
Apoptosis as a type of cellular extinction was first
described by Kerr et al in 1972 (1). In contrast to necro-
sis, apoptotic death is an active process that requires
energy and in which the cell participates actively in
self-elimination by activating the death program (2,
3). This process is initiated by expression of specif-
ic genes, the protein products of which activate a cas-
cade of molecular events that in turn result in elimi-
nation of the cell. Typically, apoptosis affects singu-
lar cells in the tissue, which disappear in few dozens
per minute without inducing inflammatory or immune
responses. Following cell detachment from its matrix,
its cytoplasm undergoes a rapid reduction in size (cell
shrinkage) followed by blebbing and breaking up in
variously sized fragments (apoptotic bodies). These
quickly disappear, mostly ingested by sister cells or
by circulating nearby phagocytes. In contrast to necro-
sis, the earliest degenerative changes affect the nu-
cleus: adhesion of semilunar plaques of condensed

chromatin onto nuclear membrane is accompanied by
internucleosomal cleavage of DNA in distinct frag-
ments. Paradoxically, cytoplasm and organelles ap-
pear intact even inside apoptotic bodies. Figures 1
through 6 illustrate the peculiar morphology of apop-
totic cells belonging to a corneal human retinal pig-
mented cell line (RPE), examined by scansion elec-
tron microscopy (SEM) or transmission electron mi-
croscopy (TEM). Figures 7 and 8 show the microscopic
appearance of RPE cells stained by TdT-mediated dUTP
nick end-labeling (TUNEL) technique, which allows iden-
tification of apoptotic cells, which contain dark brown
spots of fragmented DNA inside green cytoplasm, in
contrast to viable cells, which appear uniformly green
or unstained.

Apoptosis may commence spontaneously at a de-
termined moment of cellular life, to allow maintenance
of homeostasis of the tissues, or may be triggered in
advance by pathologic stimuli such as exposure to
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toxic substances or micro-organisms or deprivation
of cellular nutritional factors (2, 3). Therefore, apop-
totic death represents a final event of numerous patholo-
gies, not only in ophthalmology (4-6) but also in prac-
tically all biomedical disciplines (3). Moreover, apop-
tosis, being a process consisting of a succession of
molecular events, could be blocked or triggered by
genetic or pharmacologic manipulation (2, 3). The dis-

covery of this possibility has provoked considerable
clinical interest, predicting new potentials for thera-
peutic intervention. This review aims to outline the most
recent developments in the study of the role of apop-
tosis in ocular pathology, and to underline new clini-
cal perspectives that these new discoveries have opened.

Wilson and others have demonstrated that various
types of epithelial insults activate the process of cel-

Fig. 1 - Scanning electron microscopy analysis of a rat-1 fibroblast
treated with antimycin A 200 µM. The image shows the cellular bleb-
bing typical of programmed cell death. Magnification x2000.

Fig. 2 - Scanning electron microscopy analysis of rat-1 fibroblasts
treated with antimycin A 200 µM. Several features typical of apopto-
sis are visible: cellular shrinkage (on the left) and apoptotic bodies (on
the right). Magnification x2000.

Fig. 3 - Scanning electron microscopy analysis of rat-1 fibroblasts
treated with antimycin A 200 µM. The image shows two healthy cells
(on the left) and one apoptotic cell (on the right). Magnification
x1000.

Fig. 4 - Transmission electron microscopy analysis of rat-1 fibroblast
treated with antimycin A 300 µM. The nucleus shows chromatin
condensation and margination typical of programmed cell death.
Magnification x5000.
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lular death by apoptosis of stromal keratocytes (7-9).
The apoptosis was observed as a result of lesions fol-
lowing treatment with excimer laser, microkeratecto-
my by laser in situ keratomileusis, or other manipu-
lations required during corneal surgical procedures.
Moreover, death by apoptosis of these cells was al-
so documented in the case of epithelial infection by
herpes virus. However, the physiopathologic signifi-

cance of apoptotic response is not clear. In the case
of viral infection, it was hypothesized that induction
of the death of keratocytes may represent a defense
system against propagation of the virus in the deep-
er layers of the tissues. The interpretation of apop-
totic events following surgical manipulation in the ep-
ithelium is more complicated. Progressive repopula-
tion of the stroma by new keratocytes deriving from

Fig. 5 - Transmission electron microscopy analysis of rat-1 fibrob-
lasts treated with 200 µM antimycin A. Several features typical of
apoptosis are visible. Magnification x3000.

Fig. 6 - Typical aspect of an apoptotic cell: nuclear chromatin con-
densation and margination, apoptotic bodies formation in a rat-1
fibroblast exposed to 200 µM antimycin A. Magnification x3000. 
(Figures 1-6, courtesy of Sandra Zecchi-Orlandini and Lucia Formigli.)

Fig. 7 - TdT-mediated dUTP nick end-labeling analysis of cultured
retinal pigment epithelial cells treated with antimycin A 150 µM.
Apoptotic cells are brown, living cells are green. Magnification x40.

Fig. 8 - TdT-mediated dUTP nick end-labeling analysis of retinal pig-
ment epithelial cells treated with 150 µM antimycin A. Magnification
x40. (Figures 7-8, courtesy of Laura Papucci, Ewa Witort, and Sergio
Capaccioli.)



selectively toxic for ganglion cells of the retina. Also,
in patients with glaucoma and in animals in which this
disease was experimentally induced, the levels of glu-
tamate in the vitreous body are markedly elevated com-
pared to controls (16).

The neurotoxicity of glutamate, demonstrated in 
other experimental models, can be attributed to activa-
tion of type NMDA and non-NMDA receptors (5, 6,
14, 15). These, in turn, promote calcium entry inside
the cell, increased levels of which determine activa-
tion of the series of molecular cascades leading to
cellular death. Calcium is the important secondary mes-
senger that can stimulate release of neurotransmit-
ters, induce gene expression, and activate increased
number of enzymes that are Ca2+-dependent, such
as nitric oxide synthase, proteases, protein kinases,
phospholipases, and endonucleases. 

Moreover, activation of the NMDA-type glutamate
receptors and the consequent increase of intracellu-
lar concentrations of calcium, determine production
of the free radicals, highly reactive molecules involved
in activation of apoptosis (5, 6, 14, 15).

Based on these results, new projects are under study
to treat the multiform clinical aspects of glaucoma.
The aim is to protect the retinal ganglion cells by in-
terfering with the apoptotic process on its various com-
partmental levels.

Recently, based on experimental models, hereditary
degeneration of the retinal membrane has been re-
ported to result from apoptotic death of photo
receptors (17). These data have aroused noteworthy
interest. Retinitis pigmentosa can originate from a num-
ber of genetic mutations; consequently, human ge-
netic therapy has to overcome extreme genotypic com-
plexity to eliminate the specific mutation responsible
for this pathology. In contrast, pharmacologic or ge-
netic therapy that interferes with a common event such
as apoptosis may represent a more feasible type of
treatment (18). The degenerative modifications ob-
served in the hereditary disorders of the retina are ex-
tremely slow developing; hence the diagnosis may take
decades to establish. Therefore the theory prevails
that even a modest reduction in the rate of cell apop-
tosis may preserve vision for long periods (18).

Ischemia is the final result of numerous pathologic
processes in the optic nerve and the retina, including
ischemic opticopathy, diabetic and hypertensive
retinopathy, and occlusions of veins and arteries. For
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replication of the residual stromal cells was noted 3
days after the triggering of the apoptotic process (7-
9). These new cells, similar to the fibroblasts, show
morphologic characteristics typical of activated cells
and, in addition, develop endoplasmic reticulum, and
their processes of cellular synthesis are enhanced. It
was hypothesized that apoptosis of the keratocytes
represents the primary event of the corneal repara-
tive process and, in the case of refractive surgical
procedures, it is responsible for the haze and the phe-
nomenon of regression of the functional result. 

The possibility of intervention in the initial stage of-
fers the most efficient way to control the reparative
response. Therefore, numerous studies were direct-
ed at determining the modality of the initiation of apop-
tosis in order to prevent the death of keratocytes, ren-
dering these cells insensitive (resistant) to the trau-
matic insult (10, 11). Recently, Brancato et al (11) have
reported that pretreatment of keratocytes with coen-
zyme Q10 (ubiquinone) prevents apoptotic death fol-
lowing excimer laser irradiation in vitro. This mole-
cule can reduce production of free radicals by the cell
and possibly can interfere with the opening of the mega-
pores of the mitochondrial membrane by modulation
of the permeability transition pore (PTP), both events
related to activation of the apoptotic program. These
results, if confirmed by experimental models in vivo,
could open the way to new strategies for prevention
of postsurgical complications in refractive surgery.

The results of studies performed in experimental an-
imal models (12) and in human studies (13) have shown
that glaucoma is associated with activation of the apop-
totic program of cellular death of retinal ganglion cells
and, as a result, leads to progressive impoverishment
of residual cells.

These observations opened the way for studies aim-
ing to individuate mechanisms responsible for prim-
ing apoptosis in glaucoma and to design improved
therapeutic procedures (5, 6, 14, 15).

It was hypothesized that increased intraocular 
pressure, causing reduction of axonal flow, may limit
intake of neurotrophic factors directed from lateral
geniculate body to the retina and trigger apoptotic
process. The role of glutamate involvement in the ex-
cytotoxic pathway has also been identified in paral-
lel. This hypothesis is based on the well-documented
observation that non-excessive but chronic increase
of glutamate concentration inside the vitreous body is
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this reason, understanding the molecular mechanisms
involved in retinal damage resulting from oxygen de-
privation attract interest worldwide (5, 6, 19). The rat
model of reperfusion injury established that cellular
death of retinal cells is related to apoptosis (20). Levine
and Louhab have reported the occurrence of cellular
death by apoptosis in the ganglion cell layer of the reti-
na in a 70-year-old patient that arose 20 days after an
episode of anterior ischemic optic neuropathy (21). 

The mechanism responsible for the apoptotic cel-
lular death in ischemic events of the retina cannot be
completely explained. The excytotoxic pathway in-
volving glutamate has been identified in pathologic
cellular death of ischemic lesions in the central ner-
vous system (22). Glutamate administered subcuta-
neously to newborn mice resulted in degeneration of
the internal layer of the retina, with major damage oc-
curring in the ganglion cell layer (23). In the experi-
mental mouse model of ischemia, it was noted that
during the phase of hypoxia the glutamate concen-
trations measured in the intracellular space by mi-
crodialysis were twice as high as normal levels. How-
ever, the concentrations of glutamate in the reperfu-
sion phase (in which the anatomical damage is most
evident) were  approximately six to seven times greater.
The new hypothesis emerged that, analogically to the
ischemic processes occurring in central nervous sys-
tem, hypoxia in the retina induces massive release of
glutamate and this is the starting point for injury to
the retina. Several studies have been undertaken to
follow-up and penetrate the molecular mechanisms
that form the base of these alterations. 

Glutamate interacts with receptors of the NMDA type
and this determines opening of the calcium ion chan-
nels. This has been confirmed by use of MK801. This
antagonist, noncompetitive with the NMDA receptors,
protected ganglial cells against cytotoxicity of gluta-
mate even when administered 1 to 4 hours after the
insult (24). 

Increase of the calcium concentrations resulting from
activation of NMDA receptors can in turn stimulate
release of the neurotransmitters, induce expression
of genes, and activate elevated numbers of calcium-
dependent enzymes such as proteases, protein ki-
nases, phospholipases, nitric oxide synthase, and en-
donucleases. These events are considered to be in-
volved in the activation of the cellular death program
(19). Thus it is acknowledged that molecules able to

prevent increase of the intracellular calcium concen-
tration, including calcium antagonists, may reduce glu-
tamate-associated neurotoxicity to retinal ganglion cells
in vitro and in vivo (19, 25).

Activation of the type NMDA glutamate receptors
and consequent increase in intracellular calcium con-
centrations is associated with the formation of free
radicals (26-28). It is well established that in the reper-
fusion phase that follows ischemic insult, a massive
quantity of reactive oxygen species (ROS) is produced.
ROS are involved in the process of neurodegenera-
tion via peroxidation of the fatty acids and nucleic
acids, and also from the breakdown of the protein
bonds. These data allowed clarification of the precise
role of the antioxidants, scavengers of the free radi-
cals, in the treatment of ischemic diseases of the reti-
na, pathologic occurrences which are grow exponentially
worldwide.

Cellular death by apoptosis has been well documented
for epithelial cells of the lens in patients with senile
opacity and in animals exposed to ultraviolet radia-
tion, leading to the hypothesis that it can also have
a role in mechanisms responsible for the onset of cataract
(29). Apoptosis is also responsible for cellular death
during detachment of the retina (30), in posterior uveitis
(31), in retinoblastoma (4), and in rat experimental mod-
el of amblyopia (32).

In ophthalmology, apoptosis represents the final event
involved in many pathologic disorders. Improved un-
derstanding of the molecular mechanisms responsi-
ble for activation of the apoptotic program and the
cascade of events leading to the cellular death in oph-
thalmology is necessary. New therapeutic strategies
need to be outlined for disorders that strike on the
morphologic and functional level. 
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