1997, Levin et al., 1997). Mice deficient for Bcl-
2 are viable at birth and while some may survive to adulthood,
most will die prior to P14 (Michaelidis et al., 1996). Bcl-2 deficient
mice exhibit loss of about one third of their RGCs after the period
of naturally occurring cell death (Cellerino et al., 1999), indicating
an essential role for Bcl-2 in survival of post developmental PCD
neurons but not for developmental PCD itself. Mice deficient for
the anti-apoptotic gene, Bcl-X , experience embryonic lethality as
early as E13 due to massive apoptosis of undeveloped neurons
(Motoyama et al.,, 1995). Therefore while no description of a
retinal phenotype is available, these findings
reveal a crucial role for Bcl-X, in modulating
developmental neuronal apoptosis.

Executioners of retinal ganglion cell death

A family of cysteine aspartyl-specific pro-
teases called caspases, of which there are 15
mammalian members, has emerged as cen-
tral regulators of apoptosis. These enzymes
are present in the cell as inactive zymogens
and become active by proteolytic processing
or induced proximity. Caspases, once acti-
vated, are involved in an ordered cascade,
which culminates in the proteolysis of key
structural and nuclear components and the
eventual destruction of the cell (Earnshaw et
al., 1999). Two pathways that activate one of
the major executioners of cell death, caspase-
3, have been identified. These include an
extrinsic pathway involving death-promoting
receptors and ligands and an intrinsic pathway
that is regulated by a series of specific death-
promoting molecules released from the mito-
chondrion (Fig. 5).

The extrinsic (death receptor) pathway in-
volves the activation of cell surface death
receptors which are members of the tumour
necrosis factor (TNF) receptor gene super-
family. These receptors contain a cytoplasmic
death domain that, once activated by the liga-
tion of an extrinsic factor, results in the forma-
tion of a death-inducing signalling complex
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Fig. 5. Pathways of apoptosis. There are two major apoptotic pathways in the cell. The extrinsic pathway (left) involves the binding of extracellular
ligands to death-promoting receptors, resulting in the formation of a death inducing complex (DISC). DISC, through the adaptor Fas-associated death
domain (FADD) protein, then recruits procaspase-8, which in turn activates caspase-8. The intrinsic pathway (centre) is requlated by a series of specific
death-promoting molecules released from the mitochondrion. Pro and anti-apoptotic BCL-2 family members compete at the mitochondrion surface
to control the release of cytochrome-c. Once released, cytochrome-c associates with Apaf-1 and procaspase-9, in a dATP dependent manner, to form
the apoptosome, which then activates caspase-9. The extrinsic and intrinsic pathways share a common end point at the level of caspase-3 activation.
Interaction between these pathways is provided by caspase-8 triggered cleavage of Bid. Interaction of Bid with Bax or Bak at the mitochondrial outer
membrane results in cytochrome-c release. The anti-apoptotic BCL-2 family can prevent such release by direct interaction with Bax and/or Bak. Further
caspase-independent pathways (right) may occur through the release of apoptogenic molecules such as Apoptosis-Inducing Factor (AIF),

Endonuclease G (EndoG) and Omi/HtrA2.

(DISC) in the cell (Ashkenazi and Dixit, 1998). This complex may
activate procaspase-8 by dimerization via the adaptor molecule
Fas activated death domain (FADD) (Boatright et al, 2003).
Activated caspase-8 may then cleave and trigger the executionary
procaspase-3 (Ashkenazi and Dixit, 1998).

The intrinsic (mitochondrial) pathway is activated by various
apoptotic stimuli and involves the release of cytochrome-c from
the mitochondrion to the cytosol, which in turn activates a pro-
teolytic cascade (Li et al., 1997). Cytochrome c interacts with the
C-terminal WD-40 repeats of the adaptor molecule Apaf-1, result-
ing in a conformational change that allows dATP/ATP to bind. This
resulting multimeric complex then recruits caspase-9 to form an
active holoenzyme, the apoptosome (Jiang and Wang, 2004,
Acehan et al., 2002). Caspase-9 cleaves executioner caspases,
such as caspase-7 and caspase-3. Activated caspase-3 cleaves
caspase-2 and caspase-6, with caspase-6 capable of cleaving
caspase-8 and-10 (Slee et al., 1999).

Crosstalk between the extrinsic and intrinsic pathways is
mediated by truncated Bid molecules through the actions of
caspase-8. This enzyme has been reported to cleave Bid, result-

ing in subsequent translocation of the c-terminal to the mitochon-
drion and promote cytochrome-c release through Bax activation
(Li et al., 1998, Luo et al., 1998). Caspase activation may be
endogenously inhibited by the action of inhibitor of apoptosis
proteins (IAPs), of which XIAP, c-IAP1 and c-IAP2 can directly
inhibit caspases. By adopting distinct mechanisms, XIAP inhibits
caspases —3, -7 and -9 via their baculovirus IAP repeat (BIR)
domains (Salvesen and Duckett, 2002). IAPs themselves can be
antagonized by the actions of IAP antagonist proteins such as
Smac, its mouse homologue DIABLO and the serine protease
Omi/HtrA2. These proteins, which are released with cytochrome-
¢ from the permeabilised mitochondrion, can displace caspases
from IAPs by binding to the BIR domains via the AVP (1/S) binding
motif (Du et al., 2000, Verhagen et al., 2000, Suzuki et al., 2001,
Salvesen and Duckett, 2002).

Caspases play a pivotal role in several paradigms of adult RGC
death (McKinnon et al., 2002, Kermer et al., 1999). There is also
a plethora of evidence confirming the central role of caspases in
developmental cell death in the GCL. Analysis of knockout ani-
mals has been fundamental in identifying a role for Apaf-1 and



caspase family members in developmental neu-
ronal apoptosis in vivo. Apaf-1 null mice exhibit
retinal hyperplasia and alterations of the lens
(Cecconi et al., 1998), while caspase-9 null mice
display an excessive accumulation of most CNS
cells (Hakem et al., 1998). Mice lacking caspase-
3 exhibit decreased apoptosis of CNS neurons
resulting in hypertrophy of the brain and prema-
ture lethality (Kuida et al., 1996). While this makes
it impossible to study the effects of caspase-3
ablation in the mature CNS and retina, develop-
mental apoptosis may be investigated. A recent
study by Zeiss and colleagues has explored the
role of caspase-3 in post natal retinal develop-
ment (Zeiss et al., 2004). In this study, active
caspase-3 immunopositive cells were observed
in the developing GCL of neonatal caspase-3
sufficient mice. However, it was noted that similar
staining was absent in the GCL of caspase-3 7
mice, despite the presence of dying cells. It was
also noted that ablation of caspase-3 did not
completely inhibit developmental apoptosis but
resulted only in a temporary delay, indicating the
existence of an alternative, possibly compensa-
tory, caspase-3 independent pathway.
Caspases have also been found to be neces-
sary for RGC development in the embroyonic
chick retina. Studies on early PCD in the retinal
neuroepithelium of chick embryos from E2-E6
provide evidence in favour of a role for caspase-
3in developmental apoptosis (Mayordomo et al.,
2003). In this study, TUNEL-positive cells co
stained for active caspase-3 and administration
ofthe caspase inhibitors z-DEVD-fmk and Boc-D-
fmk reduced the number of TUNEL positive cells
by 50% in just 6 hours. Continued treatment with
these inhibitors resulted in a minor widening of
the central neural retina, with simultaneous en-
largement of the GCL and increase in RGC num-
bers. These results demonstrate the occurrence
of caspase-dependent PCD in early embryonic
retinal development. Furthermore, analysis in this
laboratory has revealed the presence at P2-6 of
cleaved caspase-3 and-9in TUNEL positive cells
of the developing mouse ganglion cell layer
(McKernan et al., 2006) (Fig. 6 (i)). Thus it ap-
pears that the intrinsic mitochondrial pathway is
activated during postnatal development.
Interestingly, the susceptibility of RGCs to
apoptosis induced by axotomy appears to be age
dependent. It has been reported that whilst adult
rat RGC death in vivo post axotomy is not seen
until day 3 post operatively and does not peak
until day 7, RGC death in the neonatal retina post
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Fig. 6. Developmental apoptosis and differential susceptibility of the mouse ganglion
cell layer (GCL) to cell death. (i) /mmunohistochemical staining of P6 retinal sections for
cleaved caspase-3 shows evidence of the active caspase fragment (black arrows) in the
GCL. However this staining is not present within the GCL at P60. lii) Positive TUNEL
staining indicates that P6 cells in the GCL are markedly more susceptible to apoptotic cell
death following 6 hours of treatment with 1 uM calcium ionophore A23187 (white arrows),
than A23187 treated P60 cells. liii) Spontaneous developmental cell death occurs in the
GCL of the P6 retinas, as evidenced by the presence of TUNEL positive cells (white arrows).
However this developmental death is absent at P60. (iv) Hoechst stained nuclei of P6 and
P60 retinal sections are shown.

superior colliculus ablation is greatest at 24 hours and is complete
by 48 hours (Spalding et al., 2005). Investigations in this labora-
tory have not only noted an age-dependent susceptibility to
developmental cell death within the mouse GCL in a retinal
explant model, but also found a similar susceptibility to death

following axotomy and excitotoxic stimuliin this model (McKernan
et al., 2006) (Fig. 6(ii)). Furthermore, we have found that approxi-
mately 90% of isolated rat RGCs within dissociated retinal cell
cultures at P6 are susceptible to apoptotic death in vitro when
treated with calcium ionophore, A23187, over a 24-hour period.
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However, their adult counterparts are far more resistant to such
a stimulus (unpublished data). This difference in susceptibility
correlated with a developmental downregulation of pro-apototic
proteins including Apaf-1 and caspase-3 in the adult GCL
(McKernan et al., 2006). A similar phenomenon has previously
been noted in a rat model of traumatic brain injury, where it has
also been reported that these proteins are markedly reduced in
the mature cortex (Yakovlev et al., 2001). Thus reactivation of
these genes is required for neuronal apoptotic injury to occur in
the adult brain. The results of this study, allied to findings from this
laboratory, suggest that developing RGCs are primed to die in
order for adequate physiological developmentin the GCL to occur
(Fig. 6(iii))). However once this development is complete, this
default apoptotic pathway is shut down and adult neurons then
adopt a protective mechanism against any potential damaging
insults (Benn and Woolf, 2004).

While caspases clearly play a central role in many instances
of apoptosis, there is a growing body of evidence that apoptosis
can occur under certain conditions in a caspase-independent
manner. Whilst a number of alternative proteases have been
reported to carry out the demolition of the cell resulting in alterna-
tive morphology to conventional caspase dependent cell death,
evidence of similar occurrences in developmental RGC demise is
sparse. (Leist and Jaattela, 2001, Tezel and Yang, 2004). A
recent study by Spalding et al. has reported that ablation of the
superior colliculus in neonatal rats (P4) results in notable RGC
death within 24 hours. As this death is not blocked by specific or
general caspase inhibitors, the authors suggest the presence of
acaspase independent pathway in the neonatal mouse (Spalding
et al., 2005).

Conclusion

The retinarepresents one of the most accessible aspects of the
central nervous system for analysis and research and recent
years have witnessed the elucidation of many of the pathways
central to neurogenesis and developmental apoptosis within the
nascent RGC population. However certain fundamental areas still
remain to be explored in full and future investigations will need to
examine the roles of both neurotrophins and caspase indepen-
dent pathways, in order to gain a more transparent perspective on
RGC growth patterns.

Summary

This review examines the maturation of the retinal ganglion cell
(RGC) population within the nascent retina. Apoptosis, a form of
programmed cell death prevalent throughout the developing
central nervous system (CNS), is evident in the growth of RGCs
within the ganglion cell layer. These cells provide an accessible
and illuminating platform to elucidate the apoptotic pathways
presentin the developing CNS and the role this form of cell death
plays in RGC growth. This article focuses on the seminal stages
of RGC development and the role played by neurotrophic factors
and apoptosis in this process.

KEY WORDS: apoptosis, development, retinal ganglion cell, retina,

neurotrophin
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