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Abstract
The second messengers, cGMP and  Ca2+, have both been implicated in retinal degeneration; however, it is still unclear which 
of the two is most relevant for photoreceptor cell death. This problem is exacerbated by the close connections and crosstalk 
between cGMP-signalling and calcium  (Ca2+)-signalling in photoreceptors. In this review, we summarize key aspects of 
cGMP-signalling and  Ca2+-signalling relevant for hereditary photoreceptor degeneration. The topics covered include cGMP-
signalling targets, the role of  Ca2+ permeable channels, relation to energy metabolism, calpain-type proteases, and how 
the related metabolic processes may trigger and execute photoreceptor cell death. A focus is then put on cGMP-dependent 
mechanisms and how exceedingly high photoreceptor cGMP levels set in motion cascades of  Ca2+-dependent and independ-
ent processes that eventually bring about photoreceptor cell death. Finally, an outlook is given into mutation-independent 
therapeutic approaches that exploit specific features of cGMP-signalling. Such approaches might be combined with suitable 
drug delivery systems for translation into clinical applications.
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Introduction

The retina is a neuronal tissue devoted to the conversion of 
light-stimuli into electrochemical signals that can be inter-
preted by the central nervous system. The key conversion 
step is performed by photoreceptors, which are compartmen-
talized cells with an outer segment (OS) harboring the com-
ponents of the phototransduction cascade, an inner segment 
(IS) containing mitochondria, a cell body with nucleus and 
organelles, and a synaptic region providing for connectiv-
ity with second-order neurons. Two main types of photo-
receptors can be distinguished: rod photoreceptors (rods) 
and cone photoreceptors (cones). Rods respond to dim light 
and enable vision at night, whereas cones respond to bright 

daylight. In humans, cones are essential for high-resolution 
color vision [46].

The phototransduction cascade relies to a large extent on 
the interplay of two essential signalling molecules: cyclic-
Guanosine-Mono-Phosphate (cGMP) and  Ca2+. In the dark, 
high levels of cGMP in photoreceptor OSs activate the cyclic 
nucleotide–gated channel (CNGC) to allow for an influx of 
 Na2+ (≈80% of ion flux) and  Ca2+ ions (≈20%) [48]. cGMP 
is synthesized by retinal guanylyl cyclase (GC) [45]. High 
levels of  Ca2+ inhibit guanylyl cyclase–activating protein 
(GCAP), restricting GC activity [101], and providing for 
a negative feedback loop that limits photoreceptor cGMP 
to its physiological range of 1–5 µM [10, 17, 34, 79]. In 
light, the activation of phosphodiesterase-6 (PDE6) leads to 
cGMP hydrolysis and closure of CNGC. In turn, this leads 
to the disinhibition of GC and cGMP synthesis, allowing for 
a rapid restoration of cGMP levels once darkness sets back 
in [64] (Fig. 1).

The CNGC-mediated influx of  Na+ and  Ca2+ in the dark 
needs to be compensated for by other ion channels and trans-
porters.  Ca2+ ions are exported from the OS by the  Na+/
Ca2+/K+ exchanger (NCKX), which uses high extra-cellular 
to intra-cellular electrochemical gradients of  Na+ and  K+ 
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ions to drive out  Ca2+ [22, 59, 83, 87]. The  Na+ ions flow-
ing into the OS through both CNGC and NCKX diffuse to 
the IS where they are exported by the ATP-driven  Na+/K+ 
exchanger (NKX) (Fig. 2) [110]. The continuous influx of 
 Na+ ions in the OS and corresponding outflux of  K+ consti-
tutes the so-called dark current, which ultimately is driven 
by the ATP-dependent NKX [63]. Light stimulation leads to 
hydrolysis of cGMP resulting in the deactivation of CNGCs 
and abatement of the dark current. Because  Ca2+ extrusion 
through NCKX continues, the cytoplasmic  Ca2+ decreases. 
This light-induced drop of intracellular  Ca2+ constitutes a 
major signal for recovery and adaptation following light 
exposure [33, 80, 115].

Hereditary retinal degenerations (RDs) affect retinal pho-
toreceptors, and in most cases these diseases are untreat-
able [43, 77]. Within the group of RD-type diseases, adult-
onset retinitis pigmentosa (RP) is the most common, with a 
prevalence of approximately 1:3500 [8]. In RP, the genetic 
defect can reside in rod or RPE specific genes, leading to a 
primary rod degeneration, which then entails a secondary 
cone degeneration. Another RD-type disease is achromatop-
sia where the genetic defect resides in cone-specific genes 
bringing about a primary cone degeneration, usually without 
affecting rod photoreceptor viability [58]. While the mech-
anisms governing photoreceptor cell death in RD are still 
incompletely understood, for the past 25 years, research into 
these mechanisms has focused on apoptosis and a suppos-
edly detrimental role of excessive intracellular  Ca2+-levels 
[26, 65]. More recently, the focus has shifted towards non-
apoptotic cell death mechanisms that are  Ca2+-independent 

and in which cGMP-signalling plays a preeminent role [3, 
77]. Photoreceptor cGMP accumulation has been observed 
in a number of murine models, for instance, in mice suffer-
ing from loss-of-function mutations in the Aipl1, Cngb1, 
Pde6b, Prph2, and Rho genes [3, 69, 81]. It appears likely 
that elevated photoreceptor cGMP levels are present in a 
number of yet other RD-gene mutations [71]. Overall, this 
highlights a possible general pathway, common to different 
disease genes and mutations, that could be targeted for the 
development of a broadly applicable therapeutic interven-
tion for RP.

In this review, we summarize key aspects of cGMP-sig-
nalling and  Ca2+-signalling relevant for hereditary photo-
receptor degeneration. Indeed, it appears that both too low 
and too high cGMP and/or  Ca2+ signalling may be lethal 
for photoreceptors, when present during extended periods 
of time [21]). We lay out the relevance of cGMP and  Ca2+ 
signalling for phototransduction and normal photoreceptor 
physiology. We then detail the potential roles that  Ca2+ 
permeable channels and downstream  Ca2+-dependent 
processes may play in degenerative events. Eventually, 
we highlight recent evidence indicating how exceedingly 
high photoreceptor cGMP levels and cGMP-dependent 
mechanisms set in motion cascades of  Ca2+-dependent 
and  Ca2+-independent processes that bring about photo-
receptor cell death.

Crosstalk between cGMP and  Ca2+‑signalling

CNG channels: activation and  Ca2+ influx

CNGCs are heterotetrameric ion channels expressed in the 
OS membrane of rods and cones, where they mediate  Na+ 
and  Ca2+ influx. Rod photoreceptor CNGC is composed 
of CNGA1 and CNGB1a subunits expressed in a 3:1 ratio 
[42]. Cone photoreceptors, on the other hand, may express 
CNGA3 and CNGB3 subunits in a 1:1 ratio [74]. In both 
rods and cones, CNGCs are opened by cGMP binding, and 
they constitute one of the major sources for  Ca2+ influx in 
photoreceptors. Because  Ca2+ has been suggested as a major 
disease driver for photoreceptor degeneration [26], CNGC 
may constitute an attractive target for therapeutic interven-
tions [68].

As shown in Fig. 1,  Ca2+ influx in photoreceptor OS 
mediates inhibition of cGMP synthesis in a regulatory 
feedback loop that normally ensures that both cGMP 
and  Ca2+ levels in the OS are kept within physiologi-
cal ranges. However, when this feedback loop is broken 
by mutations in RD-genes, the result can be pathologi-
cal changes in the intracellular concentrations of either 
cGMP or  Ca2+ or both at once. For instance, loss-of-
function mutations in PDE6 genes cause an elevation of 

Fig. 1  Interplay of cGMP and  Ca2+ in photoreceptor outer seg-
ments. In darkness,  Ca2+ prevents guanylyl cyclase–activating protein 
(GCAP) from activating retinal guanylyl cyclase (GC). GC produces 
cGMP, which opens the cyclic nucleotide–gated channel (CNGC), 
allowing for influx of  Ca2+. In light, phototransduction leads to acti-
vation of phosphodiesterase-6 (PDE6), which hydrolyses cGMP, clos-
ing CNGC and stopping  Ca2+ influx. This in turn leads to disinhibi-
tion of cGMP synthesis. Mutations in genes encoding for any of these 
proteins lead to dysregulation of cGMP and  Ca2+ homoeostasis and 
can cause retinal degeneration (RD)
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photoreceptor cGMP levels, overactivate CNGC, increase 
 Ca2+ influx, and cause photoreceptor cell death [23, 57]. 
Conversely, loss-of-function mutations in CNGC genes 
could result in  Ca2+ depletion, disinhibition of GC, 
exceedingly high cGMP production, and again photore-
ceptor cell death [3, 38, 112]. Hence, these two types of 
RD mutations might represent opposing ends when it 
comes to photoreceptor  Ca2+ levels, high in case of PDE6 
mutations and low in CNGC mutations. Both types of 
genetic defects invariably result in photoreceptor death, 
with the common point being high photoreceptor cGMP. 
On the other hand, it is important to consider that  Ca2+ 
channels and exchangers are tightly coupled in a cellu-
lar system, therefore reduced function of CNGC may be 
compensated in a cell by decreased activity of exchang-
ers. At any rate, high levels of cGMP will overactivate 
cGMP-dependent protein kinase G (PKG) [108, 112], the 
activity of which was found to be both necessary and suf-
ficient to mediate cGMP-dependent photoreceptor cell 
death [69].

PKG and its role in photoreceptor cell death

The prototypic cellular target for cGMP-signalling is PKG 
[27]. PKG is a serine/threonine-specific protein kinase, and 
in mammals, there are two different genes coding for three 
different enzyme isoforms: The PRKG1 gene gives rise to 
the alternatively spliced α and β isoforms of PKG1, while 
the PRKG2 gene encodes for PKG2 [37]. To be activated, 
PKG requires conformational changes to liberate the cata-
lytic site. These changes are induced by binding of cGMP 
to the regulatory domain, which blocks the inhibition of the 
catalytic core exerted by the autoinhibitory sequence in the 
N-terminus, allowing the phosphorylation of substrate pro-
teins [37, 75].

Although cell death in retinal degeneration is often 
believed to be driven by apoptosis, several studies hint at 
the involvement of a non-apoptotic cGMP/PKG-dependent 
cell death mechanism triggered by accumulation of cGMP 
in the degenerating photoreceptors [3, 77]. In situ hybridisa-
tion studies indicate that photoreceptors express the Prkg1 

Fig. 2  cGMP and  Ca2+ signalling in different photoreceptor compart-
ments. In RD-type diseases, photoreceptor degeneration was con-
nected to high levels of cGMP and  Ca2+. cGMP activates protein 
kinase G (PKG), which is linked to cell death, and cyclic nucleo-
tide–gated ion channel (CNGC), promoting  Ca2+ influx in the outer 
segment. In turn,  Ca2+ can inhibit guanylate cyclase (GC), which 
converts GTP to cGMP. The cGMP signal is normally terminated 
by phosphodiesterase 6 (PDE6). Several channels are responsible 
for  Ca2+ homeostasis: The  Na+/Ca2+/K+ exchanger (NCKX) pro-

motes  Ca2+ efflux for  Na+ influx. Excess  Na+ is then expelled by the 
ATP-driven  Na+/K+ exchanger (NKX) in the inner segment. Plasma 
membrane  Ca2+ ATPase (PMCA) also extrudes  Ca2+ in exchange for 
ATP hydrolysis. In the synapse and cell body, voltage-gated calcium 
channel (VGCC) is responsible for  Ca2+ influx, which may activate 
calpain-type proteases to precipitate cell death. In the synapse,  Ca2+ 
stimulates glutamate-containing vesicles to fuse with the membrane, 
regulating glutamate release
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gene [25], yet it is not clear whether this will lead to the 
expression of the PKG1 α or β isoform. Whether PKG2 is 
expressed in photoreceptors is not currently known. In ani-
mals showing elevated photoreceptor cGMP due to CNGC 
loss-of-function, PKG inhibition was found to be neuropro-
tective [54]. In Cngb1−/− x Prkg1−/− double mutant mice, in 
which both CNGC and PKG are dysfunctional, photorecep-
tor degeneration was markedly delayed when compared to 
Cngb1−/− single mutants [108].

Taken together, PKG activation by high levels of photo-
receptor cGMP is very likely to play an important role in 
triggering photoreceptor cell death. As far as the mecha-
nisms triggered by high cGMP and PKG are concerned, two 
important questions remain: (1) At present it is not entirely 
clear which PKG isoform is responsible for photoreceptor 
cell death, a question that may be further addressed with 
conditional PKG knockout studies. (2) As a kinase, PKG 
has at least several hundred potential phosphorylation tar-
gets. While for instance the ryanodine receptor-2 [113] or 
CNGC modulation may in part mediate PKG-dependent 
effects [12], phosphoproteomic studies might help to iden-
tify which of these are most relevant for photoreceptor cell 
death and could perhaps highlight further targets for future 
therapy development.

PDEs: where cGMP, cAMP, and  Ca2+ signalling 
pathways (may) meet

To terminate cGMP-signalling, the cGMP molecule is bro-
ken down by enzymes belonging to the phosphodiesterase 
(PDE) group, which specifically hydrolyse the 3′5′ cyclic 
phosphate bond. Interestingly, there is a potential for cross-
talk between cGMP-, cyclic Adenosine-Mono-Phosphate 
(cAMP)-, and  Ca2+ signalling via PDEs. There are 11 struc-
turally related but functionally distinct mammalian PDE 
gene families (PDEs 1–11). PDEs 5, 6, and 9 are specific for 
cGMP; PDEs 4, 7, and 8 hydrolyse cAMP only; while PDEs 
1, 2, 3, 10, and 11 can degrade both cGMP and cAMP [15]. 
Among all the PDEs, the photoreceptor specific PDE6 has 
the highest cGMP turn-over rates [32, 51]. To date, a clear 
association with human disease is only known for mutations 
in genes coding for PDE6, as for example, in certain cases 
of RP and achromatopsia.

One possible connection between cyclic nucleotide signal-
ling and  Ca2+ is via adenylyl cyclase (AC), which is stimu-
lated by  Ca2+ to produce cAMP [106]. cAMP-signalling 
may be relevant for photoreceptor physiology, for instance, 
for the regulation of phototransduction sensitivity in rods [4] 
and cGMP stimulated CNGC-mediated  Ca2+ influx could 
conceivably raise photoreceptor cAMP levels. Moreover, 
cGMP activates the cAMP-specific PDE2, while it inhibits 
cAMP-specific PDE3. Thus, depending on the PDE expres-
sion pattern in a given cell type, cGMP can either increase or 

decrease cAMP-signalling [15]. With regards to photoreceptor 
degeneration, an elevation of retinal cAMP was found in rd2 
mouse retina; however, it is unclear whether this increase was 
specific to photoreceptors or to other cell types of the retina 
[86]. In the rd1 mouse, elevation of retinal cAMP content was 
shown to be restricted to the inner retina [53]. Since neither 
PDE2 nor PDE3 expression has been unambiguously demon-
strated in photoreceptors, it is not currently known whether 
direct cGMP to cAMP crosstalk can occur in these cells.

Ca2+ and calpain‑type proteases

Calpains:  Ca2+ activated proteases and their role 
in photoreceptor cell death

Calpains are a group of  Ca2+-dependent cysteine proteases. 
Even though their discovery dates back to 1964 [35], ear-
lier than caspases or proteasomes, they remain enigmatic. 
The calpain family comprises 14 known isoforms [31]. The 
most ubiquitous and best characterized are calpain-1 and 
calpain-2. Also called µ-calpain and m-calpain, they are acti-
vated in vitro by micromolar and millimolar concentrations 
of  Ca2+, respectively [31]. Since the physiological intracel-
lular  Ca2+ concentrations are thought to reach micromolar 
levels at most, calpain-1 is considered to be the most active 
isoform in vivo. Curiously, calpain-1 deficient mice present 
an apparently normal phenotype [5], while calpain-2 defi-
ciency is embryonic lethal [19, 95], suggesting that calpain-2 
has more important functions than calpain-1 in vivo.

Calpain-1 and calpain-2 appear to have opposing func-
tions in the brain [7]. While calpain-1 activation has been 
linked to synaptic plasticity and neuroprotection, calpain-2 
activity limits the extent of plasticity and contributes to neu-
rodegeneration. CNGC-mediated excessive  Ca2+-influx due 
to accumulation of cGMP may contribute to calpain protease 
activity, which was found to be associated to photorecep-
tor cell death [49, 50, 72]. Accordingly, calpain activity is 
increased in the outer nuclear layer in several models for 
retinal degeneration [3, 67]. Most of this increase in cal-
pain activity is likely caused by calpain-2, with additional 
contributions from calpain-1 [78]. Remarkably, calpain-2 
is activated by millimolar  Ca2+ concentrations, thus sug-
gesting that when calpain-2 activation occurs, the cell may 
have entered a degenerative stage at which it can no longer 
maintain the normal intracellular  Ca2+ homeostasis (approx. 
500 nm). Thus, calpain-2 activation may happen relatively 
late during the final stages of cell death.

The inhibition of calpains with SNJ-1945 decreased cell 
death in a rat model of photoreceptor degeneration induced 
by N-methyl-N-nitrosourea (MNU) [62], while the calpain 
inhibitors ALLN and ALLM reduced photoreceptor degen-
eration in the rd1 mouse model for RD [85]. The treatment 
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with calpastatin, considered to be the most specific inhibi-
tor of calpains and inhibiting calpain isoforms 1, 2, and 9 
(Suzuki et al. 2004), reduced calpain activity and cell death 
both in vitro and in vivo in the rd1 mouse [72]. Overall, 
these studies indicate that  Ca2+-activated calpain-type pro-
teases are likely contributors to photoreceptor cell death.

Downstream of calpains: AIF and PARP activation

The activity of calpain may contribute to retinal degenera-
tion via activation of apoptosis-inducing factor (AIF) [85]. 
The AIF protein was first identified as an apoptogenic factor 
released from mitochondria to mediate caspase-independent 
apoptosis in mammals [94]. Nowadays, AIF is commonly 
associated with non-apoptotic cell death [91], which arguably 
is the most important degenerative mechanism in RD [3]. 
In retinal degeneration, the activation of AIF also decreases 
after blocking calpain activity [66]. Inhibition of calpain or 
chelation of  Ca2+ prevents processing and release of AIF 
[61]. In the retinal ganglion cell 5 (RGC-5) line, calpain may 
induce necroptosis via AIF-modulation [91]. All the evidence 
indicates that AIF could also be one of the downstream tar-
gets of calpain, but it remains unclear how calpain may medi-
ate AIF cleavage and contribute to non-apoptotic cell death.

Enzymes belonging to the 18-member poly(ADP-ribose) 
polymerase (PARP) family are involved in the repair of DNA 
damage but have also been linked to a variety of disease condi-
tions [60, 89]. They consume  NAD+ to add poly(ADP-ribose) 
polymers to target proteins in response to a variety of cellular 
stresses [13]. Overactivation of the most studied PARP iso-
form, PARP-1, is associated with elevations in intracellular 
 Ca2+, indicating that both may take part in a common cell 
death pathway [18, 30, 117]. In RD, calpain and PARP have 
been proposed to independently contribute to cell death [3]. 
Yet, calpain may cleave many proteins that are vital for cell 
survival [70], including PARP-1 [56]. In addition, the activa-
tion of PARP-1 may require the activation of calpains [84]. 
Similarly, in the N-methyl-d-aspartic acid (NMDA) toxicity 
model in rat primary cortical neurons, PARP and calpain 
were found to be linked via PARP-1 induced alterations in 
mitochondrial  Ca2+ homeostasis [104]. In a mouse model of 
controlled cortical impact (CCI), the PARP inhibitor PJ34 sup-
pressed the over-activation of calpain [97]. Hence, in heredi-
tary retinal degeneration, PARP may be linked directly to cal-
pain activity or vice versa. One possible connection could be 
the excessive consumption of  NAD+ by overactivated PARP-1. 
Since the intracellular pools of  NAD+ and ATP are linked, 
the depletion of  NAD+ could lead to a breakdown of photo-
receptor energy metabolism (see below). Future studies may 
reveal the nature of relationship between calpains and PARP 
in retinal degeneration.

cGMP and  Ca2+: relation to photoreceptor 
energy metabolism

To maintain their OS dark current and to achieve single photon 
light sensitivity [36], photoreceptors consume disproportion-
ately large amounts of energy [99]. Although retinal energy 
metabolism was studied already in the 1920s by Otto War-
burg [109], even today surprisingly, little is known about how 
photoreceptors satisfy their enormous energy demand. Below 
and in Fig. 2, we briefly illustrate how cGMP and  Ca2+ may 
influence photoreceptor metabolism and energy consumption.

The highest energy demanding function in a photoreceptor 
is the active transport of ions against their concentration and 
electrical gradients [111]. As mentioned above, the dark cur-
rent is driven by the  Na+ and  K+ ion gradient. The  Na+ gradi-
ent is maintained by the activity of the ATP-driven NKX in the 
IS [110]. Remarkably, NKX activity alone is responsible for 
the consumption of at least 50% of the ATP produced by pho-
toreceptors [2], and cones appear to consume twice as much 
energy as rods [39]. On the other hand, in most mammalian 
retinas, rods outnumber cones and rod energy consumption is 
at least 75% lower in light, so that, a duplex retina provides for 
very high light sensitivity at an overall relatively low energy 
expenditure, when compared, for instance, with rhabdomeric 
insect photoreceptors [63]. This, however, no longer applies 
under conditions of an abnormal increase of cGMP concentra-
tion. Here, CNGCs are continuously activated, the influx of 
 Na+ and  Ca2+ increases further, and the photoreceptor mem-
brane potential becomes more positive than it would otherwise 
be in darkness. This requires extra NKX activity and likely 
puts additional strain on photoreceptor energy metabolism.

Moreover, the continuous depolarization triggers a sustained 
activation of voltage-gated  Ca2+ channels (VGCC) in the IS, cell 
body, and synapse [40, 105]. In these cellular compartments, 
the  Ca2+ influx is counterbalanced by the ATP-driven plasma 
membrane  Ca2+-ATPase (PMCA) [14]. Hence, via the inter-
mediary of VGCC the overactivation of CNGC by high levels 
of OS cGMP may increase ATP consumption also in all other 
compartments of the photoreceptor cell. In summary, cGMP and 
 Ca2+-signalling impact photoreceptor energy metabolism in ways 
that are likely to have a bearing for retinal disease pathogenesis.

cGMP and  Ca2+ signalling: opportunities 
for therapy development

Strategies targeting  Ca2+‑influx

Paradoxically, photoreceptor degeneration has been 
reported to be linked to both increased and decreased 
intracellular  Ca2+ levels, alternative hypotheses that may 
be referred to as “high  Ca2+” and “low  Ca2+” hypotheses, 
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respectively [21, 26]. Thus, specific components of  Ca2+ 
signalling might be targeted to delay RD progression. 
Pharmacological inhibition of  Ca2+ channels has been 
suggested as a means to slow down degeneration in rd1 
[28, 96, 102]. Knockout studies on the Cngb1−/− x rd1 [68] 
and Cngb1−/− x rd10 [107] double-mutants suggested an 
important role for CNGC in retinal degeneration. On the 
other hand, similar studies on VGCC indicated that these 
 Ca2+ permeable channels might be of lesser importance for 
photoreceptor cell death [82, 88]. Because of the multiple 
roles of  Ca2+ signalling in cellular physiology, any target-
ing of  Ca2+ permeable channels must be very specific. In 
case of RP, only rod-specific channels should be inhibited 
to avoid interference with cone-mediated vision. While 
specific pharmacological inhibition of channels may be 
feasible in some cases [16], genetic approaches using, for 
instance, antisense oligonucleotides [29] may allow for 
more selective therapeutic intervention. On the other hand, 
low levels of intracellular  Ca2+ may also be detrimental 
to photoreceptors [21], raising doubts as to whether  Ca2+ 
permeable channels really are a suitable target for phar-
macological inhibition intervention.

Strategies targeting cGMP‑signalling

Since the imbalance of cGMP levels seems to be one of 
the initial events in photoreceptor cell death, neuroprotec-
tive strategies targeting upstream events may prevent or 
slow down the course of the disease. One way to target 
cGMP-signalling is to reduce the intracellular pool of gua-
nine nucleotides [24]. For instance, inhibition of inosine 
monophosphate dehydrogenase (IMPDH) with mycophe-
nolate mofetil (MMF), a prodrug of mycophenolic acid, 
suppresses de novo guanine nucleotide production [1]. 
Early treatment with MMF has been demonstrated to exert 
neuroprotection in rd1 and rd10 murine models, reducing 
photoreceptor cGMP levels and inhibiting cGMP-depend-
ent cytotoxicity [114].

Effectors downstream of the cGMP-signalling cascade, 
such as CNGCs or PKG, may also be considered possible 
targets [100]. In particular, the idea of PKG as a poten-
tial target for neuroprotective strategies has been pointed 
out by different studies [3, 69, 108]. There are only a few 
PKG-specific inhibitors available so far. The oligopeptide 
DT-2 is a substrate-binding site inhibitor, highly specific 
for purified PKG Iα/β enzymes, even though DT2 was 
found to be inefficient in different cell types [9]. Another 
PKG inhibitor is KT5823, an ATP-binding site inhibitor. 
Despite its efficacy in vitro, KT5823 is also an inhibitor of 
PKA and PKC, making it ineffective in intact human plate-
lets and rat mesangial cells [9]. A more specific inhibitor is 
a derivative of the fungal metabolite balanol, N46, which 

reduced thermal hyperalgesia and osteoarthritic pain in 
rats through selective inhibition of PKG Iα [93]. Finally, 
cGMP analogues constitute another class of PKG inhibi-
tors that bind to the cGMP-binding domains of PKGs, 
without inducing the conformational changes needed for 
the activation of the kinase, leading to a competitive and 
reversible inhibition [98]. This class of PKG inhibitors 
showed marked neuroprotective properties in rd1, rd2, and 
rd10 mice in vivo [103] suggesting that cGMP analogues 
may constitute a valid alternative for the study of PKG 
cellular functions, as well as for interventions in cGMP/
PKG-dependent cell death mechanisms.

The problem of retinal drug delivery

Delivery of therapeutic compounds or antisense oligonu-
cleotides to photoreceptors remains a complicated task 
primarily due to the protected environment that these cells 
require. Drugs delivered by systemic administration methods 
need to cross either the inner blood-retinal barrier (iBRB) or 
outer blood-retinal barrier (oBRB) [52]. The iBRB consists 
of Müller cells surrounding the blood vessels of the inner 
retinal vasculature with endothelial cells connected via tight 
junctions. The oBRB is based on the RPE cells, which are 
also bound by tight junctions, and Bruch’s membrane, sepa-
rating the retina from the dense vasculature in the choroid. 
To cross the BRB, glutathione-conjugated liposomes have 
been developed for active targeting of glutathione transport-
ers [55, 103].

Local administration methods, such as intravitreal (IVT) 
injection, could circumvent parts of the BRB to make drug 
delivery more effective. Yet, rapid clearance of drug from 
the vitreous environment and the inner limiting membrane 
(ILM) at the vitreoretinal interphase still limits drug uptake 
by photoreceptors. To address the first issue, injectable drug-
loaded implants have been developed based on hydrogel, 
providing sustained drug release for up to 6 months [116]. 
Non-biodegradable implants, though, can offer more delayed 
release for 2–3 years [41]. IVT administered micro- and 
nano- particle-based formulations have also been investi-
gated. Among the microparticles, poly(l-lactide)-based 
particles have proved promising for retinal drug delivery. 
One system provided retention of small hydrophilic drugs 
in the retina for up to 3 months after IVT injection, while 
the drug solution administered without the delivery system 
could not be detected after 1 month. [92]. Unfortunately, 
micro-sized particles typically interfere with light trans-
mission through the vitreous, which is why nanoparticles 
could be more suitable for IVT delivery to the retina. Par-
ticle diffusion in the vitreous depends largely on size and 
surface charge. The human vitreous has an average pore-
size of 500–1000 nm in the center of the eye, and with the 
high concentration of hyaluronic acid (140–340 µg/mL), 
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the vitreous is an overall anionic environment [90]. Hence, 
negatively charged nanoparticles generally diffuse faster in 
the vitreous than positively charged particles [20], which can 
aggregate [73]. However, positively charged nanoparticles 
grafted with shielding poly(ethylene glycol) (PEG) poly-
mers have reached the retina following intravitreal injection 
[47]. While the pores in the ILM are too narrow for most 
nanoparticles to freely diffuse through, human serum albu-
min–based nanoparticles [44] and PEG-coated liposomes 
[11] have been shown to be taken up by Müller glial cells 
at the ILM and subsequently reached the deeper retinal tis-
sue. In the future, successful therapy of retinal diseases will 
likely require the parallel development of therapeutic com-
pounds together with a suitable drug delivery system that 
can overcome the relevant barriers.

Conclusion

In the past 25 years, attempts at treatment development for 
retinal degeneration mirrored those pursued for neurodegen-
erative brain diseases. These attempts were based on two 
main premises, namely that (1) photoreceptor degenera-
tion was governed by apoptosis as the causative cell death 
mechanism [26, 76], and (2) that apoptosis was triggered by 
high intracellular  Ca2+ levels [65]. Accordingly, develop-
ment efforts focused on lowering photoreceptor intracellular 
 Ca2+ levels, often by targeting  Ca2+-permeable channels [28, 
102]. Unfortunately, these efforts failed to deliver a viable 
therapeutic option for RD (reviewed in [6]), suggesting that 
 Ca2+ was in fact not as important as thought. In addition, in 
recent years, it has become increasingly clear that apopto-
sis—while involved in retinal development—is unlikely to 
be related to cell death caused by RD-gene mutations [3, 77].

In many genetically distinct types of RD, the rise in 
intracellular cGMP can be directly linked to photoreceptor 
degeneration [71, 77]. While cGMP in photoreceptors can 
target PKG and CNGC (Fig. 2), the deleterious effect of high 
cGMP likely stems from PKG activity, which was found to 
be both necessary and sufficient to cause cGMP-dependent 
photoreceptor death [69]. Further evidence comes from com-
paring PDE6 gene mutations (high cGMP and high  Ca2+) 
with CNGC mutations (high cGMP but low  Ca2+). While 
 Ca2+ levels are elevated in only one of the two situations, 
cGMP is elevated in both, strongly suggesting that photore-
ceptor cell death was driven by cGMP-dependent processes. 
Nevertheless, the added strain on energy metabolism that 
may be induced by increased  Ca2+ influx may aggravate the 
situation further, so that, when high cGMP and high  Ca2+ 
come together, cell death is precipitated. Therefore, in cer-
tain genetic constellations targeting  Ca2+-signalling may be 
considered for adjuvant treatment, to maximize the effective-
ness of cGMP-targeting approaches.

In summary, the evidence available today suggests 
that therapeutic approaches in RD should focus on tar-
geting cGMP-signalling rather than  Ca2+-signalling. 
Indeed, recent studies have shown that interference with 
cGMP signalling, when combined with a suitable drug 
delivery vehicle, holds great promise for RD treatment 
development. Future pre-clinical studies shall attempt 
to validate these findings and hopefully subsequent 
clinical trials will translate them into mutation-inde-
pendent therapy.
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