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Abstract
Rhodopsins (Rh) are G-protein-coupled receptors that function as light sensors in photoreceptors.
In humans, mutations in Rhodopsins cause retinitis pigmentosa, a degenerative disease that
ultimately results in blindness. Studies in Drosophila have provided many insights into basic
Rhodopsin biology and identified pathways that lead to retinal degeneration. It has been shown
that because Rhodopsin is very abundant in photoreceptors, its accumulation in numerous
organelles induces severe stress and results in degeneration of these cells. Moreover, genetic
lesions that affect proper activation of membrane-bound Rh lead to disruption in Ca2+ homeostasis
which also causes photoreceptor degeneration. Here, we review the molecular signals involved in
Rhodopsin homeostasis and the mechanisms underlying retinal degeneration in flies, and discuss
possible links to human diseases.

Introduction
Retinitis pigmentosa (RP), which affects ~1/4,000 individuals, is the most common form of
retinal degeneration [1]. The symptoms start with night vision loss, followed by tunnel
vision and eventually result in complete loss of vision. RP is typically hereditary and often
autosomal dominant (ADRP). Over 120 mutations in Rhodopsin (Rh) have been associated
with RP, accounting for ~25% of all cases [2]. Moreover, mutations in some other RP genes,
such as PRPF31, TULP1 and Myosin VIIA, also affect Rh dynamics [3–5]. Hence, dissecting
Rh function and homeostasis is central to understanding the pathology of RP. The
Drosophila eye has been used to study Rh biology and photoreceptor degeneration [6, 7].
The compound eye consists of ~800 ommatidia, each of which contains 8 photoreceptors
R1-R8 (Figure 1A & B). Each photoreceptor contains a microvillar structure of stacked
membranes, the rhabdomere, where phototransduction proteins reside (Figure 1B). The
rhadbdomeres are light-sensing organelles and functional equivalents of outer segments of
mammalian cones and rods. In flies, retinal degeneration can be assessed by examining
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rhabdomere morphology (Figure 1C) or photoresponses (Figure 1D). Numerous mutations
that cause retinal degeneration have been identified in screens using these assays.

Rhs are evolutionarily conserved light sensors from Cnidaria to human [8]. In Drosophila,
Rh1 is the major light sensor that is abundant in R1-R6 (Figure 2). Similar to vertebrate Rh,
Drosophila Rh1 consists of a seven transmembrane protein, opsin [9, 10] and a
chromophore, 11-cis-3-hydroxyretinal [11]. Upon photon absorption, 11-cis-retinal is
isomerized to all-trans-retinal, inducing a conformational change of the opsin to produce
metarhodopsin (Mrh) [12]. Mrh activates a G-protein-alpha subunit which activates
phospholipase C (PLC) [13]. PLC hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2)
to produce diacylglycerol (DAG). DAG or its metabolites may trigger the opening of TRP
channels and depolarization of photoreceptors [14–16] although recent evidence suggests
that a decrease in PIP2 and the subsequent acidification also contribute to TRP activation
[17, 18]. In the vertebrate eye, a similar phototransduction cascade has been identified in
intrinsically photosensitive retinal ganglion cells, which function in circadian rhythm and
iris reflex [19, 20]. Indeed, in these cells, melanopsin, a homolog of Drosophila Rh1,
functions as a light sensor [21]. Moreover, a PLC and two TRP channels are required for the
phototransduction cascade [22]. Although the light sensors in cones and rods are Rhs, the
downstream events are different. In the dark, cones and rods are depolarized due to the
opening of cGMP-gated cation channels. Light activation of Rh leads to activation of a
phosphodiesterase, that hydrolyzes cGMP and causes closure of the cation channels, causing
repolarization of these cells [23].

A cycle of Rh1 production and turnover has been unraveled in flies [6] (Figure 3). Rh1 is
synthesized and folded in the ER and transported to rhabdomeres via vesicular trafficking
through the Golgi. During its maturation, Rh1 undergoes glycosylation and deglycosylation.
Upon binding to the chromophore, Rh1 is further folded and matures into its final
conformation. In rhabdomeres, Rh1 functions as a light sensor and cycles between its
inactive (Rh) and active form (Mrh). Moreover, a small portion of Rh1 is internalized and
degraded upon light exposure. Hence, Rh1 needs to be continously produced and transported
to the rhabdomeres to maintain homeostasis upon light stimulation. Here, we will discuss
how disruption of maturation, transport, activation and degradation of Rh1 leads to retinal
degeneration based on Drosophila research. We also explore the correlation between
findings in Drosophila and mechanisms underlying retinitis pigmentosa in human.

Rhodopsin synthesis and maturation
Rh synthesis and maturation are essential for photoreceptors. Besides its light-sensing
function, Rh1 is required for maintaining the structure of rhabdomeres. Rh1 is an essential
component of the rhabdomere terminal web (RTW), an F-actin meshwork that provides a
mechanical force to support the rhabdomeric membranes and mediates vesicular trafficking
towards rhabdomeres [24, 25]. Hence, complete loss of Rh1 leads to collapse of
rhabdomeres and partial loss of Rh1 leads to formation of smaller rhabdomeres [26–29].
Maturation of Rh encompasses a series of steps of post-translational modification, whose
disruption can lead to accumulation of Rh in corresponding organelles. Since Rh is
abundant, its aberrant accumulation in organelles usually leads to retinal degeneration.
However, the consequences of Rh accumulation in different compartments dramatically
affect the nature and speed of degeneration, a topic that we discuss here.

Transcription of Drosophila Rh1 is controlled by Eyeless/Pax-6 [30]. Upon translation,
folding of Rh1 requires chaperones, including NinaA, Calnexin and XPORT. NinaA is a
homolog of a vertebrate cyclophilin, which functions as a peptidylprolyl cis-trans-isomerase
[31, 32]. NinaA is predominantly localized to the ER and secretory vesicles and forms a
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complex with Rh1 to promote its maturation and transport [33–35]. Mutations in ninaA
cause a severe reduction of Rh1 levels, accumulation of immature Rh1 in the ER and ER
expansion. Interestingly, photoreceptor degeneration is not obvious in ninaA mutants as
determined by rhabdomere morphology [36]. We therefore propose that the photoreceptors
are able to degrade immature Rh1 through an unfolded protein response (UPR) and ER-
associated degradation (ERAD) to prevent degeneration.

Unlike ninaA, mutations in Calnexin, another chaperone located in the ER that promotes
folding of Rh1 in flies, cause a light-enhanced retinal degeneration. Loss of Calnexin leads
to an accumulation of immature Rh1 in the ER and reduced Rh1 levels in rhabdomeres
similar to loss of NinaA. In the dark, only a subtle retinal degeneration is observed in
Calnexin mutants, but the degeneration is much enhanced by light [36]. Besides its
chaperone function, Calnexin also functions to buffer Ca2+ [36]. In a double mutant of PLC
and Calnexin, in which the Ca2+ influx is blocked, the light-induced degeneration rate is
much slower than in the single Calnexin mutants. These results indicate that defects in Ca2+

buffering contribute to photoreceptor degeneration in calnexin mutants when exposed to
light.

XPORT functions as a chaperone for both Rh1 and TRP, and loss of xport leads to a light-
enhanced retinal degeneration [37]. In the xport mutant, both Rh1 and TRP levels are
reduced, and the remaining proteins are mostly accumulated in the cytosol. In the dark, xport
mutant photoreceptors exhibit ER accumulations and Golgi dilation, however rhabdomere
morphology is preserved. Upon light exposure, xport mutants undergo retinal degeneration.
Since loss of trp causes a light-induced retinal degeneration, whereas reduction of Rh1
levels does not cause degeneration, the degeneration of xport photoreceptors is likely due to
loss of TRP in rhabdomeres and a disruption of Ca2+ influx, which will be discussed later.

In humans, mutations in Rh that affect folding usually cause ADRP. Expression of the most
common human Rh1 mutant, P23H (P37H in Drosophila) in wild type photoreceptors leads
to an accumulation of Rh1 in ER and age-dependent retinal degeneration [38]. Fly
geneticists also performed screens to isolate dominant mutations in Rh1 that cause
photoreceptor degeneration [39, 40]. Interestingly, some amino acid changes in dominant
Rh1 mutants are identical to those found in ADRP patients, including G119E, P184L,
E194K and G195S [39]. Surprisingly, none of the dominant Rh1 mutations cause
degeneration in homozygous mutants, although Rh1 is dramatically reduced [39, 40]. Thus,
these data indicate that degeneration of photoreceptors is dependent on the existence of both
wild-type and mutant Rh1. This implies that mutant and wild-type Rh1s form a complex that
is resistant to degradation and is toxic to the photoreceptors. Indeed, boosting ERAD by
overexpression of Hrd1, an ERAD-associated E3 ubiquitin-protein ligase, or EDEM2 (ER
degradation enhancer mannosidase alpha-like 2) reduces mutant Rh1 levels in dominant Rh1
mutants and delays retinal degeneration [41], providing a potential strategy for treating RP.

Glycosylation promotes proper folding of various proteins. Rh1 is glycosylated at Asn20 in
the ER at NXS/T site, which is an essential determinant for N-linked protein glycosylation
[42, 43]. Mutations of Asn20 lead to a reduction of the Rh1 levels, accumulation of Rh1 in
the ER, and eventually degeneration of photoreceptors [42, 44, 45]. Since this glycosylation
is required for the binding of Rh1 to Calnexin but not to NinaA [36, 46], it’s possible that
the binding of unglycosylated Rh1 to NinaA prevents an efficient UPR and ERAD in the ER
and causes an accumulation of immature Rh1 and degeneration. In vertebrates, N-
glycosylation on Asn15 has also been shown to be required for stability of Rhodopsin [47].
A missense mutation which disrupts the NXS/T consensus sequence also causes ADRP in
patients [48]. These findings suggest that N-glycosylation is a conserved process that is
required for the maturation of Rhodopsin.
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Mature Rh1 is not N-glycosylated, indicating that sugars are removed in the Golgi. Indeed, a
metallophosphoesterase, dMPPE, is invovled in the deglycosylation of Rh1 [49]. dMPPE
functions as a Mn2+/Zn2+-dependent phosphoesterase and mediates the dephosphorylation
and activation of a Golgi glycoprotein mannosidase, alpha-Man-II, which is required for the
removal of the Rh1 oligosaccharide chain. Interestingly, defects in deglycosylation do not
affect Rh1 localization or signaling. However, loss of dMPPE leads to enhanced degradation
of endocytosed Rh1 and light-dependent retinal degeneration. Therefore, deglycosylation of
Rh1 is required for its stability.

An important step of Rh1 maturation is linking opsin to the chromophore. Defects in
chromophore biosynthesis affect Rh1 deglycosylation and transport, and lead to a reduction
of Rh1 levels [50]. The biosynthetic pathway of the chromophore is summarized in [6]. A
recent study shows that Neurexin I, a cell adhesion molecule involved in synapse formation,
forms a complex with retinoid- and fatty-acid-binding protein apolipoprotein I, which is
required for the transport of 11-cis-retinal from the pigment cells to photoreceptors [51].
Mutations that affect chromophore biosynthesis lead to a severe reduction of Rh1 as well as
smaller rhabdomeres [48]. However, the photoreceptors do not degenerate. Hence, opsins
that lack the chromophore can be efficiently degraded to prevent ER stress.

In summary, accumulation of unfolded Rh1 usually leads to degeneration of the
photoreceptors. Degradation of immature Rh1 seems to serve as a protective mechanism and
prevent degeneration. ERAD may be one of the most effective ways to degrade unfolded
Rh1 without causing photoreceptor degeneration. Although Rh1 is essential for
photoreceptors, a reduction of misfolded Rh1 levels is beneficial for photoreceptor integrity.

Transport of Rh1 between different compartments
Rh1 is transported to the rhabdomeres through the secretory pathway, and many factors are
involved in this process (Figure 3). One of these, Arf72A, a small GTPase, functions as a
quality control checkpoint for Rh1-bearing vesicles when they bud from the ER [52]. Loss
of Arf72A in Rh1 dominant mutants reduces Rh1 accumulation in the ER and delays retinal
degeneration. Rab proteins are small GTPases that control membrane trafficking processes
and several Rabs also regulate Rh1 trafficking. Indeed, Rab1 is required for transport of Rh1
from the ER to the Golgi [53] and expression of a dominant negative Rab1 (DN-Rab1) leads
to a swollen rough ER, accumulation of glycoslated Rh1, and degeneration of photoreceptor
[53]. These findings indicate that the accumulation of unfolded Rh1 is the primary cause of
retinal degeneration in these mutants.

Sorting of Rh1 between the Golgi compartments is dependent on Rab6 [54]. Expression of a
dominant negative Rab6 in photoreceptors leads to an accumulation of glycosylated Rh1, a
reduction of mature Rh1 levels, formation of smaller rhabdomeres and eventually
degeneration of photoreceptors. Hence, accumulation of immature Rh1 in the Golgi also
induces retinal degeneration. A recent study shows that glycosylphosphatidylinositol (GPI)
and some GPI-anchored proteins are required for Rh1 sorting in the trans-Golgi [55]. Loss
of a GPI-transamidase subunit leads to mis-sorting of Rh1 into the endolysosomal pathway
upon its secretion from the trans-Golgi, which leads to a breakdown of rhabdomeres. Hence,
proper sorting of Rh1 in the Golgi is critical for photoreceptor development and
maintenance as well.

The transport of Rh1-bearing-post-Golgi vesicles to rhabdomeres is mediated by Rab11 [56]
(Figure 3). During development, inhibition of Rab11 activity leads to defects in rhabdomere
formation and accumulation of Rh1-bearing vesicles in the cytosol. MyosinV and dRip11
form a complex with Rab11 and loss of MyosinV or dRip11 leads to similar phenotypes as
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loss of Rab11 [57]. It was proposed that this complex delivers Rh1-bearing vesicles to
rhabdomeres along actin filaments. The delivery of Rh1-bearing vesicles is also dependent
on the exocyst complex, which may be a Rab11 effector, as loss of Sec6 leads to
accumulation of Rh1 in the cytosol [58]. Therefore, Rab11 regulates both the transport and
fusion of Rh1-bearing vesicles to the rhabdomere membrane. Loss of Rab11 causes
accumulation of Rh1 in the cytosol and loss of Rh1 in the rhabdomeres, which are probably
at the root of the demise of the photoreceptors [56].

In humans, mutations in crumbs cause RP [59, 60]. Crumbs is one of the major components
of Crumbs complex, that regulates cell junction formation and cell polarity in flies [61]. It
was also shown that crumbs is involved in stabilizing the adherens junctions between
photoreceptors and Müller cells in mammalian retina [62]. Recent studies in Drosophila
show that Crumbs interacts and stabilizes myosin V thereby promoting Rh1 trafficking to
the rhabdomeres [63]. Loss of crumbs causes a severe reduction in MyosinV levels and an
age-dependent cytoplamic accumulation of Rh1 and retinal degeneration [63, 64]. Whether
Crumbs is also required for Rh1 transport in vertebrates has not yet been established.

In summary, mutations that affect the transport of Rh1 generally lead to retinal degeneration.
However, when Rh1 maturation is affected and Rh1 levels are reduced, retinal degeneration
is mild or absent. We therefore propose that photoreceptor can be preserved when misfolded
Rh1 are degraded through UPR and ERAD. However, accumulation of properly folded Rh1
in the secretory pathway, which cannot be efficiently removed, leads to a severe retinal
degeneration.

Rhodopsin cycles upon light stimulation
Light stimulation induces isomerization of the chromophore thereby inducing a
conformational change of Rh1 to Mrh (Figure 4) In vertebrate cones and rods, light-
activated chromophore is released from the opsins and recycled via an enzymatic pathway
[65]. However, Drosophila Mrh is thermally stable and can be converted to Rh1 upon
absorption of another photon [12]. This recycling process is critical for both function and
maintenance of photoreceptors.

The recycling of Rh1 can be roughly divided into two parts, inactivation of Mrh and
regeneration of Rh1. Following activation, Mrh is rapidly phosphorylated by a G-protein-
coupled receptor kinase GPRK1 in a cluster of serine-threonine residues in its C-terminal
[66–68]. This phosphorylation is arguably an inhibitory feedback as lower GPRK1 activity
leads to larger amplitudes of light responses. Arrestin2 (Arr2) then binds Mrh to terminate
the photoresponse by preventing Mrh from activating more Gqα[69]. Loss of Arr2 leads to a
prolonged deactivation time. Interestingly, Arr2 is mostly localized in the cytoplasm in dark
raised animals, and is translocated to rhabdomeres upon light exposure [70, 71]. In dim
light, low Arr2 levels in rhabdomeres enhance the photoreceptor sensitivity, whereas in
strong light, high Arr2 levels in rhabdomeres prevent hyperactivity of photoreceptors. Loss
of Arr2 leads to a light-dependent retinal degeneration possibly due to an overload of Ca2+,
which is toxic to cells and may induce apoptosis [72]. Regeneration of Rh1 is initiated by
absorption of another photon (580 nm), which induces a conformational change of Mrh to
Rh1. Calmodulin-dependent kinase II (CaMKII) phosphorylates Arr2 and promotes the
dissociation of Arr2 from Rh1 [73, 74]. Once Arr2 is released, Retinal degeneration C
(RdgC) dephosphorylates Rh1 [75–77]. It was proposed that loss of rdgC leads to
hyperphosphorylation of Rh1 and prolonged deactivation time leading to degeneration of
photoreceptors. However, based on intracellular recordings, the deactivation time of rdgC
photoreceptor is indistinguishable from wild-type [78]. It is therefore possible that
hyperphosphorylated Rh1 forms a stable complex with Arr2 that causes degeneration, a
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topic discussed below. Upon dephosphorylation, Rh1 is regenerated and ready to sense the
next photon. In summary, this recycling process is required for the rapid termination of
photoresponse and maintenance of the proper Rh1 pool in the rhabdomeres.

The light induced Ca2+ influx plays pivotal roles in Rh1 recycling by modulating the activity
of at least three players [79]. Ca2+ influx promotes Arr2 translocation from the cytoplasm to
the rhabdomeres, which is critical for the termination of Mrh activity [71]. Calmodulin
(CaM) functions as a Ca2+ sensor and regulates the activity of various factors. Ca2+/CaM
activates CaMKII to promote the release of Arr2 from Rh1 [74]. Ca2+/CaM also activates
RdgC to promote the dephosphorylation of Rh1 [80]. Therefore, CaM is required for the
regeneration of Rhodopsin. Furthermore, Ca2+/CaM also activates the transcription factor
dCAMTA (calmodulin binding transcription activator) to promote production of dFBX14, a
potential F-box containing E3 ubiquitin ligases that is proposed to reduce Rh1 activity
through ubiquitination [81]. Loss of dCAMTA leads to a slow termination of the light
response, which can be rescued by overexpression of dFBX14 [81]. In summary, light
induced Ca2+ influx and CaM activation facilitates the termination of the light response and
regeneration of Rh1.

Mutations in genes that are involved in the Rh1 cycle, especially those involved in the
termination of Mrh activity, including arr2, rdgC and dCAMTA, typically cause light-
dependent retinal degeneration [69, 75, 81]. In the dark, the photoreceptors are not affected
since recycling of Rh1 is not required. A possible mechanism underlying the degeneration is
the overload of Ca2+ influx, which is toxic to cells and may induce apoptosis [72]. In some
cases, where Mrh cannot be converted back to Rhodopsin, excessive endocytosis of Mrh
may also contribute to the degeneration, which is discussed in the next section.

Rhodopsin internalization, degradation and replenishment
Under normal physiological conditions, a fraction of Mrh is endocytosed upon light
activation [82] (Figure 3). It is proposed that this process scavenges damaged or
constitutively active Mrh to prevent photoreceptor hyperactivity. Endocytosed Mrh is then
degraded and newly synthesized Rh is transported to the rhabdomeres to compensate for the
loss. Therefore, endocytosis and exocytosis of Rh are both required for Rh1 homeostasis
upon light exposure.

The mechanism of Mrh endocytosis is not fully understood yet. However it is known that C-
terminal phosphorylation of Mrh triggers its endocytosis and that Arr1 and Arr2 are
involved. Arr1 binds to phosphorylated Mrh and initiates endocytosis [82]. Hence,
mutations in Arr1 lead to a reduction of endocytosis of Mrh. Arr2 forms a stable complex
with phosphorylated Mrh and also promotes its endocytosis [83]. Arr2 binds to AP-2, an
adaptor protein involved in clathrin-mediated endocytosis, which is required for Mrh
endocytosis [84]. Since the Mrh C-terminal phosphorylation is a transient process and
persists only when Mrh cannot be converted back to Rh1, it was proposed that Arr1/Arr2
scavenges damaged or constitutively active Mrh. Indeed, disrupting the binding between
Arr2 and AP-2 reduces Mrh endocytosis and induces a light-dependent retinal degeneration
[84]. However, loss of arr1 leads to a light-independent retinal degeneration [82],
suggesting that Arr1 mediates other functions than Mrh endocytosis. Similarly, inhibition of
Mrh endocytosis using a temperature-sensitive Dynamin (Shibirets) or a dominant negative
Rab5 induces retinal degeneration [24]. However, in some contexts, inhibiton of endocytosis
delays degeneration, an issue that will be discussed later. In summary, these findings support
an important role for endocyosis of Mrh in photoreceptor maintenance. Impairing the
process leads to accumulation of defective Mrh in the rhabdomeres and enhanced signaling,
and eventually photoreceptor degeneration.
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Upon internalization, Rh1 is degraded to prevent its accumulation in the cytoplasm (Figure
3). The majority of Rh1 is degraded through the endolysosomal pathway, and impairing this
process leads to photoreceptor degeneration. Indeed, mutations in carnation, carmine, light,
synaptobrevin or fatp, which are all involved in endolysosomal trafficking, cause endosomal
accumulation of Rh1 and light-dependent retinal degeneration [85–88]. Moreover, mutation
in Sunglasses, a tetraspanin protein localized in late endosomes and lysosomes that directly
interacts with Rh1 and promotes its trafficking, also causes a light-dependent degeneration
[89]. Collectively, the data indicate that the endolysosomal pathway is required for the
degradation of Rh1 and defects in this pathway usually lead to a severe light-dependent
retinal degeneration.

In addition to lysosomal degradation, the autophagy pathway has also been implicated in the
clearance of endocytosed Mrh. Inducing autophagy by inhibiting TOR signaling suppresses
the retinal degeneration associated with PLC mutants in which Mrh is excessively
endocytosed whereas suppressing autophagy by promoting TOR activity leads to retinal
degeneration in wild type photoreceptors [90]. Similarly, loss of essential autophagy
components, such as atg7 and atg8, causes accumulation of Rh1 in the endosomes and
retinal degeneration [91]. These results support a protective role of autophagy in
photoreceptors by promoting the degradation of Rhodpsin in flies. In vertebrates, an
autophagy pathway is required for the degradation of the outer segments in the retinal
pigment epithelium. This process is required for the maintenance of the proper chromophore
levels in photorepetrors [92].

Although a basal level of endocytosis is necessary, excessive endocytosis of Mrh is highly
toxic to photoreceptors. An extreme example is the rapid retinal degeneration induced by
blue light stimulation. Blue light converts Rh1 to Mrh, and Mrh requires orange light to be
converted back into Rh1. In the absence of orange light, blue light coverts Rh1 to Mrh and
triggers massive endocytosis of Mrh [93, 94]. Loss of Rh1 from the rhabdomeres causes
breakdown of the membranes, whereas endocytosed Mrh stresses the endolysomal pathway.
Hence, prolonged exposure to blue light leads to retinal degeneration. In norpA or trp
mutants, where Rh1 can still be converted to Mrh upon light exposure but the Ca2+ influx is
not induced, the lack of the Ca2+ influx blocks the dephosphorylation of Mrh and induces
formation of stable Mrh-Arr2 complex [70, 83, 95]. Hence, in these mutants, accumulation
of Mrh triggers massive endocytosis and retinal degeneration. Inhibition of Mrh endocytosis
using shibirets or by removing Arr2 suppresses the degeneration in these mutants [83],
indicating that excessive endocytosis of Mrh is the major cause of degeneration. Moreover,
reducing Rh1 levels by raising flies on food that has severely reduced levels of β-carotene,
which is the major precursor of 11-cis-retinal and critical for Rh1 synthesis [96], also
suppresses the degeneration associated with the loss of norpA or trp, suggesting that the
endolysosomal pathway is unable to cope with high levels of endocytosed Mrh in these
mutants. However, aberrant trafficking of Rh1 may not be the only cause of photoreceptor
degeneration in these mutants [97]. Interestingly, in a mouse model of ADRP, RhK296E

forms a stable complex with Arrestin and accumulates in the inner segment of the
photoreceptors [98], suggesting that endocytosis of abnormally formed Rhodopsin/Arrestin
complex maybe a conserved mechanism in retinal degeneration.

In vertebrate photoreceptors, the chromophore is released from the opsins and recycled
through an enzymatic pathway after each cycle of Rhodopsin activation [65]. In Drosophila,
although the majority of all-trans-retinal is converted back to all-cis-retinal in the
rhabdomeres, recent studies show that all-trans-retinal can be released from opsin upon
degradation of internalized Mrh and all-cis-retinal can be regenerated. At least two enzymes,
Pigment cell dehydrogenase (PDH) and Retinal dehydrogenase (RDHB), are invovled in this
process [99, 100]. When flies are raised in food supplemented with β-carotene, loss of either
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pdh or rdhb does not affect de novo synthesis of the chromophore during development.
However, their loss leads to reduction of chromophore and Rh1 levels in the adult stage
upon light stimulation. Moreover, when wild-type flies are kept on food deprived of β-
carotene starting in adulthood, they can maintain their Rh1 levels for several weeks in a
light-dark cycle. These data support the idea that recycling instead of de novo synthesis of
the chromophore is required for its homeostasis in adults. When the chromophore levels are
reduced during development, small rhabdomeres are formed, but the photoreceptors do not
degenerate. However, loss of either pdh or rdhb leads to a light-dependent retinal
degeneration in adults [99, 100]. We therefore propose that when photoreceptors develop
normally and the rhabdomeres expand to their normal size, the Rh1 levels must be
maintained to support rhabdomere structure in adult flies. In pdh or rdhb mutant, the gradual
reduction of Rh1 levels leads to a breakdown of the rhabdomeres and excessive
internalization of rhabdomere membranes and actin filaments. These in turn stress the
endolysosomal pathway and cause cell death. These data also indicate that the levels of the
chromophore are regulated via different mechanisms during developmental and adult stages.

Internalization of Mrh leads to a gradual decrease of Rh1 levels in the rhabdomere upon
light stimulation. Hence, the rhabdomeric Rh1 pool needs to be replenished. Consistent with
this model, transcription of Rh1 is maintained at a basal level during the light dark cycles
[101], indicating that Rh1 is continuously synthesized to offset its loss by endocytosis and
degradation. A recently study shows that Crag, a DENN domain containing protein that
functions as a GEF for Rab11, is required for the transport of Rh1-bearing-post-Golgi
vesicles to the rhabdomeres upon light stimulation [94]. Loss of Crag leads to a light-
induced accumulation of newly synthesized Rh1 in the cytoplasm and eventually leads to
photoreceptor degeneration. Crag was shown to bind to CaM in a Ca2+ dependent manner
and CaM binding enhances the GEF activity of Crag in an in vitro assay [94, 102]. It is
therefore possible that upon photoactivation, the Ca2+ influx activates CaM which in turn
activates Crag and promotes the transport of Rh1 to the rhabdomeres to maintain the Rh1
levels.

Concluding remarks
In Drosophila photoreceptors, mutations that disrupt the homeostasis of Rh1 often lead to
retinal degeneration. One of the main reasons may relate to the fact that Rh1 is one of the
most abundant proteins in photoreceptors, suggesting that their demise may occur because of
mistrafficking and accumulation of Rh1 in some subcellular compartments. Accumulation of
Rh1 in the secretory pathway or endolysomal pathway usually leads to a degeneration of
photoreceptors, most likely because the levels of Rh1 exceed the capacity of these
trafficking pathways. Interestingly, in many cases, defects in the maturation of Rh1 in the
ER do not cause an obvious degenerative phenotype, indicating that the UPR and ERAD
response are able to cope relatively well with the unfolded Rh1 to relieve ER stress.

Another key player is intracellular Ca2+ homeostasis. Elevated Ca2+ levels are highly toxic.
However, low Ca2+ levels are also detrimental as they induce massive endocytosis of Rh1
because of the dysregulation of the recycling of Mrh into Rh, resulting in an accumulation of
Mrh in the endolysomal pathway. Since the Ca2+ influx is induced by light exposure,
mutants that affect Ca2+ homeostasis usually cause a light dependent retinal degeneration.
One or more of these defects may be responsible for the retinal degenerations observed in
different mutants.

There are both similarities and differences between the Rh-associated photoreceptor
degenerations observed in flies and humans. Maturation defects of Rh cause photoreceptor
degeneration in both systems. Moreover, mutations in several key amino acids, which are
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conserved and essential for proper folding of Rh, lead to photoreceptor degeneration in both
flies and humans. However, specific chaperones that are required for Rh folding may not be
conserved, for instance Calnexin is not required for rod opsin biogenesis [103].
Unfortunately, the pathways and players that regulate the deposition of vertebrate Rh in rods
and cones are poorly characterize, although some factors that are involved in Rh trafficking
in flies have been implicated in the same process in vertebrates, including Rab11 [104].
Although the process of recycling between Rh and Mrh is not conserved in vertebrate rods
and cones,, some of the factors involved in this process in flies, such as Arr2, have also been
implicated in the regulation of photoactivation in vertebrates. Finally, some components of
the autophagy pathway are found to be required for the maintenance of visual function in
both flies and vertebrates, although the cellular process may be different. In summary,
studies in flies have provided a molecular framework that allows a better understanding of
the mechanisms underlying some human retinal degeneration diseases as many of the
mechanisms underlying retinal degeneration seem to be conserved between flies and human.
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Outstanding Questions

Past studies in flies with viable mutants have provided a basic understanding of the
molecular framework underlying the visual transduction pathway. However, it is likely
that numerous essential genes are also involved. To systematically identify potentially
important regulators of Rhodopsin function systematic ERG screens based on clonal
analysis of essential genes may be the most effective methods to isolate these players.

It is known that a portion of Rhodopsin is internalized and degraded in the lysosome. Is
there a recycling pathway to deliver endocytosed Rhodopsin back to the rhabdomere
membrane?

How is transcription and translation of Rhodopsin regulated? Since the turnover rate of
Rhodopsin is much high in the light than in the dark, it will be interesting to examine
how light exposure promotes the production of Rhodopsin.

Although Rhodopsin trafficking has been studied in flies, how Rhodopsin is transported
through different cellular compartment in vertebrates is mostly unknown. Can the
observations in flies be translated in vertebrate rod and cone cells?

A common theme of Rhodopsin-induced retinal degeneration relates to aberrant
accumulation of Rhodopsin in subcellular organelles. How can we develop specific
treatments to promote the clearance of these proteins? Promoting the ERAD or
autophagy pathway may lead to promising strategies.
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Highlights

1. Rhodopsin are universal light sensors and very abundant in photoreceptors

2. Disruption of Rhodopsin homeostasis cause retinal degeneration in flies and
humans

3. Accumulation of Rhodopsin due to trafficking defects leads to severe cellular
stress

4. Misregulation of intracellular Calcium homeostasis disrupts Rhodopsin cycle
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Figure 1. Drosophila eye morphology and degeneration
A. A scanning electron microscope picture of the Drosophila compound eye. Each eye
consists of ~800 ommatidia, each of which contains 8 photoreceptors (R1-R8).
B. A transmission electron microscope picture of a cross section of an ommtidium. Since R7
reside on top of R8, in each section only seven photoreceptors are visible. Showing here is a
section of R1-R7. Rhabdomeres (shown as round black structures in the picture) are the
photosensing organelle that consists of densely stacked membranes supported by actin
filaments.
C. An example of degenerated photoreceptors. Note that the rhabdomere morphology is
severely disrupted.
D. Electroretinogram (ERG) can be used to assess retinal degeneration. Shown on the left is
a normal response of fly eye when exposed to a brief light stimulation (typically 1 second);
shown on the right is the response of a degenerated eye when exposed to the same light
stimulation. Note that the amplitude of the ERG is largely reduced. Please refer to [94] for
further details regarding the ERG recordings.
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Figure 2. Phototransduction in Drosophila
Upon absorption of a blue photon (480 nm), Rhodopsin undergoes a conformational change
to the active form, metarhodopsin. Metarhodopsin activates G protein alpha subunit, which
in turn activates phospholipase C (PLC). PLC hydrolyzes PIP2 to IP3 and DAG. PLC
activation then leads to the opening of TRP channels and the influx of Ca2+ and Na+ into
photoreceptor cells. Upon absorption of a second photon (580 nm), metarhodopsin is
converted back to Rhodopsin and the response is terminated.
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Figure 3. Production and degradation of Rhodopsin
Left panel. During development of photoreceptor cells, Rh1 is synthesized and folded in the
ER. Two chaperones, NinaA and Calnexin, are required for Rh1 folding and its secretion
from the ER. Rh1 is then transported to the Golgi through a Rab1 mediated process. In the
Golgi, Rh1 is further processed and matured. Rh1 transport between different Golgi
compartments is dependent on Rab6. Mature Rh1 is secreted from the Golgi and transported
to the rhabdomeres via Rab11 mediated vesicular trafficking.
Right panel. In adult flies, Rh1 functions as light sensor and recycles in the rhabdomeres
between an inactive (Rh) and active form (Mrh). Upon light exposure, a small portion of
Rh1 is internalized and degraded through the endolysosomal pathway or autophagy
pathway. Hence, upon light exposure, Rh1 needs to be constantly produced and transported
to the rhabdomeres via a Crag/Rab11 dependent process to maintain its level.
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Figure 4. Rhodopsin cycle upon light exposure
Rhodopsin (blue) is converted into metarhodopsin (orange) upon absorption of a photon
(480nm). Metarhodopsin is subsequently phosphorylated by GPRK1and deactivated upon
Arr2 binding. Upon absorption of a second photon, metarhodopsin is converted back into
Rhodopsin. Arr2 is then phosphorylated by CaMKII and released from Rhodopsin. Finally,
Rhodopsin is dephosphorylated by RdgC.
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