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Abstract
In human retina, photoreceptor cell death (PCD) is a slow but conspicuous event, which continues with aging. Rods die
earlier than cones, the latter continue to alter in a subtle manner until advanced aging. This review summarizes the existing
information on age-related changes in photoreceptor cells, especially cones and analyses the possible associated factors.
Oxidative and nitrosative stress are involved in photoreceptor alterations, which may stem from light and iron toxicity and
other sources. Lipid peroxidation in macular photoreceptor outer segments and mitochondrial aberrations are prominent in
aging. It is important to understand how those changes ultimately trigger PCD. The redistribution of calbindin D-28K and
long/middle-wavelength-sensitive opsin in the parafoveal and perifoveal cones, anomalies in their somata and axons are
strong predictors of their increasing vulnerability with aging. Signs of reduced autophagy, with autophagosomes containing
organelle remnants are seen in aging photoreceptor cells. Currently, mechanisms that lead to human PCD are unknown;
some observations favour apoptosis as a pathway. Since cones appear to change slowly, there is an opportunity to reverse
those changes before they die. Therefore, a full understanding of how cones alter and the molecular pathways they utilize for
survival must be the future research goal. Recent approaches to prevent PCD in aging and diseases are highlighted.

Introduction

The human retina changes with aging. In fact, most con-
stituent cell types within it are changed perceptibly, unpar-
alleled by instances recognized elsewhere in the aging brain.
The severity of retinal aging is centred on the photoreceptor
cells, the rods and cones, which are inherently vulnerable [1],
change slowly and ultimate die [2–8]. Photoreceptor cell
death (PCD) is prominent in aging [7] and diseases such as
retinitis pigmentosa (RP), and in some individuals, the initial
changes in the retinal pigment epithelium (RPE) and Bruch’s
membrane lead secondarily to PCD, which often culminates
in the manifestation of a disease called age-related macular
degeneration (AMD) in elderly population. Efforts were made

therefore, to understand the ways in which photoreceptors
alter with aging, since aging is considered to be a strong risk
factor for AMD. Photoreceptor cells are differentiated into
several parts (Fig. 1) and a defect occurring in any individual
part can have a serious consequence on executing specific
functions therein. Contemporary research into revealing the
associated factors implies that PCD may stem from any
continuing changes in the structural integrity of photo-
receptors or components involved with phototransduction and
energy metabolism [9]. The present review highlights the
photoreceptor cell changes in aging human retina and
examines the underlying factors and strategies to preserve the
PRE and photoreceptor cells in aging and AMD.

Photoreceptor outer segment damage and
renewal capacity

The discs of the photoreceptor outer segments (POS) are
fragile. With aging, about 20% of the rod outer segments
(ROS) discs develop convolutions [10]. Likewise, in
advanced aging (>80 years), the cone outer segment (COS)
discs disorganize sporadically [11] (Supplementary Fig. 1).
The reasons for those changes are unclear, given the
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presence of lutein and zeaxanthin (in ROS) therein, allow-
ing them to scavenge the free radicals generated in photo-
toxicity [12, 13]. Photoreceptor cells have some potential
for recovering their outer segments after light damage [14],
in mice models of RP [15, 16] and other diseases [17]. In
early stage of retinal degeneration, sustained delivery of
ciliary neurotrophic factor (CNTF) and oncostatin M can
promote POS regeneration [15–18]. However, the
mechanisms of POS renewal after damage in aging and
light toxicity are unknown. The renewal is dependent upon
the presence of intact photoreceptor inner segments and cell
bodies; it also demands a healthy RPE [19], because
reduced phagocytosis of the shed discs in RPE, common in
aging and diseases [20, 21], may hinder POS renewal.

Mitochondrial changes in aging
photoreceptor inner segments

In photoreceptor cells, mitochondria are concentrated in their
inner segments [22–25], which bestow them to be metabo-
lically active. With aging, there are striking changes in
mitochondrial morphology (Fig. 2) [24–27], and deletions in
mitochondrial DNA (mtDNA) [28] in macular photo-
receptors. mtDNA damage in RPE results from oxidative
stress (OS) via mitochondrial generation of reactive oxygen
species and free radicals [29, 30]. A similar mechanism
might operate in aging photoreceptors. A decrease in the

number of cytochrome C oxidase-positive photoreceptor
cells [28] due to acquired mtDNA mutations, and a reduction
of complex I and IV immunoreactivity in aging macular
cones [25] were reported. These mitochondrial changes are
likely to cause a reduced energy output in aging photo-
receptors [30], driving them to rely on glycolysis. Certain
glycolytic enzymes even become dysfunctional in AMD due
to OS [31]. Collectively, these changes might lead to energy
deficiency in photoreceptors. The interplay of mitochondrial
fission and fusion in aging photoreceptors is unknown.
Recent reports suggest that the photoreceptor mitochondrial
damage can be ameliorated by the use of far red to near infra-
red light, in a process called photobiomodulation [PBM; refs.
[32, 33]; see also for references of animal studies], and
improving mitochondrial function via reducing OS could be
a basis for treatment in AMD [34].

Microtubule misalignment in aging
photoreceptor cells

Photoreceptor cells are directionally sensitive, being sensitive
to light travelling along their longitudinal axis. Eckmiller [35]
hypothesized that changes in the macular cone cytoskeleton
and associated proteins could be a basis for photoreceptor
misalignment and death in AMD. In aging human retina, the
photoreceptor microtubules undergo misalignment and partial
disorganization [36], raising to the possibility that aging
photoreceptor cells may suffer from interrupted axonal
transport, which may make them vulnerable to death.

Cone axonal changes and role of calbindin D

Calbindin D is a major calcium-binding protein of human
photoreceptor cells [37–39] and regulates the cytosolic cal-
cium (Ca2+). Immunolabelling with calbindin D revealed
axonal outgrowth from cones with aging [27] and in dry
AMD [40]. Also, aberrant swellings were noted in perifoveal
cone axons before terminating into pedicles (Fig. 3a–d), a
feature that was absent in mid-peripheral retina (Fig. 3e).
Because Ca2+ levels vary in different photoreceptor com-
partments [41], these aberrant axonal changes suggest their
possible link with dysregulated Ca2+ homoeostasis in aged
cones. Experimental studies reported the involvement of
excessive, dysregulated Ca2+ in PCD [42].

Vulnerability of long/middle-wavelength-
sensitive cones with aging

Immunoreactivity to long–middle-wavelength opsin (L/M
opsin, a marker for red-green cones) showed ectopic

Fig. 1 Morphology of human photoreceptors. Diagram showing
various parts of human cone (left) and rod (right side), as seen by TEM.
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labelling of membranes of the cone somata and swollen
axons, besides the usual labelling of COS [43] (Fig. 4 and
Supplementary Fig. 2). The ectopic labelling indicates L/M
opsin mislocalization due to dysregulated opsin trafficking
in the affected cones. The L/M cone somata align in the
outermost row of the ONL [44], and with aging, many of
them prolapse beyond the ONL [43] (Fig. 4a). All these data
indicate that L/M cone anomalies are common in aging and
also in AMD [40, 43]. The fate of other cones (e.g., S
cones) in human retina is unknown. They do not appear to
die in primates [45].

The L/M opsin+ COS was colocalized with 4-hydroxy 2-
nonenal (HNE) [26], a marker of lipid peroxidation. Cones
with HNE+ COS also show nuclear prolapse (Fig. 5a). This
anomaly, and the fact that calbindin D is essentially present
in L/M cones [44], suggests that the latter are vulnerable to
calcium-mediated toxicity and lipid peroxidation and

perhaps lost in advanced aging. Cones with prolapsing
nuclei look dark (Fig. 5b), indicating that they may suc-
cumb to death. Wandering phagocytes are often seen in the
photoreceptor layer (Fig. 5c) under such cases. In animals,
cone loss is common in pigmented rats [46], and there is a
differential loss of L/M cones in albino mice with aging
[47].

The aging photoreceptor synaptic terminals often contain
small synaptic ribbons [36, 48] (Fig. 6 and Supplementary
Fig. 3a–d), swollen mitochondria (Supplementary Fig. 3b–e)
and autophagosomes with organelle remnants (Fig. 6 and
Supplementary Fig. 3d). There is a redistribution of pre-
synaptic terminal proteins, e.g., vesicular glutamate trans-
porter 1, in distal cone axons [43]. Besides, the L/M-opsin+

cone pedicles retract near the ONL (Fig. 4d). Aging rod
terminals also retract into the ONL, where the rod bipolar
dendrites extend for rewiring with the retracted rod terminals

Fig. 2 Mitochondrial status in
human photoreceptor cells.
Light micrograph (a) and
electron micrographs (b–d),
showing mitochondrial features
in photoreceptor cells. (a) Dark
mitochondria (arrows) in cones
(C) are visible in semithin
section. b–d Show dark,
condensed mitochondria in cone
inner segments (arrows) and rod
(R, arrow in d), few swollen
mitochondria are seen amongst
them (c, d; arrowheads). From
83-year (a, c; nasal part) and 85-
year (b, d; perifoveal part)-old
donor retina.

Fig. 3 Calbindin D
immunoreactivity in 94-year-
old donor retina. In the
parafovea (a), immunoreactivity
is weakly present in few cone
inner segments (arrows). It is
strong in many cones of the
perifovea (b, c), where abnormal
axonal swellings (arrowheads)
before terminating into pedicles
are seen, as shown in enlarged
view in d; arrow denotes pedicle
(in d). In mid-peripheral cones,
the axons terminate straight into
pedicles (arrows, e). In all areas,
the INL shows strong
immunoreactivity.
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[49]. A similar situation is reported in AMD [50], suggesting
that some aging changes are common with features seen in
AMD.

Pattern of PCD with normal aging

A gradual loss of photoreceptor nuclei is evident with aging
[2, 4, 6, 8, 49], which is prominent in the peripheral [2],
peripapillary [51] and parafoveal region [5, 6, 8]. Little is
known, however, for the cone loss. In the fovea and
foveola, fewer cone nuclei are present in ONL at
ninth–tenth decade, comparing with that in mid-lifespan

Fig. 5 Photoreceptor nuclear prolapse. a HNE immunoreactivity in
COS (arrowheads), note their nuclei (arrows) lie outer to the OLM (right-
left arrow). b Electron micrograph showing a dark cone with nuclear

prolapse (arrow) outer to the OLM (right-left arrow). c A phagocyte
(arrowheads) in the photoreceptor layer, the photoreceptor inner seg-
ments are cut transversely (stars). From 84-year-old donor retina.

Fig. 6 Electron micrograph of photoreceptor synaptic terminal.
Synaptic ribbons (arrow) are small. Autophagosomes (labelled as 1
and 2) contain partially digested mitochondria (inset, arrowheads;
magnified view of 1 and 2). From 84-year-old donor retina.

Fig. 4 Pattern of L/M opsin immunoreactivity in aging cones. L/M
opsin immunoreactivity in cones from parafoveal (a) and mid-
peripheral retina (b–d). In (a), immunoreactivity is present in COS
only (arrow), whereas in (b–d), it is also present in membranes of inner
segments (arrows) and cone terminals (arrowheads; c, d). In (d), the

cone pedicles lie at different levels. Two of them lie close to the ONL
(notched arrows), indicating their retraction from the OPL. Counter-
stained with hematoxylin. In (a), note the prolapse of cone nuclei
(arrowheads) outer to the OLM (right-left arrows). From 75-year- (a),
81-year- (b), 83-year- and (c) 85-year- (d) old retinas.
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[2, 52]. Thus, cone loss may be small in early aging, which
becomes prominent at advanced ages. In vivo retinal ima-
ging in younger (22–35 years) versus older subjects (50–65
years) showed a decrease in cone packing density with age
at eccentricity 1 mm or less from the foveola [53], which
may be related with an age-related decrease in cone acuity.
Rarely, dark and highly condensed photoreceptor nuclei, a
cardinal feature of apoptosis, are noted in peripheral retina
(Fig. 7a, c) and macula with aging [27]. Apoptotic nuclei

are phagocytosed instantly and due to the protracted human
lifespan, the features of photoreceptor cell apoptosis remain
undetected. While photoreceptor nuclei are non-condensed
in relatively lower ages (Fig. 7b), with progressive aging,
most nuclei are in a midway, i.e. they are neither dark nor
shrunken (not shown), which are the late events of apop-
tosis. Thus, PCD, especially of cones, seems to continue
until late ages. This is evident from the appearance of space
among the macular photoreceptor cells (Fig. 7d), indicating
possible PCD. A major mechanism of cell death is apop-
tosis, which begins with DNA cleavage and is detected
histochemically by terminal deoxynucleotidyl transferase
dUTP nick end labelling (TUNEL), which stains nuclei with
fragmented DNA. In the macula, while TUNEL staining of
ganglion cell nuclei appeared earlier (Fig. 8a), it was absent
in ONL of the same retina, but appeared later at ninth–tenth
decade (Fig. 8b–e). Few TUNEL+ nuclei were located close
to the OLM, implying that cones die in advanced aging by
apoptosis. In AMD, apoptosis has been implicated in PCD
[54, 55]. Light-induced PCD in animals involves the acti-
vation of caspase, a cysteine protease that plays a leading
role in execution of apoptosis. Also, caspase-independent
pathways (non-apoptotic) are involved in PCD [42, 56]. In
AMD, RPE cell loss may occur via apoptosis, necroptosis
and pyroptosis [57]. The involvement of caspases and non-
apoptotic pathways in human PCD are presently unknown.

By ninth decade of life, about 30% of the total rods die,
when cone death is reportedly low [2]. Although signs of
cone damage appear well-before the changes are extensive
in rods [43], due to unknown reasons, there is an accelerated
rod death, sparing the damaged cones that survive longer
with aging. It is likely that the rod-derived cone viability
factor (RDCVF) [58] influences cone survival in aging
retina. Thus, rod loss may risk the cone survival via
deprivation of RDCVF. The mRNA for RDCVF was
detected in the ONL, whereas the protein product was found
in ROS [59]. Assuming that RDCVF expression is an

Fig. 7 Photoreceptor cell status in aging retina. a Light micrograph
showing dark, condensed cone nuclei (arrows). Electron micrographs
of normal, uncondensed nuclei (b, arrows) and one condensed pho-
toreceptor cell nucleus (c, arrow), note one normal nucleus adjacent to
it (star). PL photoreceptor layer (in c). d Scanning electron micrograph
of macular photoreceptor cell layer, showing empty spaces (stars),
indicating loss of cones (c); note few rods (arrowheads) are present.
From 89-year- (a, c; mid-periphery), 62-year- (c, macular), and 89-
year- (d; parafoveal region) old retinas.

Fig. 8 Apoptosis in aging
retina. a TUNEL, showing label
in macular GCL, but absent in
the ONL. b–e Show TUNEL+

photoreceptor nuclei (arrows), a
few of them are cone nuclei,
being located close to the OLM
[arrows in c, enlarged view of
lower left part of b]. From 92-
year-old donor retina.
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ongoing process, it is likely that changes in either of the
ONL and ROS can have a harmful effect on the cones. Its
potential use for cone survival in aged human retina remains
to be seen.

OS as a prime factor in photoreceptor
pathology

The retina has a greater oxygen demand than any other
tissues. Owing to its continual exposure to light, and high
membrane lipid content, it is prone to be attacked by OS
[60, 61]. OS at a low level is counteracted with the efficient
retinal defence system comprising antioxidant enzymes,
vitamins C and E, glutathione and carotenoids [13, 61–63].
In aged rats, OS attacks the retina when the antioxidants are
depleted [64]. In human retina, the activities of most anti-
oxidant enzymes remain stable up to 86 years [63]. This
suggests that other factors, e.g. glutathione, carotenoids and
micronutrients (selenium) may be involved in photoreceptor
vulnerability. Due to OS, lipids and proteins are modified
[31, 65]. The macula is susceptible to lipid peroxidation
[66], and immunoreactivity to markers of both lipid per-
oxidation (e.g. (HNE) and protein tyrosine nitration (nitro-
tyrosine) was detected in aging human retina [27, 67].
Peroxynitrite, the major culprit in nitrosative stress, is
reported to affect the cytoskeleton [68]. Thus, photoreceptor
microtubule changes noted with aging [36] may have links
with nitrative changes in microtubule proteins.

Drusen may influence photoreceptor
cell survival

Besides OS, chronic inflammation associated with the aging
retina [69] may be responsible for PCD via formation of
drusen. In AMD, PCD occurs in the presence of accumu-
lated drusen in RPE [70]. Significant changes also occur in
photoreceptors overlying drusen: there is opsin redistribu-
tion in rod inner segments and axons, shortening of L/M
opsin+ COS in aging macula [71], altered labelling of
synaptic proteins and loss of photoreceptor nuclei impacted
by drusen [48] that contain cytotoxic molecules (e.g. amy-
loid-β). Besides drusen, factors such as nutrients, light and
iron toxicity and endogenous antioxidants are likely
involved with PCD [62–64, 72].

Photoreceptor cells need protection from
light and iron toxicity

Visible light in the blue spectrum is harmful to the retina and
initiates PCD [56, 73–77]. PCD is induced by lipid

peroxidation [76, 78], and is accompanied by changes in the
inner retina [77, 79–81]. Upon reduction of light intensity,
PCD subsides and functional recovery begins in the surviving
neurons [77, 82]. These facts highlight that exposure to a
reduced light level can delay the PCD. Retinal light injury
triggers the upregulation of endogenous neuroprotectants, and
can be ameliorated via intake of antioxidants, e.g. carotenoids
[56, 74, 83]. Currently, it is unknown if there is a reduced
synthesis of antioxidants (e.g. glutathione) with aging that
may limit neuroprotection under OS. This information may be
useful in future therapy to delay PCD.

Besides light, iron toxicity leads to PCD. In animals
[84, 85] and in AMD [86], there is an increased retinal iron
accumulation, and animal models show AMD-like pheno-
type upon iron accumulation [87], implying the latter to
play a role in AMD pathogenesis [86–89]. Ultimately
photoreceptor cells die due to iron toxicity [85, 90]. Iron
chelation is suggested to have therapeutic benefits in retinal
diseases involving light and iron toxicity [91].

Fig. 9 Diagram showing various changes seen in aging photo-
receptor cells. Photo-oxidative stress induces lipid peroxidation and
disc fragmentation in POS. Oxidative stress in inner segments causes
mitochondrial shrinkage and darkening, and mtDNA deletion. Free
radicals escaped from damaged mitochondria supposedly attack the
microtubules, causing their distortions and misalignment. Lipofuscin
accumulation probably results from the reduced clearance of damaged
inner segment organelles. Nuclear condensation and TUNEL positivity
denote photoreceptor apoptosis seen sparingly (a late event for aged
cones). Besides, cone distal axons show anomalous swellings before
terminating into pedicles. They show mislocalized L/M opsin and
presynaptic proteins. Autophagosomes with organelle remnants in
synaptic terminals may indicate dysregulated autophagy. Thus, aging
human photoreceptors are affected by various pathogenic mechanisms
that contribute to their vulnerability. Many of those changes have been
documented in eyes with AMD.
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Autophagy in photoreceptor cell survival

Autophagy is a process by which damaged organelles and
macromolecules are removed via lysosomal degradation.
Although operative in normal physiological conditions
[92], autophagy is activated under stress, as in light-
induced retinal degeneration, to remove the disorganized
organelles and POS [93]. Autophagy is deceased in aging
RPE due to lysosomal dysfunctions via lipofuscin accu-
mulation and this plays a role in AMD pathogenesis
[20, 94]. Photoreceptor inner segments also generate
lipofuscin [25, 95, 96], and the status of autophagy in
aging photoreceptor cells remains unknown. However, the
presence of autophagosomes with organelle leftovers in
cone inner segments [25] and synaptic terminals (present
study) may hint for a reduced autophagy in aging photo-
receptors, which can affect their survival. Figure 9 is a
schematic showing various changes detected in human
photoreceptor cells.

Strategies to prevent RPE and photoreceptor
cell loss

Aging is a risk factor for the development of AMD. Dry
AMD is characterized by accumulation of drusen in the
macula, RPE atrophy and slow visual loss, which pro-
gresses over the years due to mild PCD. RPE loss and PCD
become more severe in an advanced state of dry AMD,
called geographic atrophy (GA). There is an accumulation
of lipofuscin (containing A2E bisretinoid, a photooxidation
by-product) within the RPE, resulting from visual cycle
activity. This activates the complement system, especially
the alternate complement pathway [97], and triggers retinal
local inflammation.

There is no proper therapy for dry AMD and GA. Factors
such as OS, accumulation of drusen and toxic by-products,
and complement activation in RPE were chosen in drug
trials [98, 99; Table 1], and while produced variable out-
come, they provided rationale for future treatment plans.
Drusen contain complement components and proteins (e.g.
amyloid-β) related to inflammation. RPE accumulation of
lipofuscin stimulates complement activation [97], and ani-
mal studies showed that light-induced rod death can be
reduced by abolishing the action of the alternative com-
plement pathway [100]. So, drugs/antibodies interfering
with drusen accumulation and complement activation have
been tested in clinical trials (Table 1). Antibodies against
amyloid-β (RN6G and GSK 933776) reduced amyloid-β
and drusen load, though no treatment benefits were found
[101]. The compound GAL-101 prevents the aggregation of
misfolded amyloid-β into toxic forms in vitro, and presently
is in a phase 2 trial for GA treatment.

Lipofuscin granules are the visual cycle by-products and
accumulate in the diseased RPE. Visual cycle modulators
were tested if they can reduce the level of toxic by-products.
Fenretinide showed some benefit, although it causes slow
adaptation to dark. Emixustat hydrochloride inhibits the
activity of RPE65 and reduces the buildup of 11-cis retinol
and conversion into rhodopsin. Although safe, this drug was
also found to be ineffective [102]. ALK-001, a modified
form of vitamin A, is in phase III trial to find its efficacy in
visual cycle modulation (Table 1).

Because complement activation plays a role in AMD
pathogenesis, selective inhibitors of the complement cas-
cade were tested. C5 inhibition prevents the formation of
the pro-inflammatory C5a and the membrane attack com-
plex (MAC) that initiates tissue lysis. ARC1905 (anti-C5
aptamer) and antibodies against complement factor D
(lampalizumab) [103] and C5 (eculizumab and LFG316)
inhibited MAC formation, though there were no benefits.
LFG316 was studied in combination with CLG561 (neu-
tralizes properdin thereby destabilizing the activities of the
alternate complement pathway); however, no results were
published. CD59 inhibits the formation of the MAC and
gene delivery using AAVCAGsCD59 vector is found to
cause an increased expression of a soluble form of CD59 in
phase 1 trial that ended in 2019. Pegcetacoplan, a C3
inhibitor showed efficacy in reducing the progression of GA
[104]. Trials with doxycycline and zimura (an anti-C5
aptamer) to find their efficacy in suppressing inflammation
were completed in 2020.

Besides, antioxidants, neuroprotective agents, mito-
chondrial enhancers, stem cells and light stimulation have
been used (Table 1). Earlier, oral supplement with the Age-
related Eye Disease Study (AREDS) formulation (β-car-
otene, vitamins C and E, zinc and copper) was proven to be
useful in patients with AMD [105]. The AREDS2 added
lutein+ zeaxanthin+ docosahexaenoic acid+ eicosa-
pentaenoic acid to the original formulation, and the long-
term safety profile of this formulation remains to be seen
[106]. A clinical trial evaluated the therapeutic potential of
omega-3 fatty acids alone in dry AMD (MADEOS). Intra-
vitreal CNTF (produced by encapsulated human RPE-
derived cells) and brimonidine tartrate showed benefit in
reducing cell loss in clinical trials. MTP-131, a mitochon-
drial protectant was tested in phase I/II trials and showed
efficacy in preventing damage, and there is an ongoing
phase II trial to see its efficacy via subcutaneous injection.
Two clinical trials examined the efficacy of human
embryonic stem cells in regeneration of RPE in dry AMD
and GA (Table 1) and the results are awaited. A third
clinical trial (NCT02286089) and one with induced plur-
ipotent stem cells are active (NCT04339764). Earlier, a trial
with umbilical-cord-derived stem cells (CNTO 2376) was
completed in 2017.
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Recently, ocular effects of near infra-red light gener-
ated from light-emitting diodes (PBM) have been tested
in aging individuals and patients with AMD. PBM sti-
mulates cytochrome C oxidase expression and mito-
chondrial ATP production in photoreceptors [107],
reduces drusen volume [108] and improves visual func-
tion [33]. These findings suggest that PBM can be a
possible way for treating retinal changes in aging and
diseases.

Future perspectives

Although it is recognized that the adult human photo-
receptor cells possess a striking capacity for survival [109],
they become vulnerable in the course of aging due to attack
by oxidative and nitrosative stress. Lipid peroxidation can
interfere with POS renewal, as HNE-modified POS mem-
brane proteins show a reduced clearance of damaged POS
[110]. So, factors interfering with POS renewal can be
investigated.

As dysfunctional mitochondria accumulate due to
reduced autophagy in aging and diseases, researches can
provide clues as to how mitophagy can be activated in aging
RPE and photoreceptor cells.

PCD is an index of retinal aging and diseases. Presently,
suitable animal models for dry AMD are unavailable, so
clinical trials and different approaches to reduce cell
damage and loss seem rational. The fact that trials with
complement inhibitors showed limited benefit tends to
emphasize that many detailed steps of RPE inflammation
and complement activation remain to be known. It is hoped
that basic research to divulge the causes of cell death in
aging and diseases along with clinical trials will guide
toward an effective therapy for AMD.

Summary

What is known about this topic

● Oxidative and nitrosative stress are involved in age-
related photoreceptor cell alterations, which may stem
from light and iron toxicity and other sources.

● Lipid peroxidation in human photoreceptor outer
segments and mitochondrial abnormalities in photore-
ceptor inner segments may drive the aging photorecep-
tors towards vulnerability, as in diseases.

● Increasing vulnerability of the long/middle wavelength
opsin positive cones with aging is evident in human
retina.

● There are signs of reduced autophagy in aging human
photoreceptors.

What this study adds

● A number of pathogenic factors influence the survival of
human photoreceptor cells with aging.

● Mechanisms of cone vulnerability suggest it to be a slow
process, so there are opportunities to rejuvenate cones
before they die.

● A full understanding of the possible molecular pathways
involved in cone survival must be the future research goal.
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