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Abstract

Rhodopsin transgenes carrying mutations that cause autosomal dominant retinitis pigmentosa in
humans have been used to study rod photoreceptor degeneration in various model organisms
including Xenopus laevis. To date, the only transgenes shown to cause rod photoreceptor
degeneration in Xenopus laevis have been either mammalian rhodopsins or chimeric versions of
rhodopsin based mainly on Xenopus laevis rhodopsin sequences but with a mammalian C-
terminus. Since the C-terminal sequence of rhodopsin is highly conserved in mammals and
divergent in Xenopus laevis, and mammalian and epitope-tagged rhodopsins may have unexpected
properties as transgenes, we decided to test whether a Xenopus laevis rhodopsin transgence
carrying only the P23H mutation could also cause rod photoreceptor degeneration. Xenopus laevis
tadpoles expressing these transgenes indeed had shortened outer segments and, in severely
affected animals, the loss of rod photoreceptors but not the loss of cone photoreceptors. RT-PCR
analyses showed that less than 10% of mutant transgenic rhodopsin relative to wild-type
endogenous rhodopsin mMRNA was sufficient to produce severe rod photoreceptor degeneration.
As observed in other animal models as well as humans carrying this particular rhodopsin mutation,
the rod photoreceptor degeneration was most severe in the ventral retina and was modified by
light. Thus, the rod photoreceptor degeneration produced in Xenopus laevis by the P23H mutation
in an otherwise untagged Xenopus laevis rhodopsin is generally similar to that seen with
mammalian rhodopsins and epitope-tagged versions of Xenopus laevis rhodopsin, though some
differences remain to be explained.
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1. Introduction

Retinitis pigmentosa (RP) is a group of photoreceptor degenerations with incidence of
approximately one in 3,500 individuals (Boughman, Conneally et al. 1980; Bunker, Berson
et al. 1984). RP exhibits extensive genetic heterogeneity and can show autosomal recessive,
autosomal dominant, or X-linked patterns of inheritance (Heckenlively, Yoser et al. 1988).
Clinical features in RP patients often include early night blindness, followed later by visual
field loss (Heckenlively, Yoser et al. 1988; Weleber and Gregory 2006), suggesting that in
these patients rod photoreceptors degenerate first followed later by the degeneration of cone
photoreceptors.

Missense mutations within the rhodopsin sequence account for approximately one quarter of
autosomal dominant retinitis pigmentosa (ADRP) cases. The first such pathogenic rhodopsin
mutation that was found, a replacement of the proline at position 23 with a histidine, or
P23H, (Dryja, McGee et al. 1990), is also the most common pathogenic rhodopsin mutation
found among Americans. The severity of symptoms that result from the P23H mutation can
vary considerably between patients (Kemp, Jacobson et al. 1992; To, Adamian et al. 2002),
though the disease generally produces a degeneration that is both milder and progresses less
quickly than some other missense mutations, especially those that cluster at the C-terminus
of rhodopsin. P23H belongs to a subset of rhodopsin mutations that produces a
photoreceptor degeneration that is more severe in the ventral half of the retina, thus leading
to a preferential loss of the superior visual field (Heckenlively, Rodriguez et al. 1991; Stone,
Kimura et al. 1991; Cideciyan, Hood et al. 1998).

Studies of transgenic mice expressing in rod photoreceptors human rhodopsin carrying the
P23H mutation were the first to show that mutant rhodopsin transgenes could cause
photoreceptor degeneration even when expressed at low levels (Olsson, Gordon et al. 1992).
Similar studies have been done in transgenic mice with a mouse rhodopsin transgene
carrying multiple amino acid substitutions, including the P23H mutation (Naash, Hollyfield
et al. 1993). Transgenic expression of P23H rhodopsin transgenes in rats also produce a
photoreceptor degeneration resembling retinitis pigmentosa (Lewin, Drenser et al. 1998;
Machida, Kondo et al. 2000). More recently, rod photoreceptor degenerations have also
been produced in Xenopus laevis by expressing mammalian rhodopsin transgenes carrying
the P23H mutation (Tam and Moritz 2007) or the P23H mutation within a Xenopus laevis
sequence that contains two mammalian-like epitope tags, a single amino acid substitution
near the P23H mutation, namely M13F, as well as a several amino acid deletion/substitution
in the C-terminus of rhodopsin (Tam, Xie et al. 2006; Tam and Moritz 2007). Curiously, in
these studies the degeneration caused by the P23H mutation was described as being
independent of light. However, since the rod photoreceptor degeneration produced by the
P23H mutation within mammalian rhodopsins was modulated by light, this suggested that
the P23H Xenopus rhodopsin was behaving differently from the mammalian counterparts

Exp Eye Res. Author manuscript; available in PMC 2014 August 11.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zhang et al.

Page 3

when it comes to producing rod photoreceptor degeneration. In this study, we decided to
study the rod photoreceptor degeneration caused by the P23H mutation in the context of an
otherwise unmodified Xenopus laevis rhodopsin transgene, and to determine whether this
rod photoreceptor degeneration was modulated by light.

2. Materials and methods

2.1. Constructs used for Xenopus laevis transgenesis

The control construct in which GFP is driven by 1.3 kb of the Xenopus laevis rhodopsin
promoter, XOP1.3_GFP, was made by excising a 4.2 kb Bglll fragment from
pXOP(-5500/+41)GFP (Knox, Schlueter et al. 1998). To generate the XOP1.3 vector into
which to clone rhodopsin cDNAS, the EGFP fragment in XOP1.3_GFP was replaced with
the multiple cloning site from the pCS2 plasmid (Turner and Weintraub 1994) using BamHI
and Notl. The Xenopus laevis rhodopsin cDNA clone was obtained from ATCC (IMAGE
clone ID: 4740890) and the cDNA sequence was mutated using the QuickChange Site-
Directed Mutagenesis Kit (Stratagene, Cedar Creek, TX) using primers
GGTGGTACGAAGCacaTTCGATTACCCTCAGTATTAC and
GTAATACTGAGGGTAATCGAAtgtGCTTCGTACCACC. The mutated bases, shown in
lower case, correspond to codon 23 and convert a proline to a histidine. To make constructs
expressing the wild-type and mutant rhodopsin under the control of the rhodopsin promoter,
XOP1.3_Wt_XRho and XOP1.3 _P23H_XRho respectively, the Xenopus laevis rhodopsin
cDNA constructs were digested with EcoRV and Notl, and cloned into the Stul and Notl
sites of the XOP1.3 vector. For experiments to determine the expression level of transgenes,
the XOP1.3_P23H_XRho plasmid was further mutated into XOP1.3_P23H_XRho(AHincll)
using primers GCCTGAGgtcaatAATGAATCCTTTG and
CAAAGGATTCATTattgacCTCAGGC, deleting a Hincll site that is present in the
rhodopsin cDNA without altering the encoded protein sequence.

2.2. Generation and genotyping of transgenic Xenopus laevis

All plasmids were linearized by Bglll digestion and purified using the Geneclean I1 kit
(Qbiogene, Inc., Carlsbad, CA). Transgenesis was performed essentially as described by
Kroll and Amaya (Kroll and Amaya 1996) with few modifications (Marsh-Armstrong,
Huang et al. 1999). Animals were made with each plasmid alone, or with equal amounts of
the XOP1.3_EGFP and either XOP1.3_Wt XRho, XOP1.3 P23H_XRho,
XOP1.3_P23H_XRho(AHincll), or XOP1.3_M13F _P23H_XRhod plasmids. Animals were
raised for the first week in petri dishes on laboratory bench-tops. After that, they were
transferred to a tadpole raising facility in which they were grown at 24 o C at a density of 2
tadpoles per liter or less in 5 L tanks containing de-chlorinated tap water under a slow drip
with an average 1-tank volume exchange per day. Animals were in a 12/12 hour light/dark
cycle with fluorescent light illumination of ~600 lux average daylight room intensity, unless
otherwise noted. For the analysis of the effect of light on rod photoreceptor degeneration,
tadpoles with similar rates of degeneration were obtained by breeding a female frog
generated with both XOP1.3_ P23H_XRhod and XOP1.3 EGFP transgenes. Five days post-
fertilization, animals were screened for GFP fluorescence and GFP positive and negative
animals were housed separately four weeks in 5-liter tanks that were set up in 12 hour I/d
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cycle under high, medium, and low lighting conditions: ~600, ~300, and ~10 Lux,
respectively.

2.3. Determination of transgene expression level in rod photoreceptors

Tadpoles generated to express the XOP1.3_P23H (AHincll) transgene were raised to 5to 7
weeks of age. Total RNA was isolated from one eye using the RNeasy Mini Kit (QIAGEN,
Inc., Valencia, CA). Reverse transcription primed by random hexamers was generated with
the SuperScript 11 RT kit (Invitrogen Life Technologies, Inc., Carlsbad, CA). Competitive
PCR (Becker-Andre and Hahlbrock 1989) was used to determine the relative ratio of
transgene to endogenous wild-type rhodopsin gene using 1:10 of the eye cDNA for each
competitive PCR reaction and the same primers used in genotyping. For Southern
hybridization, half of the final PCR product was electrophoresed through a 1% agarose gel,
blotted onto Hybond-N+ nylon membrane (Amersham Pharmacia Biotech, Buckinhamsire,
England), and hybridized using an oligonucleotide,
AGGGAATGCAATGCTCATGCGGAGTA, labeled with [ 32P-ATP] by use of T4
polynucleotide kinase. Hybridized blots were exposed to FUJI imaging plate, read with a
Bio-Imaging Analyzer BAS-2500 (Fuji Photo Film Co. Ltd) and analyzed with Image
Gauge Version 3.2 software.

2.4. Histochemistry, in situ hybridization and immunohistochemistry

For all analyses, eyes were fixed in 4% paraformaldehyde in phosphate buffer overnight at
4°C. Some 8-um sections were stained with hematoxylin/eosin. Other 8-pum sections were
permeabilized with 0.1% Triton-X 100 in 1% BSA, blocked with 10% normal goat serum,
incubated with a 1:200 dilution of the monoclonal antibody 4D2 (gift of Dr. Robert Molday,
University of British Columbia) overnight at 4 ° C, and, after washing, a 1:50 dilution of a
FITC-labeled goat anti-mouse 1gG (Boehringer Mannheim Biochemicals, Indianapolis, IN).
Control slides without incubation with the primary antibody generated no detectable signal.
For blinded scoring of phenotype severities, tadpole eyes were post-fixed in 1% of OsO4/
KFeCN in 0.1 M cacodylate buffer (pH 7.4) on ice for 30 minutes, dehydrated, and
embedded in Spurs resin. Plastic sections, 1 um in thickness, were stained with toluidine
blue and analyzed under the light microscope. Four observers blinded as to genotype scored
disease severity on a 1-5 scale and noted whether there was any degeneration asymmetry
along the dorsoventral axis. Average scores between 2 and 3.5 were considered mild or
moderate degeneration, while those above 3.5 as severe.

For in situ hybridization analyses, digoxigenin (DIG) and fluorescein (FITC) labeled probes
were generated for Xenopus laevis red cone opsin (IMAGE 6955813) and rhodopsin
(IMAGE 4740890) clones (Open Biosystems, Huntsville, AL), respectively, and used to
label 10uM thick cryosections of retinas. Slides were post fixed in 4% PFA 10 minutes and
acetylated in 0.1M triethanolamine 0.25% acetic anhydride for 10 minutes with interceding
washes in PBS. After the final PBS wash, sections were hybridized for 16-18 hours at 65°C
with 1ng/uL of DIG and FITC labeled probes diluted in hybridization solution (50%
Formamide, 1X Hybe solution (Sigma, St. Louis, MO),1mg/ml yeast RNA). After
hybridization, slides were washed briefly in 5xSSC at 72°C followed by 1 hour incubation
in 0.2xSSC at 72°C. Sections were then blocked for 1 hour at room temperature in 1%
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Blocking solution (Roche, Manneheim, Germany) and incubated at 4°C in either 1:100 a
FITC-POD (Roche) antibody or 1:500 a DIG-POD antibody overnight. Antibodies were
detected using a Cy5 tyramide amplification system (Perkin Elmer, Boston, MA). After in
situ hybridization, sections were blocked in 10% NGS/PBT (PBS, 1% 100x—Triton), labeled
with 1:10 4D2 and 1:500 of an anti-GFP antibody (Torrey Pines, San Diego, CA). Primary
antibodies were detected with Cy3 (1:250, Jackson Immunoresearch, West Grove, PA) and
Alexa-488 (1:250 Invitrogen, Carlsbad, CA) conjugated antibodies followed by a DAPI
counterstain. For semiquantitative imaging studies, retina sections were imaged with a Zeiss
200M inverted microscope and Roper Scientific Coolsnap FX digital camera, using IPlab
4.0 custom scripts. Each retina was imaged at 20x magnification using non-saturating
exposure times for each of four channels. Quantification was done with a custom script for
Mac IPLab3.9.5 that measured intensity levels of each channel after manual selection of a
region of interest. Three different sections were measured and averaged for each retina, and
the averages of three retinas per group are presented +/- SEM.

3.1. Xenopus laevis expressing a P23H rhodopsin transgene undergo rod photoreceptor
degeneration

In order to test whether Xenopus laevis can be used to model human retinitis pigmentosa, we
sought to generate a Xenopus laevis rhodopsin transgene carrying a mutation that causes
autosomal dominant retinitis pigmentosa (ADRP) in humans. To this end, the human
rhodopsin sequence (GenBank accession no. P08100) was aligned to the Xenopus laevis
rhodopsin sequence (Genbank accession no. L07770) (Figure 1). Across the entire amino
acid sequence, there is high conservation (82% identity with 92% similarity and 1% gaps).
Among rhodopsin amino acids that when mutated cause ADRP (Briscoe, Gaur et al. 2004),
the conservation is only slightly higher (87% identity and 91% similarity). One amino acid
substitution that causes ADRP in humans, V137M (Ayuso, Trujillo et al. 1996), is found to
occur in the wild-type Xenopus laevis sequence as in teleosts and skates (Briscoe, Gaur et al.
2004). Note that the C-termini are the most divergent part of the sequences. In order to
determine whether other mutations that cause ADRP in humans can cause rod photoreceptor
degeneration in Xenopus laevis, we chose to start with the single mutation in rhodopsin that
accounts for the highest number of ADRP cases in the United States and which is the one
most studied in various mammalian animal models, a substitution of a proline for a histidine
at position 23 (P23H). The P23H mutation was introduced into the Xenopus laevis rhodopsin
sequence by site directed mutagenesis. In order to make a construct that would express
specifically in Xenopus laevis rod photoreceptors, wild-type and P23H Xenopus laevis
rhodopsin cDNAs were cloned downstream of a 1.3 kb fragment of the Xenopus laevis
rhodopsin promoter. Similar rhodopsin promoter fragments have been shown previously to
drive specific expression of reporter genes in rod photoreceptors within the Xenopus laevis
retina (Knox, Schlueter et al. 1998; Mani, Batni et al. 2001). Transgenic Xenopus laevis
were generated by the REMI-sperm nuclear transplantation method (Kroll and Amaya
1996). All primary transgenic animals used in this study were genotyped at about four-
weeks of age using PCR primers on different exons of the rhodopsin gene, which amplify
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the cDNA encoded by the transgene but not the endogenous rhodopsin gene (data not
shown).

In this part of the study, the retinas from 87 animals generated by sperm-nuclear
transplantation were analyzed when the animals were between 4 and 7 weeks of age,
between stages 58 and 66 according to Nieuwkoop and Faber (Nieuwkoop and Faber 1956).
Among these animals, 33 carried the P23H rhodopsin transgene, 6 the wild-type rhodopsin
transgene, 16 only an EGFP transgene, all expressed under the same rhodopsin promoter.
Additional controls included 32 aged matched animals found upon genotyping not to carry
the transgenes. Hematoxylin/eosin stained cryosections showed that in control animals the
outer nuclear layer of control Xenopus laevis retinas has one or two rows of photoreceptor
nuclei, and nearly equal numbers of cone and rod photoreceptors (Figure 2 A). Cone
photoreceptors can be identified both by the cone-shaped outer segments and the presence of
an oil droplet within the inner segments. Among the tadpoles carrying the P23H transgene, a
range of phenotypes was observed, ranging from outer nuclear layers that were
indistinguishable from that of wild-type animals, to those manifesting severe rod
photoreceptor degeneration (Figure 2 B). Both eyes of individual animals always showed
very similar degrees of degeneration (data not shown). In many of the animals, the rod
photoreceptor degeneration was more pronounced in the ventral half of the retina, and,
occasionally, was characterized by patches manifesting more severe degeneration (Figure 2
C, D). The degeneration was most apparent in the central part of the retina, where
photoreceptors are the oldest, but was also apparent as shortened outer segments near the
ciliary margin, where photoreceptors are the youngest. The retinas of tadpoles expressing
the wild-type rhodopsin or EGFP transgenes were undistinguishable from those of non-
transgenic tadpoles (data not shown).

In order to rule out sectioning artifacts and to determine the fraction of animals with a
ventral degeneration bias, plastic sections were examined (data not shown) and scored by
blinded observers. Among the 13 animals in this group that carried the P23H transgene, 3
(23 %) were classified as severe, 4 (31 %) as mild to moderate, and 6 (46 %) as unaffected.
All 3 of the severely affected animals had a ventral bias to the degeneration, while in none
of the 4 mild to moderate was such ventral bias apparent. In 6 animals that carried the
transgene and were scored as unaffected there was no evidence of any degeneration or of
any photoreceptor asymmetry along the dorsoventral axis. Similarly, in an additional 9
animals scored as unaffected found subsequently not to carry the transgene, there also was
no degeneration or photoreceptor asymmetry.

In order to examine the effect of the P23H transgene on outer segments, retina sections were
stained with 4D2, an antibody that recognizes a highly conserved epitope near the carboxyl
terminus of vertebrate rhodopsins (Molday. 1989). Low-power views of control (Figure 3 A)
and severely affected P23H transgenic animals (Figure 3 B) show that some P23H rhodopsin
transgenic animals have shorter outer segments throughout the retina and more severe
degeneration preferentially in the ventral retina. When examined at higher power, the
majority of the rhodopsin protein labeling can be found in the outer segments; however,
some rhodopsin labeling is observed within photoreceptor inner segments of animals
expressing the P23H rhodopsin transgene (Figure 3 C-D) .
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3.2. Low transgene expression causes rod photoreceptor degeneration

In order to determine whether the variability in the degeneration was caused by the amount
of transgene expression, a second transgene was generated in which the Xenopus laevis
P23H rhodopsin cDNA sequence was changed by a single base in order to delete a Hincll
restriction enzyme recognition site without altering the sequence of the encoded protein. A
standard curve using varied ratios of cDNA templates with and without the Hincll restriction
site showed that competitive PCR (Becker-Andre and Hahlbrock 1989) may be used to
determine relative cDNA levels (Figure 4 A—B). Tadpoles made to express the
P23H(Hincll) transgene were examined at 5 weeks of age. One eye was used for
competitive PCR determination of the relative expression of transgenic to endogenous
rhodopsin cDNA, while the other eye was used for a histological determination of rod
photoreceptor degeneration severity. In all of the transgenic animals examined, transgenic
rhodopsin expression was below 10% of endogenous rhodopsin expression (Figure 4 C-D).
In animals with transgene expression between 2 and 10 % of endogenous rhodopsin, the
degeneration was scored as mild to severe, with one exception of an animal with expression
around 2 % in which no degeneration was apparent. In all of the animals that were
subsequently found not to carry the transgene, as well as one animal that did carry the
transgene, transgene expression level was found to be below 2%, the detection limit of the
assay, and, in these animals no rod photoreceptor degeneration was evident. Thus, the
animals with higher expression of the P23H rhodopsin transgene have more severe
degeneration, and transgene expression of ~2% relative to endogenous rhodopsin is
sufficient to cause a mild rod photoreceptor degeneration phenotype.

3.3. Rod photoreceptor degeneration resulting from the Xenopus P23H rhodopsin
transgene is modified by light

Previous studies had shown that a Xenopus laevis P23H rhodopsin transgene that also has a
M13F mutation and a mammalian rhodopsin C-tail, appeared to cause rod photoreceptor
degeneration through a mechanism that is unaffected by light, since the rod photoreceptor
degeneration was similar in dark reared animals and was not altered by an additional
mutation, K296R, that renders rhodopsin incapable of binding chromophore (Tam, Xie et al.
2006; Tam and Moritz 2007). However, mammalian P23H transgenes expressed in mice
(Naash, Hollyfield et al. 1993), rats (Organisciak, Darrow et al. 2003; Jozwick, Valter et al.
2006), frogs (Tam and Moritz 2007) and even flies (Galy, Roux et al. 2005) exhibit a rod
photoreceptor degeneration that is exacerbated by light. Such light sensitivity could explain
the preferential degeneration of the ventral retina we observe with our Xenopus laevis P23H
rhodopsin transgenic tadpoles. To explore whether the degeneration produced by our P23H
transgenes was affected by light, we generated and analyzed a transgenic line carrying a
Xenopus laevis P23H rhodopsin transgene together with a GFP transgene, both under the
control of the same 1.3kb rhodopsin promoter. In this line, the two transgenes must have
integrated into the same genomic location since all progeny from this founder that had
photoreceptor expression of GFP, and none that did not, underwent the characteristic rod
photoreceptor degeneration with ventral preference (data not shown). To determine whether
the rod photoreceptor degeneration phenotype was modified by light, transgenic and non-
transgenic siblings were raised under constant light and constant darkness as well as under
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cycling (12:12) light conditions: low (~10 lux), medium (~300 lux), and high (~600 lux).
Animals that were raised in either constant light or constant dark failed to thrive and could
not be used in analyses. Within the animals raised in the three cycling light conditions,
animals reached comparable metamorphic stages within four weeks, showing that these light
rearing conditions, as opposed to constant light or constant darkness, do not affect the rate of
growth of the tadpoles (data not shown). Semi-quantitative analysis of the rod photoreceptor
degeneration under these light conditions based on remaining rhodopsin and GFP protein
expression (Fig. 5A,D,G,J, and data not shown), as well as remaining rhodopsin mMRNA
expression (Fig. 5B, E, H, K), show a clear dependence of the photoreceptor degeneration
on light. While rod photoreceptor degeneration was present in P23H animals raised under
low light conditions, it was more severe when raised under high light intensities (Fig. 5J-K)
and intermediate under medium light intensities (data not shown). The degeneration was
more evident at the level of rhodopsin protein than mRNA, consistent with the observation
that outer segment shortening precedes photoreceptor death. A qualitative analysis based on
outer segment length also supports the same conclusion. Interestingly, even in retinas with
severe rod loss, as evident by the loss of cells expressing rhodopsin mRNA, there was no
immediate loss of cone photoreceptors as detected by cells expressing the red cone opsin
mRNA (Fig. 5C, F, I, L). However, whether there is more subtle atrophy of cones or later
death of cones will need to be addressed separately.

4. Discussion

4.1. P23H Xenopus laevis rhodopsin transgene causes rod photoreceptor degeneration
when expressed at low levels

Our study demonstrates that the P23H missense mutation alone within the Xenopus laevis
rhodopsin sequence is sufficient to produce the degeneration of rod photoreceptors. Because
not all amino acids that cause ADRP in humans are conserved in Xenopus laevis, and,
indeed, an amino acid substitution, V137M, that causes ADRP in humans occurs naturally
within the frog rhodopsin, we chose to study the P23H mutation in the context of the
unaltered Xenopus laevis rhodopsin sequence, without introducing epitope-tags that would
have enabled discrimination between the transgenic and the endogenous rhodopsin proteins,
as others have done in studying rhodopsin mutations in transgenic frogs (Tam and Moritz
2006; Tam, Xie et al. 2006; Tam and Moritz 2007). The reluctance to include an epitope tag
was also based in part on a previous study in which a mouse rhodopsin transgene encoding
an epitope-tag consisting of C-terminus amino acid substitutions that are normally found in
bovine rhodopsin sequence and which are not associated with ADRP in humans appears to
produce rod photoreceptor degeneration in mice even when expressed at relatively low
levels (Tan, Wang et al. 2001).

In this study, the rhodopsin transgenes caused photoreceptor pathology when they were
expressed at levels between 2 and 10% relative to the level of endogenous rhodopsin. This
value matches well previous studies with P23H rhodopsin transgenes in Xenopus laevis
(Tam, Xie et al. 2006; Tam and Moritz 2007), despite that fact that their studies measured
relative transgene expression at the level of protein, while ours at the level of mMRNA. Since
the endogenous rhodopsin protein content decreases as outer segments shorten during
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disease progression, and different rhodopsin mutants with or without epitope tags are likely
to have different protein stabilities and propensities to aggregate, protein and mMRNA
measures might be expected to differ slightly. Indeed, when we measured total rhodopsin
levels by semi-quantitative imaging in animals raised at low light levels, significant
decreases between P23H rhodopsin transgenic relative to control siblings in the amount of
protein were larger and statistically significant, while the levels of mMRNA were only
minimally reduced and not statistically significant. The main point is that our studies agree
with previous studies (Tam and Moritz 2006; Tam, Xie et al. 2006; Tam and Moritz 2007)
in showing that ADRP associated mutations are able to cause rod photoreceptor
degeneration when expressed at levels well below those of the endogenous rhodopsin. That
such low levels of transgene expression can produce rod photoreceptor degeneration support
the long-standing view that these mutations are not exerting their pathology by acting in a
dominant negative manner, but rather by acting in a gain-of-function manner. However,
studying the degeneration caused by P23H rhodopsin in the context of varying amounts of
the wild-type rhodopsin, as has been done in mice (Wilson and Wensel 2003), may be the
best way to determine whether the mutant rhodopsin is indeed acting through a gain-of-
function mechanism.

4.2 Rod photoreceptor degeneration is most pronounced in the ventral half of the retina
and is sensitive to light

In many tadpoles with photoreceptor pathology, the ventral half of the retina was more
severely affected than the dorsal half. Such preferential degeneration in the ventral retina has
been observed in some patients with P23H as well as select other rhodopsin mutations, but
curiously not in all rhodopsin mutations, suggesting heterogeneity in the mechanism by
which rhodopsin mutations cause rod photoreceptor degeneration (Heckenlively, Rodriguez
et al. 1991; Stone, Kimura et al. 1991; Gal, Apfelstedt-Sylla et al. 1997; Cideciyan, Hood et
al. 1998; To, Adamian et al. 2002). It has been suggested that this ventral susceptibility
might reflect the fact that the ventral retina is exposed to higher levels of light (Cideciyan,
Hood et al. 1998). Indeed, mice expressing a mouse P23H rhodopsin transgene are more
susceptible to light induced rod photoreceptor degeneration (Wang, Lam et al. 1997) and
their degeneration is accelerated by light preferentially in the ventral retina (Naash, Peachey
et al. 1996). We show here that in Xenopus laevis as well, the P23H mutation in the context
of an otherwise unchanged Xenopus laevis rhodopsin causes a rod photoreceptor
degeneration that is both more severe in the ventral retina, and is also accelerated by higher
light intensities. It is interesting that the P23H mutation within a Xenopus laevis rhodopsin
in the context of an altered C-tail and an additional mutation near P23H, M13F, led to a
degeneration that is unaffected by rearing in darkness or the presence of an amino acid
substitution, K296R, which renders the transgenic protein incapable of binding
chromophore. There are multiple explanations that may account for this apparent
discrepancy of results. The previous studies of P23H rhodopsin transgenic Xenopus laevis
used dark-rearing rather cycling light of variable intensity to address the sensitivity to light.
Since dark rearing is expected to alter circadian rythms, cycling light of variable intensity is
a more reliable method to address the effect of light. Indeed, we were unable to compare
dark rearing to low cycling light because of the failure of Xenopus laevistadpoles raised
under constant darkness to thrive out until the metamorphic stages at which we perform our
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analyses. There are many ways that light might be affecting the rate of degeneration. The
deleterious effect of light is not necessarily due to increased visual transduction, but rather
may be due to altered metabolism by photoreceptors, pigment epithelium, or both, or a
related increased turnover rate of rhodopsin. Indeed, we show a trend to increased rhodopsin
mMRNA expression but not protein in wildtype animals exposed to higher light conditions
that would be consistent with an increased turnover rate of rhodopsin induced by light.
Another possible reason that might explain the discrepancy in terms of light sensitivity
between our and previous studies has to do with the fact that previous studies of rhodopsin
transgenes causing rod photoreceptor degeneration in Xenopus laevis have used either
mammalian rhodopsin sequences (Tam and Moritz 2007) are alternatively epitope-tagged
versions of Xenopus laevis rhodopsin constructs that had in addition to the disease causing
P23H mutation, an amino acid substitution near P23H, M13F, and a several amino acid
substitution/deletion in the C-terminus made so that the transgenic proteins could be
distinguished from the non-transgenic rhodopsin by two antibodies (Tam and Moritz 2006;
Tam and Moritz 2007).

In a study of numerous pathogenic rhodopsin constructs transfected into human embryonic
kidney cells, P23H rhodopsin was shown to belong to a group designated Class-11 mutations,
which failed to be transported properly to membranes and instead remained in the
endoplasmic reticulum/Golgi complex (Sung, Schneider et al. 1991). Analyses of transgenic
mice expressing a human rhodopsin containing the P23H mutation supported the notion that
the mutant rhodopsin was similarly mislocalized within photoreceptors (Olsson, Gordon et
al. 1992; Roof, Adamian et al. 1994). However, studies with a mouse rhodopsin containing
the P23H mutation also in transgenic mice showed proper localization to the outer segment
(Naash, Hollyfield et al. 1993; Wu, Ting et al. 1998). A recent study of several mammalian
P23H rhodopsins and the epitope-tagged Xenopus laevis P23H rhodopsin in transgenic
Xenopus laevis showed that these mutant proteins varied greatly in their tendencies to
accumulate in the endoplasmic reticulum or go to the outer segment, and that the degree of
accumulation was related to several factors including the susceptibility to light probably
while the protein was is in or near the endoplasmic reticulum. However, all the constructs
used in these studies, including the various Xenopus laevis P23H rhodopsins, had a
mammalian C-terminus. The native Xenopus laevis rhodopsin C-terminus, which is highly
conserved among frogs and toads (Fyhrquist, Donner et al. 1998), is the most divergent
region relative to mammalian rhodopsins. The amphibian C-terminus may be optimal for
trafficking at lower temperatures, leading to the rapid export and subsequent proteolytic
degradation of misfolded P23H rhodopsin, resulting in the more rapid clearing of misfolded
proteins. The M13F mutation near the P23H mutation may also alter the secondary structure
of the protein in a way as to make it behave differently in terms of stability or endoplasmic
reticulum export. A methionine at position 13 is conserved among frogs and toads
(Fyhrquist, Donner et al. 1998). While M13F is not a known ADRP-causing mutation, it is
near several other ADRP-causing mutations, and there are more than one divergent amino
acid in the C-tail that may have co-evolved. In the case of transgenic mice, the reason why
the human but not the mouse P23H rhodopsins could be found accumulating in the
endoplasmic reticulum may have been due with subtle structural changes that affect their
stability or their export from the endoplasmic reticulum. Such subtle structural changes are
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likely to result from non-pathogenic mutations throughout the entire rhodopsin sequence.
Additional studies are needed to address whether or not amino acid substitutions that do not
in of themselves cause rod photoreceptor degeneration are affecting the susceptibility to, or
the rate or type of rod photoreceptor degeneration.
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Fig. 1.
Human rhodopsin mutations superimposed on an alignment of Xenopus laevis and human

rhodopsin sequences. In the aligned sequences, blackened boxes highlight identical amino-
acids, while grey boxes highlight conserved amino-acid substitutions. Underlined are the
predicted transmembrane spanning regions of rhodopsin. Underneath the aligned sequences
are listed mutations occurring in human rhodopsin according to (Briscoe, Gaur et al. 2004).
Mutations that cause autosomal dominant retinitis pigmentosa are shown in black: missense
mutations as letters, nonsense mutations as asterisks and deletions as boxes. In blue are
shown mutations that cause autosomal recessive retinitis pigmentosa. In red are shown
mutations that cause congenital stationary night blindness. In grey are shown mutations
found in humans that are presumed to be non-deleterious polymorphisms. An inverted
arrowhead marks the position of the P23H mutation for which transgenic Xenopus laevis
were generated and characterized.
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Fig. 2.
Rod photoreceptor degeneration in 4 week-old Xenopus laevis tadpoles expressing a P23H

Xenopus laevis rhodopsin transgene, shown by hematoxylin eosin stain of cryosectioned
retinas. (A) Retina of control tadpole has comparable numbers of rods and cones. (B) Retina
of P23H transgenic tadpole has cones but a near absence of rods. (C) Low-power view of the
same control retina shown in A. (D) Low-power view of the same P23H transgenic retina
shown in B, which shows patchy degeneration (asterisks) preferentially in the ventral half of
the retina. The outer segments of rods in P23H transgenic tadpoles are shorter than those in
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control animals, even in young rod photoreceptors near the ciliary marginal zone (arrows). D
and V mark the dorsoventral axis. Scale bars: 10 ym in A-B, and 80 um in C-D.
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Fig. 3.
Rhodopsin protein immunoreactivity in the retinas of control tadpoles and tadpoles

expressing the P23H rhodopsin transgene. (A) Low power view of retina of a control tadpole
stained with the 4D2 rhodopsin monoclonal antibody and the nuclear dye DAPI (blue). (B)
Low power view of similarly stained retina from a P23H rhodopsin transgenic tadpole,
showing preferential degeneration in the ventral retina. (C) Higher power view that shows
photoreceptors of a control tadpole. (D) Higher power view from a P23H rhodopsin
transgenic tadpole; note the presence of rhodopsin immunoreactivity near outer nuclear layer
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(arrows). D and V mark the dorsoventral axis in A-B. Scale bars 10 pm in A-B, and 100 ym
in C-D.
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Deageneration:

Expression of transgenic P23H rhodopsin mRNA as a percent relative to endogenous
Xenopus laevisrhodopsin. (A) Competitive PCR using cDNA templates for P23H(?Hincll)
rhodopsin and wild-type rhodopsin in 0-10 % ratios. (B) Relationship between added and
measured rhodopsin ratios from the blot shown in A. (C) Competitive PCR using cDNAs
generated from individual eyes from tadpoles generated during the injection of the P23H(?
Hincll) transgene. (D) Expression ratio of P23H((?Hincll) transgenic rhodopsin relative to
wildtype endogenous rhodopsin for the tadpole eyes shown in C, calculated using standard
curve shown in B. Below the graph are genotyping results showing whether the tadpoles
carried the transgene, as well as the extent of photoreceptor degeneration observed in the

other eye of the same tadpoles.
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Fig. 5.
Rod photoreceptor degeneration caused by P23H rhodopsin transgene is modified by light.

Triple label of 4D2 rhodopsin antibody labeling (red), GFP antibody labeling (green) and
DAPI nuclear labeling (blue) in non-transgenic siblings raised under low light (A) and
transgenic siblings raised under low (D) and high (G) light intensities. White brackets show
the shortening of outer segments occurring during rod photoreceptor degeneration.
Rhodopsin mRNA in non-transgenic siblings raised under low light (B) and transgenic
siblings raised under low (E) and high (H) light intensities. Red cone opsin mRNA in non-
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transgenic siblings raised under low light (C) and transgenic siblings raised under low (F)
and high (1) light intensities. Quantification of rhodopsin protein (J), rhodopsin mMRNA (K)
and red cone opsin MRNA (L) in transgenic and non-transgenic siblings raised under low
and high light intensities. * and ** mark groups that are significantly different at p<0.05 and
p<0.01 levels. Scale bar 50 pum.
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