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Why study rod cell death in retinal degenerations and how?
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Abstract

Age-related macular degeneration (AMD) is a main causes of severe visual impairment in the elderly in industrial-
ized countries. The pathogenesis of this complex diseases is largely unknown, even though clinical characteristics
and histopathology are well described. Because several aging changes are identical to those observed in AMD,
there appears to exist an unknown switch mechanism from normal ageing to disease. Recent anatomical studies
using elegant innovative techniques reveal that there is a 30% rod loss in normal ageing, which is increased in
early AMD. Those and other observations by Curcio and co-workers indicate that early rod loss is an important
denominator of AMD (Curcio CA. Eye 2001; 15:376). As in retinitis pigmentosa (RP), rods appear to die by
apoptosis. Thus it seems mandatory to study the regulation of rod cell death in animal models to unravel possible
mechanisms of rod loss in AMD. Our laboratory investigates signal transduction pathways and gene regulation
of rod death in our model of light-induced apoptosis. The transcription factor AP1 is essential, whereas other
classical pro- and antiapoptotic genes appear to be less important in our model system. Caspase-1 gene expression
is distinctly upregulated after light exposure and there are several factors which completely protect against light-
induced cell death, such as the anesthetic halothane, dexamethasone and the absence of bleachable rhodopsin
during light exposure. A fast rhodopsin regeneration rate increased damage susceptibility. Our data indicate that
rhodopsin is essential for the initiation of light-induced rod loss. Following photon absorption, there may be the

generation of photochemically active molecules wich then induce the apoptotic death cascade.

Introduction

Ophthalmologists are well aware of age-related mac-
ular degeneration (AMD) as the leading cause of
severe visual impairment in the elderly in industrial-
ized nations. However, nowbody ‘knows’ the patho-
genesis and only few curative strategies exist for
selected cases. There is circumstantial evidence that
suggests disease-promoting factors [2—4] and there-
fore provides directions where and how to search [5].
Why is that?

AMD is a complex disease affecting photorecept-
ors and pigment epithelium as well as Bruchs mem-
brane and choriocapillaris. There are several clinical
and pathohistological features such as drusen and lipo-
fuscin accumulation, which occur in affected people
[6, 7] but also in those never developing an overt
macular degeneration. Thus, there appears to be a
continuum from ageing changes to disease indicat-

ing that the pathogenesis may result from an intricate
interplay between genetic and environmental factors,
which do not interact similarly in normal aging. The
events that control the ‘switch’ from aging to disease
are unknown.

The elegant morphological analyses of the ageing
and diseased human retina by Curcio [1] leads the
way towards an approach to study AMD. Her data
along with sensitive psychophysical tests may even-
tually allow early diagnosis and, hopefully, treatment
of this disease complex. The macular extends over 6
mm in the central fundus (21.5° visual angle), the fo-
vea over 0.8 mm (2.75° visual angle). In the macula,
the rod/cone ratio is 9:1, with the highest rod density
occuring in an ellipsoid ring at 3—5 mm excentricity
in the parafovea, therefore, the parafovea is rod dom-
inated. The only rod free zone of the macula lies in
the central 0.35 mm or 1.25° visual field [8]. These
and the following data may indicate, that AMD is not
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a disease that primarily affects cones or the pigment
epithelium, respectively.

Detailed anatomical analysis in human autopsy
eyes using new graphical and statistical techniques re-
vealed the striking observation that there is a 30% rod
loss in the central 28° visual field in the normal ageing
retina, whereas cone numbers remain remarkably con-
stant [9]. In AMD, however, this loss is distinctly more
pronounced with rod densities further reduced by ad-
ditional 30-40% compared to controls [10]. Early rod
loss was observed in geographic atrophy as well as
exudative AMD. Recent functional studies elucidated
greatest visual deficits in the same area where the
highest rod loss is seen. In ageing and AMD, rod sens-
itivity is found to decline and dark adaptation time
is prolonged, however, in correlation with anatomy,
more pronounced in AMD [11, 12]. Whereas in ageing
changes rod loss and functional disturbances prevail,
the pathology of AMD comprises severe disturbances
of the pigment epithelium and Bruchs membrane with
gradual distortions and misshaping of cones up to en-
suing cone cell death. However, central cones may
be spared for considerable time periods which may
explain the relatively good vision in some patients des-
pite funduscopic signs of degeneration [10], a fact well
known to clinicians.

Thus, in ageing and AMD, early rod loss is a
predominant feature, which in AMD is followed by
alterations of PE and Bruchs membrane and gradual
death of cones. Thus it cannot be entirely excludet
that one of the primary defects may reside in photore-
ceptors rather than the PE. For example, there may
be an accumulation of undigestible or toxic com-
pounds in disk membranes which would enter the PE
with disk shedding and accelerate the accumulation
of phagolysosomes and subsequently lipofuscin with
a reduction of vital functions and eventually PE cell
death. Similar to rod loss in retinitis pigmentosa (RP),
rods in AMD die by apoptosis. Whereas RP comprises
a multitude of forms on a genetic basis with more than
100 genes already known, AMD represents a disease
complex which is likely to be caused by genetic as
well as environmental factors. However, recent invest-
igations have elucidated that in some animal models
mirroring human RP, light as an environmental com-
ponent can accelerate the disease progression [13].
According to epidemiological studies in humans, this
may be true for AMD as well [14].

Why are rods dying and how is rod cell death re-
lated to the characteristic features of aging and AMD?
To understand initial events in AMD it appears ne-

cessary to investigate in detail the regulation of rod
cell death. Similarly one may ask, why are rods dying
in RP, which events from gene mutation to cellular
dysfunction can initiate the apoptotic death cascade?
Understanding of such mechanisms may allow early
therapeutic interventions which might help patients to
retain useful vision longer than untreated patients or
with the presently available therapies which attempt
to remedy already manifest disease.

Therefore, our laboratory focusses on mechanisms
of apoptotic rod cell death. We developed the model
of light-induced apoptosis in retina and PE, which
resembles in many respects the morphological and
functional features of human retinal degenerations.
The advantage of our system is that a synchronized
burst of cell death is created and controlled studies
on a molecular and cellular level are possible, such
as dose—responses, spectral dependence, strain differ-
ences, protective measures and genetic regulation [15,
16].

Chromophore and spectrum for light-induced
apoptosis

Supporting earlier evidence that rhodopsin is the main
chromophore for mediating light damage [17], we
could demonstrate in a knock-out mouse model which
cannot (re)generate a functional rod visual pigment
[18] that retinas lacking rhodopsin are completely
protected against light damage [19]. Investigations
using different mouse strains extended earlier ob-
servations of the existence of strain differences in
light damage susceptibility [20] and identified the
RPEG65 protein as one of the main factors for this phe-
nomenon. Rpe65 sequence variations [21] influenced
levels of RPE65 and kinetics of rhodopsin regener-
ation after bleaching. Fast regeneration resulted in
a high susceptibility to light damage, whereas slow
regeneration rendered retinas more resistant to light
exposure [22]. The importance of the rhodopsin meta-
bolism was further supported by the observation that
halothane-mediated inhibition of the visual cycle pre-
vented damage after exposure to white light [23, 24].
Light damage by blue light exposure, however, was
independent of a functional visual cycle, since blue
light was capable to regenerate rhodopsin by a photo-
chemical process, photoreversal of bleaching [25], in
vivo [26]. Photoreversal provides unbleached rhodop-
sin molecules for the absorption of a large number of
photons within short time periods sufficient for the in-



duction of photoreceptor apoptosis [27]. However, in
the total absence of rhodopsin, blue light did not in-
duce light damage demonstrating that both, white light
and blue light depend on rhodopsin to induce damage
and probably use similar signaling pathways [27].

An essential protein in rhodopsin regeneration and
therefore in light damage is RPE65 [18]. So far it was
believed that mutations in Rpe65 lead to loss of rod
function in humans and mice. Using a double knock-
out strategy that combined either a functional cone
knockout (CNG3a~/~) with Rpe65~/~ or a functional
rod knockout (Rho~/~) with Rpe65~/~ we showed
that loss of RPE65 disrupts cone function and reduces
rod sensitivity by three log units [28]. This shows that
in Rpe65~/~ animals both, the cone and the rod sys-
tems are affected and that cones too depend on the
Rpe65 protein for visual pigment (re)generation.

Intracellular signalling cascades leading to rod
apoptosis

Activation of AP-1 is a common feature observed
during light induced photoreceptor apoptosis [29].
Lack of c-Fos, one of the main components of in-
duced AP-1 complexes protects retinas against acute
light damage [30]. We tested whether the pharma-
cological inhibition of AP-1 activity would prevent
apoptosis by intraperitoneal injections of single doses
of dexamethasone (DEX). DEX activated retinal glu-
cocorticoid receptor which was translocated to nuclei
and inhibited AP-1 activity. This treatment protected
against light damage and showed that AP-1 activity is
essential for the intracellular signaling in light damage
[31].

AP-1 complexes consist of two proteins of the Fos-
(c-Fos, FosB, Fra-1, Fra-2) and Jun (c-Jun, JunD,
JunB) family of proteins, respectively. Some AP-1
members like c-Fos and c-Jun have transactivation do-
mains required for transcriptional activation of Ap-1
target genes. Other proteins like Fra-1 do not have
such a domain. Although lack of c-Fos prevents light-
induced apoptosis, it can be replaced by Fra-1 if ex-
pressed under the control of c-Fos regulatory elements
[32]. This strongly suggests that the transactivation ca-
pacity of c-Fos is not required for the execution of ap-
optosis after light exposure. Similarly to c-Fos, c-Jun
has a strong transactivation domain at its N-terminus.
However, this domain needs to be phosphorylated for
full activity. Mice expressing a nonphosphorylatable
mutant of the c-Jun protein (JunAA) are phenotypic-
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ally normal and retinas are not protected against light
damage. In agreement with this, we did not observe
increased activity of N-terminal phosphorylation of
c-Jun protein in wild-type mice by Jun N-terminal
kinases (JNK) [33]. These data propose that AP-1
might not be required for transactivation but rather for
transrepression of target genes.

Further studies indicated that gene expression of
caspase-1 is stronlgy induced upon light exposure sug-
gesting a prominent role of caspase-1 in the apoptotic
process during the degeneration of the retina after light
insult [34]. In contrast to this observation, other ‘clas-
sical’ pro- or antiapoptotic genes did not show distinct
responses after light exposure.

Phototransduction, to be or not to be?

Which mechanisms operate after the absorption of
photons by rhodopsin? Is phototransduction involved
in mediating light damage in the retina? In our sys-
tem which uses short exposures to relatively bright
white light or blue light (403 nm), phototransduction
does not seem to be involved, because transducin alpha
knock out mice (Ta~/~) are not protected (manuscript
in preparation). However, long-term exposures to re-
latively low white light illuminances does not injure
mice lacking tranducin activation (M. Simon, per-
sonal communication), indicating that different light
regimens may use different pathways of damage in-
duction.The rate of rhodopsin regeneration is normal
in Ta—/~ mice, therefore, protection is not achieved
by a reduced availability of unbleached rhodopsin dur-
ing light exposure. By contrast, short wavelenght blue
light does inflict severe lesions in Tko mice, suggest-
ing again that rhodopsin-initiated lesions can occur,
but they are not mediated by regular phototransduc-
tion processes. These and other observations suggest
to us that ‘white light is blue light’ in that the blue
components in white light may be responsible for light
damage, at least under high illuminance conditions.
Thus we conclude that lesions inflicted by both
high, and low light levels and by blue light are me-
diated by rhodopsin. Phototransduction pathways may
be involved at low intensities, whereas photochem-
ical processes are likely to initiate harmful reactions
at high light levels. This implies for the human eye
that the retina and photoreceptors, especially rods,
can potentially suffer from light damage induced by
high, as well as low intensities on an acute but also
chronic basis. Toxic photoproducts may be created



28

within ROS and may represent a significant part of
the ‘undigestible’ materials accumulating in the PE
phagolysosomal system and contributing to the po-
tentially harmful effects of lipofuscin. Several recent
studies have demonstrated mechanisms of how lipo-
fuscin can impair PE function and, furthermore, can
act as a photosensitizing agent [35, 36].

These and other data indicate that to study rod
cell death may unravel important initial steps in the
pathogenesis of AMD. Upstream of the ensuing death
cascade it will be significant to find and characterize
toxic photoproducts arising after photon capture by
rhodopsin. A major task for the future will be to ap-
proach the ‘switch’ that occurs in normal ageing into
disease, leading to the deleterious loss of central visual
functions.
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